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요  약  문

Ⅰ. 제  목

피복입자 핵연료 성능-물성자료 평가분석  DB구축

Ⅱ. 연구개발의 목   필요성

국제 으로 화석에 지자원의 고갈과 증하는 에 지 수요에 비하기 하

여, 경제성  안 성이 획기 으로 향상된 제 4세 (Gen-Ⅳ) 원자력 시스템 개

발에 한 논의가 심도 있게 진행되고 있다. 이와 더불어 미래 청정에 지원으로

서 수소연료 사용에 한 심이 높아지면서 원자력을 이용한 수소 제조 연구가 

여러 나라에서 추진되고 있는데, Gen-Ⅳ 노형의 하나인 고온가스로(VHTR)가 

가장 합한 원자로 형태로 평가되고 있다.

국내에서도 이러한 추이에 발맞추어 고온가스로에 한 연구와 원자력 수

소를 생산하는 기술개발에 본격 으로 착수하 으나 후발 주자로서 선진국과 기

술격차가 존재하며 요소기술에 한 국내 연구경험이 무한 상태여서 독자 인 

자료 생산  확보에 어려움을 겪고 있다. 따라서 국제 경쟁력을 갖춘 수소생산 

원자로의 독자  설계와 건설을 추진하고 있는 우리에게는 각 요소 기술별 연구

개발이 매우 시 하며, 특히 노심 구성의 핵심이 되는 핵연료에 한 활발한 연

구가 필수 이다.

재 VHTR용 핵연료인 피복입자 핵연료 련 연구개발은 산발 으로 

kernel 제조에 한 연구가 수행되고 있는 정도이며, PyC나 SiC 증착에 한 기

/기반 기술만이 확보된 상태이다. 그러나 정확하고 치 한 연구개발 계획의 수

립과 시행을 통해 피복입자 핵연료 계통을 선정하고 그 설계  제조 기술을 확

보하며 노내 성능 시험  평가를 통해 독자 인 노내 성능 자료를 확보한다면 

개발목표에 부합하는 독자  원자력수소생산시설의 설계 건설이 어려운 것만은 

아닐 것이다.

그러므로 이 연구에서는 원자력수소 생산기술 개발과 실증사업을 학술 으로 

지원하기 해 수소생산용 고온 가스로 피복입자 핵연료의 물성  성능에 
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한 기 /기반 연구를 수행하 고 그 연구 결과의 data base화를 수행하 다. 다

만 이 연구는 당  연구 개발기간 3년으로 기획되어 수행되다가 과제 단계 조정

의 필요성이 제기되어 첫해년도 연구결과 만으로 2단계 연구를 마무리 하게 되

었다.

Ⅲ. 연구개발의 내용  결과

○ 신규  락 피복입자 핵연료 물성  성능 자료 수집

1단계 자료 수집 과정  락되었거나 새로 수집 필요성이 제기된 자료들을 

본격 으로 수집하 다. 특히, 성능 자료의 경우 피복입자 핵연료 failure 

mechanism을 고려한 key phenomena의 분석을 통해 추가 수집 상 성능 목록

을 선정 수집하 다. 자료의 수집은 우선 으로 이나 보고서 등의 open 

literature를 상으로 수행하 으며, 비공개 자료의 경우 국내외 력을 통해 입

수하 다.

○ 피복입자 핵연료 물성 자료 분석 평가

상 재료 별로 수집된 물성자료를 도, 열 도도, 열용량, 열팽창계수, 기계

 강도, elastic modulus, Poisson's ratio, 경도의 8가지 물성으로 확정 분류하여 

자료를 수집 분석 평가하 다. 한, 각 범주별 상 물성자료 분석 정리시 피복

입자 핵연료 제조 공정과 증착 조건  그에 따른 재료의 미세구조 변화가 물성

에 미치는 향을 집 으로 분석하 으며, 고온 환경과 irradiation의 향도 

추가 으로 평가하 다. 

○ 피복입자 핵연료 성능 자료 분석 평가

주요 상별로 수집된 피복입자 핵연료 노내 거동  성능 자료를 우선 정상

상태 성능과 사고 상태 성능의 두 범류로 나 고 다시 정상상태 성능은 Fission 

gas and CO release, Fission Product Behavior, OPyC - Matrix Interaction, 

Cladding Corrosion, Kernel Migration, Dimensional Change 의 여섯 성능 이슈

로, 사고 상태 성능은 Cladding Degradation과 Fission Product Diffusion and 

Permeability의 두 가지 성능 이슈로 분류하여 분석 평가 하 다.

 특히 상 성능자료의 분석 정리시 노내 조사시험 (in-pile irradiation test) 
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결과와 이 결과를 바탕으로 각 성능 상이 fuel failure로 이어지는 mechanism을 

으로 평가하 다. 

○ 분석평가 자료의 phase-1  문서 DB화

상 재료별로 수집 분석 평가된 주요 물성자료와 상 성능자료를 우선 으

로 각 부분별 각 재료별 문서 DB화 하 으며, 이 문서 DB 작성 시 표  자료 

형식 설정을 해 경수로용 재료 물성 자료집인 미국 NRC의 “MATPRO”와 국

제원자력기구(IAEA)의 THERPRO DB의 형식을 참조하 다. 특히 이 문서 DB

는 단순 자료의 열람뿐만 아니라 자료 원본의 추 이나 입수가 가능토로 

Bibliography를 함께 수록하 다. 

○ 분석평가 자료의 phase-1 자 DB update/ upgrade

수집 분석된 문서 DB의 일들을 자문서화 하여 phase-1 자 문서 DB를 

구축하 다. 이 자 DB는 연구 개발 기간과 재원 등의 한계로 인해 독립 인 

DB management system을 갖춘 매트릭스형 data base로의 구축이 기본 으로 

불가능하여, 향후 추진될 VHTR 련 DB나 혹은 종합 물성 DB 등과의 연계와 

확장이 가능한 stand-alone 방식의 Phase-1 형태로 개발하 다. 특히 이 DB에 

수록된 모든 자료들은 기본 으로 PDF file 로 환되어 근이 허용된 사용자

에게는 archive에 속을 허용할 정이다 

Ⅳ. 연구개발결과의 기여도  활용계획

이 연구 수행을 통해 국내에서도 고온 원자로 재료 물성에 한 연구와 논의

가 본격 으로 이루어지게 되어 그간 수입된 자료와 코드들을 바탕으로 이루어

졌던 경수로형식 원자로 재료 연구의 수 을 과학기술 으로 한 단계 끌어 올리

는 계기가 될 것으로 기 된다. 한 이 연구를 통해 직․간 으로 확보된 고

온 세라믹막 증착 공정 련 기술은 원자력 이외의 여타 산업에 응용이 가능해 

그 경제 산업  효과도 기 할 수 있을 것이다.

이 연구 결과로 수집된 자료와 분석 평가 결과 그리고 그 DB는 수소 생산용 

HTGR 혹은 VHTR의 노심과 핵연료 계통 설계  제조 기술 개발에 직 인 

입력 자료로서 활용될 것이며 특히 핵연료 시스템의 노내 성능 측 평가에는 
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결정 인 요 자료로 크게 활용될 수 있을 것이다. 그리고 설계 기술 개발 연구

와 병행하여 시 히 착수될 노내 조사 실증 연구에는 비교 평가의 기   참조 

자료로서 활용될 것으로 기 된다.



- VII -

SUMMARY

Ⅰ. Research Title

An Analytical Study on Collected Coated Particle Fuel Properties and Fuel 

Performances, and Their Phase-Ⅰ Data Base Establishment

Ⅱ. Objective and Necessity of the Research

To be prepared for the depletion of fossil fuels and the sharp increase of 

energy demand, Gen-Ⅳ (generation-Ⅳ) nuclear reactors with high economic 

viability and uprated safety features has been researched and developed 

worldwide. Recently international collaboration has been coordinated between 

GIF (Generation-IV International Forum) participating countries. Among six 

reactor types VHTR (Very High Temperature Reactor) has been emerging as 

one of the prime candidates since it meets future demand; power generation 

and hydrogen production. In Korea, this reactor type has been also chosen as 

a next generation reactor.

Therefore, national R＆D project on the VHTR has been kicked off a 

couple of years ago. However, due to the lack of experience and essential 

data for the R&D, it was proposed to build up technical foundation along 

with the  conceptual design. In fact, it turns out that acquisition of the high 

temperature and burn-up dependent properties of reactor materials is crucially 

essential for the successful development of the high temperature gas cooled 

reactor.

In order to comply with the technical request, this study has focused on 

the data collection and assessment of the coated particle fuel properties and 

their performance and on the establishment of their phase-1 data base. 
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Ⅲ. Contents and Results of the Research

○ Supplementary collection of coated particle fuel properties and 

performance data 

Supplementary collection of fuel properties and fuel performances data has 

been made through this study. Particularly, crucial thermo-physical properties 

were chosen and collected from the available technical publications such as 

journals and reports. For the collection of performance data, key phenomena 

related to the coated particle fuel failure mechanism were reviewed thoroughly 

and available data were collected also from the technical journals and reports. 

Some of the data were collected via international joint works.

○ Coated particle fuel property data analysis

Collected properties data of HTGR materials were classified into eight 

categories; density, thermal conductivity, heat capacity, thermal expansion, 

strength, modulus, Poisson ratio, and hardness. Analysis of the properties in 

each category was performed on the basis of fabrication process, deposit 

condition, microstructure change, and burn-up.

○ Coated particle fuel performance data analysis

First of all, these data are divided into two: normal operation and 

accident. In the normal operation, six key phenomena in HTGR fuel system, 

fission product behavior, fission gas and CO release, and cladding corrosion, 

OPyC - matrix interaction, kernel migration, and dimensional change were 

categorized and reviewed. Detailed fuel failure mechanisms of each key 

phenomena under lengthy irradiation were also reviewed.

○ Conversion to phase-1 document data base

Reviewed properties and performances data were turned into the document 

data base in the standard format referring to US NRC MATPRO DB and 

IAEA THERPRO DB. In the document DB, each data contains traceable 
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bibliographical information.

○ Update and upgrade of phase-1 on-line data base 

This document data base has been converted to the electrical files which 

are now available in the personal computer based stand-alone data base. This 

phase-1 DB contains converted pdf files of all document files that will be 

available later for the authorized users.

Ⅳ. Proposal for Applications

Current results will be directly used for HTGR fuel design and fabrication 

and preliminary reactor performance analysis. They can be indirectly utilized 

for other nuclear fuel materials performance evaluations not only for the 

current commercial nuclear power plants but also for other Gen-Ⅳ reactor 

systems. In addition, phase-1 data base will provide another opportunities for 

the advance of high temperature nuclear material science and engineering 

research, especially for the ceramic layer coated fuel materials.
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제 1 장 연구개발과제의 개요

제 1  연구배경  필요성

 세계 으로 력 산업에 원자력 기술을 이용하고 있는 많은 나라들은 원

자력발 의 경제성 향상과 고유안 성 확보  지속 인 기술성장을 하여 끊

임없이 노력하고 있다. 특히 2000년 부터는 화석에 지자원의 고갈과 증하는 

에 지 수요에 비하기 하여, 경제성  안 성이 획기 으로 향상된 제 4세

(Gen-Ⅳ) 원자력 시스템에 한 개발이 논의되고 있다. 이와 더불어 최근 미래 

청정에 지원으로서 수소연료 사용에 한 심이 높아지면서 원자력을 이용한 

수소 제조 연구가 여러 나라에서 추진되고 있으며, 가장 합한 원자로 형태로 

Gen-Ⅳ 노형의 하나인 고온가스로(VHTR)가 심도 있게 고려되어 이에 한 

연구 개발 욕구가 국제 으로 증 되고 있다.

독일, 국, 일본, 미국 등 HTGR 선진국에서는 오래 부터 핵연료 kernel 

제조기술  핵연료 피복층 증착기술 등과 같은 HTGR 련 기술을 연구해왔으

며 최근 일본, 국 등은 이러한 기술을 바탕으로 실험용 고온가스로를 가동 

에 있다. 한 이들 나라들은 이러한 운  경험을 토 로 련 기술  해석 평

가에 한 독자 인 자료를 어느 정도 축 한 상태이다. 그러나 완 한 기술 개

발을 해서는 여 히 불충분한 상태이기 때문에 추가 인 연구가 국제 공동 연

구개발 형태로 추진되고 있다.

국내에서도 이러한 원자력선진국 추이에 발맞추어 고온가스로에 한 

Gen-Ⅳ 연구에 참여하 고, 이 연구를 바탕으로 원자로 형태를 선정하여 원자력 

수소를 생산하는 기술개발에 본격 으로 착수하고 있다. 그러나 후발주자로서 선

진국과 기술격차가 존재하며 요소기술에 한 국내 연구경험이 무한 상태여서 

독자 인 자료 생산  확보에 어려움을 겪고 있다. 한 많은 자료들이 갖추어

져 있고 분야별 핵심기술까지 손쉽게 수입할 수 있었던 경수로 연구와는 달리, 

세계 어느 나라도 실제 상용화까지 연구 개발을 완료한 나라가 없어 자료의 수

입이나 련기술의 도입도 어려운 실정이다. 따라서 국제 경쟁력을 갖춘 수소생

산 원자로의 독자  설계와 건설을 추진하고 있는 우리에게는 각 요소 기술별 

연구개발이 매우 시 하며, 특히 노심 구성의 핵심이 되는 핵연료에 한 활발한 

연구가 필수 이다.

재 VHTR용 핵연료인 피복입자 핵연료 련 국내 연구개발은 산발 으로 
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kernel 제조에 한 연구가 수행되고 있는 정도이며, PyC나 SiC 증착에 한 기

/기반 기술만이 확보된 상태이다. 그러나 정확하고 치 한 연구개발 계획의 수

립과 시행을 통해 피복입자 핵연료 계통을 선정하고 그 설계  제조 기술을 확

보하며 노내 성능 시험  평가를 통해 독자 인 노내 성능 자료를 확보한다면 

개발목표에 부합하는 원자력수소생산시설을 건설 운 할 수 있을 것이다.

그러므로 이 연구에서는 선도 으로 진행되어야하는 모과제 연구개발을 뒷받

침할 수 있도록 고온 가스로용 피복입자 핵연료의 물성  성능에 한 기 /

기반 연구를 수행하 고, 이 결과를 data base화 하는 연구를 집 으로 수행하

다. 다만 이 연구는 당  연구개발 기간 3년으로 기획되어 수행되었던  과제 

단계 조정의 필요성이 제기되어 첫 해년도 연구결과만을 심으로 2단계 연구를 

마무리하게 되었다.

제 2  연구목표  내용

1. 최종목표

피복입자 핵연료 물성-성능 Phase - 1 DB update/ upgrade

2. 주요 연구내용

가. 신규  락 피복입자 핵연료 물성  성능 자료 수집

단계 자료 수집 과정  락되었거나 새로 수집 필요성이 제기된 자료들을 

본격 으로 수집하 다. 특히 성능 자료의 경우 피복입자 핵연료 failure 

mechanism을 고려한 key phenomena의 분석을 통해 추가 수집 상 성능 목록

을 선정 수집하 다. 자료의 수집은 우선 으로 이나 보고서 등의 open 

literature를 상으로 수행하 으며, 비공개 자료의 경우 국내외 력을 통해 입

수하 다. 국내 력의 경우 각 연구 기   학과의 자료 교환 체제를 구축하

여 련 자료를 입수하 고, 특히 Gen-IV VHTR 국내 추진 과는 자료 력 

체제를 상시 으로 가동하여 필요시 이 채 을 통해 직 인 해외자료도 수집
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하 다. 한 국외 력으로는 IAEA(THERPRO-DB), OECD/NEA 등 국제기구

로부터 물성 자료를 지원받았다.

나. 피복입자 핵연료 물성 자료 분석 평가

상 재료 (kernel: UO2, UCO / Coating Layer: PyC, SiC, ZrC / graphite 

matrix / fuel: element, particle) 별로 수집된 물성자료를 열  물성자료, 기계  

물성자료, 물리  물성자료의 세 category로 분류하여 분석 평가하 고, 수집 분

석된 각 category별 상 물성은 다음과 같다.

○ 열  물성자료: thermal conductivity, heat capacity, thermal expansion

○ 기계  물성자료: strength, elastic modulus, Poisson's ratio, hardness

○ 물리  물성자료: density

한, 각 범주별 상 물성자료 분석 정리 시 피복입자 핵연료 제조 공정과 

증착 조건  그에 따른 재료의 미세구조 변화가 물성에 미치는 향 등도 함께 

분석하 으며, 고온 환경과 irradiation의 향도 추가 으로 평가하 다.

다. 피복입자 핵연료 성능 자료 분석 평가

주요 상별로 수집된 피복입자 핵연료 노내 거동  성능 자료를 우선 정상

상태 성능과 사고 상태 성능의 두 범류로 나 고 다시 정상상태 성능은 Fission 

gas and CO release, Fission Product Behavior, OPyC - Matrix interaction, 

Cladding Corrosion, Kernel Migration, Dimensional Change 의 여섯 성능 이슈

로, 사고 상태 성능은 Cladding Degradation과 Fission Product Diffusion and 

Permeability의 두 가지 성능 이슈로 분류하여 분석 평가 하 다.

 특히 상 성능자료의 분석 정리 시 노내 조사시험 (in-pile irradiation test) 

결과와 이 결과를 바탕으로 각 성능 상이 fuel failure로 이어지는 mechanism을 

으로 평가하 다. 

라. 분석평가 자료의 phase-1 문서 DB화

상 재료별로 수집 분석 평가된 주요 물성자료와 상 성능자료를 우선 으

로 각 부분별 각 재료별 문서 DB화 하 으며, 이 문서 DB 작성 시 표  자료 
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형식을 해 경수로용 재료 물성 자료집인 미국 NRC의 “MATPRO” 형식과 국

제 원자력 기구(IAEA)의 THERPRO DB 형식을 참조하 다. 특히 이 문서 DB

는 단순 자료의 열람뿐만 아니라 자료 원본의 추 이나 입수가 가능토록 

Bibliography를 함께 수록하 다. 

마. 분석평가 자료의 phase-1 자 DB화

수집 분석된 문서 DB의 일들을 자문서화 하여 phase-1 자 문서 DB를 

구축하 다. 이 자 DB는 연구 개발 기간과 재원 등의 한계로 인해 독립 인 

DB management system을 갖춘 매트릭스형 data base로의 구축이 기본 으로 

불가능하여, 향후 추진될 VHTR 련 DB나 혹은 종합 물성 DB 등과의 연계와 

확장이 가능한 stand-alone 방식의 Phase-1 형태로 개발하 다. 특히 이 DB에 

수록된 모든 자료들은 기본 으로 PDF file 로 환 되어 근이 허용된 사용자

에게는 archive에 을 허용할 정이다
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제 2 장 국내외 기술개발 황

제 1  외국의 경우

1. 핵연료 물질 (kernel) 련 연구

HTGR용 핵연료 물질로는 미국을 제외한 다른 나라가 농축 UO2를 사용하

는데 반해, 미국에서는 UCO 피복입자와 ThO2 피복입자의 혼합방식과 

once-through 방식의 핵연료주기를 채택하고 있다. Th를 사용하는 이유는 농

축 U을 사용해도 U/Th cycle이 경제 으로 유리하다는 망이 있고, 장차 

once-through cycle에서 recycle로의 변경이 용이하기 때문이다. 기 원자로의 

경우 핵연료에는 고농축 U로 된 (U,Th)C2 피복입자  ThO2 피복입자의 혼합핵

연료가 사용되었다. 그러나 1977년의 핵 비확산정책에 의해 HEU의 사용이 지

된 이후 후속로의 핵연료로서 LEU을 사용한 7종류의 핵연료에 해 feasibility 

시험이 행해져, 이들  UCO/ThO2이 선택되었다. 그 이유는 UCO의 경우 FP의 

성능이 좋고, CO의 발생량이 으며, 다른 것에 비해 조사특성이 우수하기 

때문이며, ThO2의 경우는 노심의 핵  안정성을 확보하기 해서라고 알려져 있

다.

한편 1970년  독일에서는 U/Th cycle의 확립을 해 AVR (Arbeitsge 

meinschaft Versuchs Reaktor)  THTR (Thorium Hoch Temperatur Reaktor) 

에서 Th을 연료핵으로 한 시험이 범 하게 행해졌다. 그러나 핵 비확산정책으

로 Th의 이용이 지되자 HTR module과 HTR-500의 핵연료로 농축 UO2를 

사용하기로 결정하 다. 이 핵연료 역시 once-through cycle을 지향하고 있으며 

농축 UO2를 사용한 이유는 Th 핵연료의 경우 재처리 Thorex법의 확립을 

해서는 TBP 용매추출공정  재료부식 등 많은 문제가 있는 반면에, UO2의 경

우는 처리공정에서 약간의 개선 은 있으나, 이미 확립된 Purex법을 용할 

수 있기 때문이다.

일본에서는 1969년에 시작된 다목  고온가스실험로 (High Temperature 

Engineering Test Reactor; HTTR) 개발 로젝트의 기부터 TRISO 피복, 

농축 UO2 핵연료의 개발을 목표로 했기 때문에 노심에 장입되는 U의 양을 많게 

하기 해 핵 비확산 HTTR용 피복입자의 연료핵 직경을 다른 것에 비해 다소 
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큰 600 ㎛로 정하고 있다.

소련에서도 TRISO 피복, 농축 UO2 핵연료가 사용되나 SiC 층의 두께가 

40 ㎛로 다른 것보다 다소 두껍게 하고 있다는 것과 5  피복층의 피복입자도 

시험 상으로 하고 있는 것이 특징이다.

국에서는 청화 학 핵능기술연구소  서남 반응공정설계연구원에서 여러 

가지 피복  연료핵 제조시험이 행해지고 있으며 독일과 공동개발 인 10 MW 

 시험용 modular HTR 핵연료로 농축 UO2가 연구되고 있다.

2. 피복입자 핵연료(coater particle fuel) 설계  제조 연구

○ TRISO 핵연료의 제조 경험이 있는 나라는 독일, 미국, 국, 랑스, 벨기에, 

러시아 등 과거 HTGR 로그램을 해 핵연료를 수 해 온 나라와 일본, 

국 등 재 HTGR 로그램을 수행 에 있는 나라 등으로 이들이 확립한 

제조기술로 조사시험을 통해 얻은 TRISO 입자  결함 입자의 수는 평균 

1×10
-5
 이하이다.

○ 과거 독일, 국  미국을 심으로 한 HTGR 선진국에서는 kernel 제조, 

coating 기술 등을 포함한 제조 기술을 상용화하 으며, 이를 바탕으로 국

과 일본은 재 각 국의 HTGR 기술을 수요에 맞게 상용화하기 하여 실험

로를 가동 에 있다.

○ ZrC 코  기술은 일본 JAERI에서 개발하여 ZrC-coated 피복입자 핵연료의 

노내 조사시험을 1990년  반에 완료하고 조사후시험을 거쳐 그 결과가 확

보된 상태이다. 그러나 이들 자료는 완 한 기술개발 차원에서 볼 때 불충분

하여 재 3 kg/batch 규모의 상용생산 기술을 개발할 계획으로 있다.

○ ZrC-TRISO 핵연료는 미국, 일본, 러시아에서 고려되어 왔으며, 최근에는 

HTGR을 수소생산과 연계시키려고 운 온도를 100～200 ℃ 높인 VHTR의 

개발이 추진되고 있으며, 이에 따라 ZrC-TRISO 핵연료에 한 심이 증

되고 있다. 특히 미국에서는 ZrC-TRISO 이외에도 최외각에 PyC 코 을 생

략한 ZrC-TRISO 형 입자(정확히 TRISO가 아니므로 TRISO 형으로 표 )에 

한 연구를 수행하 으나 화학  안 성 등의 문제로 인하여 최외각 PyC에 
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ZrC를 첨가하여 만든 ZrC 코 입자, 최외각 PyC 코 을 생략한 ZrC-TRISO

형 입자에 C 경사구배를  C-ZrC 코 입자 등 다양한 형태에 하여 시험

연구가 수행되었다. 경사구배 C-ZrC 층은 코 층의 안쪽, 바깥쪽 모두에 이 

구배가 용된다. 일본에서는 1970년  부터 일본원자력연구소를 심으로 

ZrC 코 연료에 한 연구가 진행되어 왔으며, 기에는 PyC 층 없이 C/Zr 

> 1 인 ZrC-C alloy 코 을 시도하 으나, free C에 의해 
90
Sr의 담지 능력이 

감소됨이 발견되어 SiC-TRISO에서 SiC를 ZrC로 체한 코  핵연료 입자가 

개발되었다. 일본에서는 1970년  부터 일본원자력연구소를 심으로 ZrC 

코 연료에 한 연구가 진행되어 왔으며, 기에는 PyC 층 없이 C/Zr > 1 

인 ZrC-C alloy 코 을 시도하 으나, free C에 의해 
90
Sr의 담지 능력이 감

소됨이 발견되어 SiC-TRISO에서 SiC를 ZrC로 체한 코  핵연료 입자가 

개발되었다.

○ 제 4세  원 개발 계획  고온가스로용 피복입자핵연료와 고연소도의 핵

연료에 한 연구로 SiC를 체할 수 있는 고성능 피복층 재료에 한 연구

가 지속 으로 추진되고 있으며, 이와 련한 ZrC 피복 재료에 한 연구가 

추진될 정이다.

3. 흑연 재료물질 연구

○ 랑스: 단기 으로는 2010 년까지 direct cycle modular tupe 고온로(HTR)를 

상업화하고 기 으로는 열효율이 높고 수소생산이 가능한 1000 ℃ 이상의 

GCR(가스냉각로)과 핵 확산 항성이 크고 고유안 성이 확보되는 GCR 등 

두 종류의 GCR 을 개발할 계획이다. 장기 으로는 발 과 열 이용이 동시에 

가능하며 핵폐기물 actinide 변환도 가능한 고속 성자 spectrum GCR 개발

을 목 으로 이에 필요한 흑연재료기술개발을 수행 에 있다. 특히 HTR 안

성 확보와 련하여, “공기유입에 의한 흑연산화” 문제를 흑연 재료 조건

(porosity, impurity, density)  산화조건 (온도, 가스성분  flow rate)의 

함수로  연구수행 이다.

○ 일본: 1997년 HTTR 완공을 계기로 재에는 가동  노심 흑연 거동 측 

 평가 연구(감시시험)를 수행 이며 고온, 고조사 환경에서의 흑연 거동 

측(modelling)에 필요한 추가 자료 확보를 하여 2004년부터 JMTR을 이용, 
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고온․고조사시험을 수행 정이다. (950 ℃이상, He 분 기, 조사량: 3×10 

ncm, 10 dpa). 한 GIF VHTR  EC의 HTR-M, M1 공동연구에 극 인 

참여를 통하여 체 변화, 열특성  강도변화에 미치는 조사효과자료를 확보 

이다.

○ 미국: 제 4세  원자로 개발계획(Gen-Ⅳ)으로 수소생산용 원자로 기술 개발

을 2017년 완공을 목표로  추진하고 있으며, 2010년까지는 수소생산용 원자로

를 건설하기로 하 다. 이에 필요한 흑연재료로 자국내 UCAR에서 생산하는 

H-451 grade(GIF 표  참고 흑연 grade)를 선정, 재 ORNL을 심으로 

900 ℃ 이상 고온조사특성시험을 수행 이다 (조사량: 3.8×10 ncm, E＞50 

Kev).

○ EC: 경제성, 안 성, 열효율, 폐기물 리  자원이용측면에서 뛰어난 신 원자

력 시스템 (유럽형 HTR) 개발을 목표로 5차 EURATOM Framework 

Programme (HTR-M, HTR-M1)에서 EC 5개국이 참여하여, 고온, 고조사시 

흑연 거동 평가  선정을 한 원자로  흑연 재료에 한 고온, 고조사 시

험을 수행 이다 (HTR-Petten, 네델란드, 조사 조건: 25 dpa, 900 ℃ 이상, 

산: 1,800만 유로)

4. 조사시험 연구

○ 실제 일본, 국 등에서 채택한 고온가스로 TRISO 핵연료 입자 성능의 최소 

요구조건은 제조과정  결함입자의 수가 1×10
-6
 이하이고 정상 운  시 

R/B(
85
Kr)은 1×10

-6
 이하, 사고 시 R/B(

85
Kr)은 2×10

-6
 이하로 요약할 수 있

다. 한 VHTR 개념의 요구 조건  냉각재 출구온도를 950～1100 ℃까지 

증가시키기 한 연구가 진행되고 있으며, 이를 하여 TRISO 핵연료의 성

능개선을 해 다음과 같은 연구들이 진행되고 있거나 계획 에 있다.

    - TRISO 핵연료 제조공정/재료특성 개선  QA/QC 연구

    - ZrC 등의 체 코 소재 용 연구

    - 고연소도(20 % FIMA)  정상/비정상 운 시의 TRISO 핵연료 성능연구

    - TRISO 핵연료 설계 개선  노내거동 모델링 연구

    - Pu  MA 커넬 핵연료의 설계, 제조  노내거동 모델링

○ 핵연료 입자의 조사특성에 해서는 지난 수십 년 간 100 개 이상의 캡슐을 
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이용하여 조사시험이 수행되었으며, 많은 양의 조사시험 데이터가 축척되어 

있다. 독일의 경우 연소도는 7.5～15.3 % FIMA, 조사량은 0.1～8.5×10
25
 n/m

2

의 범 에서 조사시험을 수행하 으며 이때 Kr-85m 기체 핵분열 생성물의 

R/B는 1×10
-5
～7×10

-9
으로 SiC-coated TRISO 핵연료 입자의 괴는 극히 

은 것으로 나타났다. 이를 바탕으로 SiC-coated TRISO 핵연료 입자는 20 % 

FIMA 이상의 고연소도에서 건 성을 유지할 것으로 상할 수 있다.
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제 2  국내의 경우

1. 피복입자 핵연료 련 연구

○ 국내에서는 “수소생산용 고온가스로 기 기술 연구” 과제의 일환으로 2002년

부터 2년간 피복입자핵연료 기술의 황분석, 타당성조사  기  기술 개발

을 통해 UO2 kernel 제조, 유동층 코  장치 개발 등의 기 기술 연구를 수

행하 다.

○ 한 과거 10여 년 동안 산발 으로 련 기술인 PyC  SiC의 coating에 

한 기 연구가 수행되었으며, 한 일부 학에서는 유동층 반응기를 이용한 

PyC  SiC의 코 에 해 기 연구가 수행된 바 있다. 한원연에서는 PyC 

 SiC의 코 을 한 기  기술이 확보되어 있다. 재 이 과제의 일환으로 

KAIST와 연세 학교가 공동으로 ZrC coating 기술개발과 coating층의 기계

 물성에 한 연구가 활발히 진행 이다.

2. 물성 데이터베이스 구축 연구

○ 국내의 원자로 재료 물성 데이터베이스는 한원연의 일부 연구 그룹에서 구축 

운  이나  이 들은 연구소에서 실험을 수행한 특정 분야 재료의 특정 물

성 ( : 스테인 스강의 기계  물성 등) 데이터베이스들로 외부 공개를 하고 

있지 않다.

○ 본격 인 on-line 원자로 재료 물성 DB는 국제원자력기구(IAEA)와 한양 학

교가 공동 연구를 수행하여 구축한 THERPRO DB를 들 수 있다.  

Web-THERSYST management system을 기반 구조로 한 이 DB는 CRP 참

여국가  기 , OECD / NEA, Halden Lab., 미국의 ANL 등과 력체계를 

구축하여 in-pile property와 고온물성 등 많은 열  물리  실험 자료를 수

록하고 있다. 한 사용자 인증시스템 등의 보안인증 모듈과 graphic display, 

curve fitting 등 자료 응용 모듈 기능을 가지고 있다.
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제 3 장 연구개발 수행 내용  결과

제 1  물성  성능자료 분석 평가

이 에서는 피복입자 핵연료 물성  성능 자료를 분석 평가하기까지의 과

정을 싣고자한다. DB 구축을 해서는 데이터베이스에 입력될 상 재료와 재료

별 상 물성  상 성능을 우선 으로 선정해야 하므로, 첫 번째 과정으로 

DB 입력에 필요한 자료 분석 연구를 수행하 다. 이 과정에서 도출 선정된 상 

목록에 해 자료 조사  수집을 하 고, 이를 해 자료 력 체제를 구축하

다. 먼  수집 확보된 자료를 물성 자료와 성능 자료로 분류하 고, 물성 자료의 

경우 상 재료와 재료에 따른 물성치 별로 정리하 으며 성능 자료는 핵연료 

손상과 련된 주요 상 별로 정리하 다. 각 범주 별로 정리된 자료는 본 연구

진과 국내 핵연료 문가에 의해 철 히 분석 평가 되었다.

1. 물성  성능자료 조사 수집  분석 평가

피복입자 핵연료 물성 자료 수집 분석과 그 데이터베이스화에 앞서 체계 이

고 효율 인 연구진행을 해 먼  데이터베이스 입력에 필요한 자료를 분석 

악하 다. 필요자료 분석은 크게 세 범주 (열  물성 자료, 기계  물성 자료, 물

리  물성 자료)로 나 어 수행하 고, 이 때 독일의 HTR-Module과 일본의 

HTTR을 참조 노형으로 사용하 다. 이를 통해 피복입자 핵연료 물성-성능 DB

에 수록될 상 재료와 상 물성의 목록을 선정하 고, 수집 분석의 방향을 설

정하 다.

가. 참조노형

(1) HTR-Module

독일의 pebble bed type 고온가스로로서 360,000 개의 pebble로 노심이 구성

되어 있으며 하나의 pebble 당 11,000 개의 피복입자 핵연료가 들어있다. Reactor 

내의 피복입자 핵연료 총수는 약 3,960,000,000 개 정도로 일반 인 prismatic 

modular reactor보다 비교  많은 수의 coated particles를 포함하고 있다. 따라서 
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core 하나당 600 MW의 thermal power를 가정하면 피복입자 하나가 내는 평균 

열출력은 0.1515 W로 prismatic modular reactor의 수치보다 낮다. 이 노형의 장

은 핵연료의 재장 이 단순 용이하며 운   재장 이 가능하다는 이다. 그

러나 TRISO packing factor가 0.07 정도로 작아서 사용후핵연료 부피가 큰 단

이 있다.

(2) HTTR

일본이 개발한 prismatic modular reactor로서 pin-in-block type의 핵연료를 

사용한다. 이러한 HTTR은 150개의 fuel assemblies가 노심에 들어가며 한 fuel 

assembly 내에 31 개에서 33 개의 fuel rod가 장 된다. 하나의 fuel rod에는 14 

개의 fuel compact가 들어있고 compact는 13,500 개의 피복입자 핵연료로 구성

되어있다. 피복입자 핵연료 총수는 약 878,850,000 개 정도로 일반 인 pebble 

bed reactor보다 비교  은 수의 coated particles를 포함하고 있다. 따라서 

core 하나당 600 MW의 thermal power를 가정하면 피복입자 하나가 내는 평균 

열출력은 0.6827 W로 pebble bed reactor의 수치보다 높다. 이 핵연료 형태는 재

장 이나 핵연료 제조에 있어서 다소 복잡하다는 단 이 있으나 TRISO packing 

factor가 0.28 정도로 커서 사용후핵연료 부피가 작다.

나. 열  물성 자료

데이터베이스 입력에 필요한 열  물성 자료를 악하기 해 핵연료 성능 

해석에 기본이 되는 temperature profile을 시로 구하 다. 고온가스로의 통상

인 열출력 목표치인 600 MW를 각 노형에 용하여 열 달 방정식을 풀었으

며 출구 온도는 1000 ℃를 가정하 다. 이러한 분석을 통해 피복입자 핵연료 물

성-성능 데이터베이스에 입력될 상 열  물성 목록을 선정하 고, 자료 수집 

분석의 방향을 설정함과 동시에 분석 평가된 자료의 용성  신뢰성 평가에도 

사용하 다. 필요자료 분석을 해 구한 temperature profile의 결과는 아래와 같

다.
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그림 3-2. heat transport in a particle fuel (HTTR reactor)
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그림 3-3. heat transport in a particle fuel (HTR-Module reactor)
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 결과는 상 재료 (UO2, PyC, SiC) 의 thermal conductivity 나 thermal 

expansion coefficient 등의 열  물성치 차이로 인해 수십 ㎛ 내에서도 큰 온도

구배가 존재함을 보여주고 있다. 이 과정에서 최종 도출한 필요 열  물성 목록

은 다음과 같다.

․ Thermal conductivity

․ Thermal expansion

․ Heat capacity

․ Thermal diffusivity

단 thermal diffusivity의 경우 thermal conductivity, heat capacity와 density 

의 함수로 정의될 수 있어서 별도로 수집 분석하지는 않았다. 

다. 기계  물성 자료

데이터베이스 입력에 필요한 기계  물성 자료를 악하기 해 핵연료 성능 

해석에 기본이 되는 stress profile을 시로 구하 다. 고온가스로의 통상 인 열

출력 목표치인 600 MW를 각 노형에 용하여 탄성 역 내 응력분포를 해석하

으며, 피복입자 핵연료 내 gas pressure와 ambient pressure는 각각 30 MPa과 

6 MPa로 가정하 다. 이러한 분석을 통해 피복입자 핵연료 물성-성능 데이터베

이스에 입력될 상 기계  물성 목록을 선정하 고, 자료 수집 분석의 방향을 

설정함과 동시에 분석 평가된 자료의 용성  신뢰성 평가에도 사용하 다. 필

요자료 분석을 해 구한 stress profile의 결과는 아래와 같다.
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그림 3-4. Stress build-up in a particle fuel of HTTR

 결과는 상 재료 (UO2, PyC, SiC)의 strength나 elastic modulus 등의 기

계  물성치 차이로 인해 SiC 층 안쪽과 바깥쪽 면에 큰 stress가 유발됨을 보여

다. 이 과정에서 최종 도출한 필요 기계  물성 목록은 다음과 같다. 그리고 

매우 작은 particle 핵연료의 연구 특성상 strength 를 직  측정하지 않고 경도

(hardness)를 이용해 간  측정한 연구들이 다수 있어 경도를 수집 상 목록에 

포함 시켰다.

․ Strength

․ Elastic modulus

․ Poisson's ratio

․ Hardness
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라. 물리  물성 자료

데이터베이스 입력에 필요한 물리  물성 자료를 악하기 해 핵연료 성능 

해석에 기본이 되는 FP concentration profile을 시로 구하 다. 고온가스로의 

통상 인 열출력 목표치인 600 MW를 각 노형에 용하여 FP 확산 방정식을 풀

었으며 Cs, Ag, Pd를 상 핵분열생성물로 하 고 그 yield 값은 각각 19.15 %, 

0.03 %, 1.47 %를 사용하 다. 이러한 분석을 통해 피복입자 핵연료 물성-성능 

데이터베이스에 입력될 상 물리  물성 목록을 선정하 고, 자료 수집 분석의 

방향을 설정함과 동시에 분석 평가된 자료의 용성  신뢰성 평가에도 사용하

다. 필요자료 분석을 해 구한 FP concentration profile의 결과는 아래와 같

다.
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그림 3-5. fission product(Cs) redistribution in a particle fuel (HTTR reactor)
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그림 3-6. fission product(Ag) redistribution in a particle fuel (HTTR reactor)

 결과는 상 재료 (UO2, PyC, SiC)의 diffusion coefficient 등의 물리  물

성치 차이로 인해 각 층별 큰 농도 구배가 유발되며, 특히 SiC 층 안쪽에 많은 

량의 핵분열 생성물들이 축 됨을 나타내고 있다. 이 과정에서 최종 도출한 필요 

물리  물성 목록은 다음과 같다.

․ Density

․ Diffusion coefficient

단 fission product 들의 TRISO 층내의 확산 계수는 동역학 인 물성이므로 

노내 성능해석에 더 많이 요구되어 성능 자료로 분류 수집 분석 하 다.

마. 노내 거동  성능 자료 

데이터베이스 입력에 필요한 노내 거동  성능 자료를 악하기 해 

failure mechanism과 련된 key phenomena 를 조사 검토하 다. 이러한 분석을 

통해 피복입자 핵연료 성능 데이터베이스에 입력될 상 성능 목록을 선정하

고, 성능 자료  핵연료 거동에 한 자료 수집 분석의 방향을 설정하 다. 조

사 검토한 핵연료 건 성에 직 인 향을 미치는 key phenomena를 요약 정
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리하면 다음과 같다.

- Fission gas and CO release: (Kr, Xe 등) 와 CO 기

체의 방출로 인해 피복층 내압이 증가하는 상으로 

결국 이러한 내압의 증가는 다  피복층의 손에 

직 으로 연결된다. Fission gas failure는 온도의 

증가와 연소도의 증가, 피복층의 열화 정도에 따라 

크게 달라진다.

- Metallic fission product behavior: 속 핵분열 생성물은 긴 반감기를 가지며, 

FP 기체에 비해 피복층에서 확산계수가 크기 때문에 피복입자로부터 속 FP

의 방출은 심각한 문제로 두되고 있다. 특히 Cs의 경우 PyC 층의 확산계수

가 SiC 층에 100배 정도 크므로 PyC 층이 건 하더라도 SiC 층에 미소 crack

등의 결함이 있으면 쉽게 Cs가 방출된다. 이에 한 안으로는 SiC 층의 건

성 유지와 ZrC 층의 사용 등을 들 수 있다. Ag의 경우는 비교  긴 반감기

(252일)의 동 체 
110m

Ag가 있으며, 이 역시 PyC 층  SiC 층에서의 확산계

수가 크므로 큰 문제가 되고 있다. SiC 층을 두껍게 하는 것 외에는 특별한 

안이 존재하지 않는다. Pd는 그 자체가 방사성 물질은 아니나 SiC 층과 반

응하여 융 의 속간 화합물을 형성해 조사 에 SiC 층을 열화시킴으로 

문제시 된다.

- irradiation induced shrinkage: 조사에 의해 

피복층이 수축함으로써 발생하는 상으로 

피복층 증착과정에서 안쪽과 바깥쪽의 피복

층 조직이 이방성일 때 fuel failure가 가속화 

된다.  
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- 연료핵 이동 (Kernel Migration): 피복입자가 어떤 

온도구배를 가지고 연소되는 경우 연료핵이 피복

층을 침식하면서 고온측으로 이동하는 상으로 

아메바 효과라고도 불린다. 이 상을 설명하는 

부분의 모델들이 CO기체가 분압차이에 의해 

buffer층을 통해 고온측에서 온측으로 이동하고, 

여기서 탄소원자를 분리한 후 남은 산소이온이 열

확산에 의해 연료핵 안을 통과하여 고온측으로 되

돌아가는 과정에서 발생한다고 설명하고 있다.

- Cladding corrosion: Pd이 IPyC층을 통해 확산하여 

SiC층 내면에 축 되어 nodule이 형성되는 상이

다. Pd 자체는 안정한 핵종이나, 방출 후 

 →   반응을 하여 SiC 피복층

을 열화시킨다. 특히 핵연료 온도가 Pd2Si의 융

(1398℃)보다 높을 경우 SiC가 크게 열화 된다.
 

- SiC thermal Decomposition: SiC 층이 1800 ℃ 이상의 온도에서 

→   같이 열분해 되는 상이다.

이처럼 failure mechanism과 련된 key phenomena를 조사 검토하는 과정에

서 먼  이들 성능을 정상상태 성능과 사고 상태 성능으로 크게 분류 하는 것이 

타당하다고 단되어 두 그룹의 성능으로 나 었다. 그리고 정상상태 성능의 경

우 다음 여섯 성능 이슈로 세분화 하 고 

․ Fission product behavior

․ Fission gas and CO release

․ Cladding corrosion

․ Kernel migration

․ OPyC - matrix interaction

․ Dimensional change
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사고 상태 성능은 다음의 두 이슈로 나 었다. 

․ Fission product diffusion and permeability

․ Cladding degradation

따라서 PyC 층의 irradiation induced shringkage는 dimensional change에서 

다루고 있으며 정상상태 metallic fission product 들의 확산과 같은 기본  거동

은 fission product behavior에서 다루고 있다. 특히 이 성능 이슈들은 연소도의 

함수로 많이 기술되고 있는데 이들 연소도에 따른 성능을 직 으로 다루지 않

고 보조 으로 다룬 연구의 경우 remark에서 별도로 논의하고 있다. SiC 

thermal decomposition 과 사고 상황에서의 피복층 corrosion 상은 Cladding 

degradation에서 다루고 있다.

2. 자료 수집 분석  DB화

가. 피복입자 핵연료 물성  성능 자료 수집

앞선 연구에서 선정한 데이터베이스 입력 상 물성과 성 성능 목록에 

해 련 자료를 범주별로 수집하 다. 자료 수집 시 피복입자 핵연료 물성  성

능에 한 기존의 연구 결과  신뢰성이 있는 기 에서 수행된 자료와 최근 도

출된 자료를 우선 으로 수집하 다.

자료의 수집은 기본 으로 이나 보고서 등의 open literature를 상으로 

수행하 으며, 비공개 자료의 경우 국내외 력을 통해 입수하 다. 국내 력의 

경우 각 연구 기   학과의 자료 교환 체제를 구축하여 련 자료를 입수하

고, 특히 Gen-IV VHTR 국내 추진 과는 자료 력 체제를 상시 으로 가동

하여 필요시 이 채 을 통해 직 인 해외자료도 수집하 다. 한 국외 력으

로는 IAEA(THERPRO-DB), OECD/NEA 등 국제기구로부터 물성 자료를 지원

받았다.

특히, 국제원자력기구(IAEA)와 한양 학교가 공동 개발한 THERPRO-DB의 

경우 in-pile property와 고온물성 등 많은 열  물리  실험 자료가 수록되어 있

어 본 연구에서 상으로 하는 재료에 해 련 물성 자료를 다수 지원받을 수 

있었다.
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나. 수집된 자료의 분석 평가

수집 확보된 자료는 상 재료 (kernel: UO2, UCO / Coating Layer: PyC, 

SiC, ZrC / Fuel: particle, element / Graphite:high density, low density ) 별로 

먼  분류 정리하 고, 물성자료의 경우 다시 열  물성자료, 기계  물성자료, 

물리  물성자료의 세 분류에서 여덟 category로 분류하 으며 성능자료의 경우

는 주요 상 별로 추가 분류 정리하 다.

각 범주 별로 정리된 자료는 본 연구진과 국내 핵연료 문가에 의해 철 히 

분석 평가 되었으며, 특히 상 물성자료 분석 평가 시 피복입자 핵연료 제조 공

정과 증착 조건  그에 따른 재료의 미세구조 변화가 물성에 미치는 향을 집

으로 평가하 다. 이러한 분석 평가를 해 미세핵연료구(kernel)의 제조법과 

다 피복층의 coating 공정에 한 자료를 추가 조사해 분석하 다. 한 고온 

환경에서의 물성 실험 결과를 확보하여 일반 물성치와 비교함으로써 고온이 

물성 변화에 미치는 향을 평가하 고, 비록 많은 연구가 이루어지지는 않았지

만 조사 후의 물성 실험 결과도 수집 분석하여 irradiation이 물성 변화에 미치

는 향을 추가 으로 평가하 다.

앞에서 설명한 바와 같이 주요 상(key phenomena)별로 분류 정리된 피복

입자 핵연료 노내 거동  성능 자료는 기본 으로 정상상태와 사고상태 성능 

여덟 가지 issue로 분류하여 평가 하 다.

상 성능자료의 분석 시 노내 조사시험 (in-pile irradiation test) 결과와 이 

결과를 바탕으로 각 성능 상이 fuel failure로 이어지는 mechanism을 으

로 평가하 으며, 이 과정  각 연구 자료에서 제시하는 성능 모델이 있는 경우 

이를 포함하여 데이터베이스에 수록하 다. 한 각 나라 별 핵연료 제조 공정과 

핵연료 형태  특성 따른 in-pile 성능 시험 데이터 차이를 분석하 고, pebble 

bed reactor와 prismatic modular reactor 등의 노형에 따른 차이도 평가하 다. 

이와 더불어 노내 환경  연소 조건 (normal condition, heat-up condition, 

oxidizing condition)에 따른 핵연료 성능도 일부 분석 평가하 으며, 추후 개발될

본격 인 DB에서는 이러한 노내 환경  연소 조건에 따라 피복입자 핵연료의 

주요 성능 상을 집  조명할 정이다.

재까지 수집된 자료 에서 이번 단계 연구결과로 분석 정리되어 구축된 피
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Condition Performance data 

Normal Operation

Condition

Fission gas and CO release 9

Fission Product behavior 24

Cladding Corrosion 8

Kernel Migration 3

Dimensional Change 21

OPyC-Matrix Interaction 1

Accident Condition
Fission Product Diffusion ＆ Permeability 21

Cladding Degradation 9

Total 96

복입자 핵연료 물성-성능 문서 데이터베이스의 자료 황은 아래와 같다. 한 

최종 구축된 문서 데이터베이스는 본 보고서의 부록으로 첨부하 다.

      Materials

 Properties

Kernel
Coating 

Layer
Fuel Graphite

Total

UO2 UCO PyC SiC ZrC Element particle
low

density

high

density

Thermal 

Conductivity
19 3 3 6 3 1 - 3 2 40

Thermal 

Expansion
4 - 3 5 3 2 - 2 2 21

Heat Capacity 4 - 1 3 - - - 1 1 10

Strength - - 3 5 - 2 1 1 3 15

Elastic 

Modulus
- - 6 4 - - - 1 2 13

Poisson's ratio - - - - - - - - 1 1

hardness - - 1 - - - - - - 1

Density 4 - 4 2 - 1 - 1 1 13

Total 31 3 21 25 6 6 1 9 12 114

표 3-1 문서 데이터베이스 물성- 성능 자료 입력 수
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다. 분석평가 자료의 phase-1  DB화

수집  분석 평가된 물성자료와 성능자료는 우선 으로 문서 DB화 되었으

며, 이 문서 DB 작성 시 경수로용 재료 물성 자료집인 미국 NRC의 “MATPRO”

와 국제원자력기구(IAEA)의 “THERPRO DB”를 참조하 다. 기본 으로 보고서 

형태인 이 문서 DB는 물성 자료의 경우 상 재료의 순으로 입력하 고 성능자

료의 경우는 성능 상이 피복입자 핵연료의 다  재료에서 복합 으로 나타나므

로 상 재료의 범주를 떠나 주요 상 별로 입력하 다. (문서 DB의 자세한 구

조와 그 구축 황은 다음 에 소개하 다.)

한 이 문서 DB의 일들을 자문서화 하여 phase-1 자 문서 DB를 구

축하 다. 이 자 DB는 연구 개발 기간과 재원 등의 한계로 인해 독립  DB 

management system을 갖춘 매트릭스형 data base로의 구축이 기본 으로 불가

능하여, 향후 추진될 VHTR 련 DB나 혹은 종합 물성 DB 등과의 연계와 확장

이 가능한 pc 기반의 stand-alone 방식으로 개발하 다.

제 2  데이터베이스 구조  구축 황

1. Phase - 1 문서 데이터베이스

기본 으로 보고서 형식인 문서 데이터베이스의 구조는 크게 물성 부분과 성

능 부분으로 나 어 구축하 으며, 반 인 구조 설계 시 경수로용 재료 물성 

자료집인 미국 NRC의 “MATPRO”와 국제원자력기구(IAEA)의 “THERPRO 

DB”를 참조하 다.

물성 데이터베이스의 경우 상 재료 순으로 필요자료 분석 시 선정된 상 

물성의 분석 평가 자료를 입력하 는데, 그림 3-7에서 알 수 있듯이  상 재료

로는 피복입자 핵연료의 기본 재료인 UO2, PyC, SiC 외에 UCO, ZrC, graphite 

matrix, fuel element 를 추가하 다. Kernel 물질로는 UO2가 일반 으로 사용되

나 미국의 경우 UCO를 연료핵 물질로 사용하므로 UCO를 추가하 고, pressure 

vessel 역할을 하는 coating layer로 최근 ZrC 사용에 한 심이 증 되고 있

으므로 ZrC를 상 재료에 추가하 다. 한 물성 실험 시 피복입자 핵연료 구

성 재료 물질을 상으로 수행하지 않고 coated particle 자체나 fuel element를 

상으로 수행한 물성연구가 상당 수 악되어 fuel 자체도 particle 과 fuel 
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element 로 분류하엿고 graphite matrix 도 high density 와 low density 로 나

어 데이터베이스화 하 다. 상 재료별 선정된 열  물성, 기계  물성, 물리  

물성의 자료를 입력한 물성 DB 구조도는 다음과 같다.

그림 3-7. 물성 문서 데이터베이스의 구조

물성 자료는 아래의 6가지 항목으로 된 일정한 format을 갖추어 입력되었으

며 이러한 format은 그림 3-8의 에서 알 수 있듯이 단순 실험 결과의 나열이 

아닌 데이터 값 사용  용 시 사용자가 데이터에 한 충분한 이해를 바탕으

로 하고 타당하게 응용할 수 있는 형태이다.

․ Material Description

․ Measurement Technique

․ Data Characterization

․ Bibliography
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․ Result

․ Discussion

다음은 문서 DB에 수록된 1995년 P. G. Lucuta가 측정한 UO2 열 도도 data 

file의 이다. 
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그림 3-8. 물성자료 format의 

특히 “Material Description” 항목에서 제시하는 자세한 재료의 정보는 물성

치가 재료의 phase 나 crystal-structure 등에 민감하게 달라지는 을 감안할 때 

데이터 값 사용시 혼동을 야기하는 것을 방지하며 재료의 특성  형태에 따라 

한 물성값이 사용되도록 해 다. 한 “Data Characterization” 항목을 넣어 

자료의 정확도에 한 정보를 제공하 으며, “Bibliography”에서는 자료의 출처

를 명시함으로서 실험결과에 한 추가 인 정보를 추  가능하도록 하 다. 추

가 으로 본 연구에서 분석 평가하기로 한 피복입자 핵연료 제조 공정과 증착 
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조건  그에 따른 재료의 미세구조 변화가 물성에 미치는 향과 고온 환경 

 irradiation의 향은 “Remark”에 언 하 다.

성능 데이터베이스는 failure mechanism을 고려한 key phenomena 별로 해당 

자료를 입력하 고, 그 구조는 다음과 같다.

그림 3-9. 성능 문서 데이터베이스의 구조

성능 자료의 경우 물성 자료에서처럼 일정한 format으로 정리하는 것은 연

구 논문의 특성상 쉽지 않을 뿐만 아니라 원 자료의 뜻하지 않는 왜곡이나 오류

를 유발할 수 있어 이 Phase - 1 문서 DB에서는 우선 자들의 록(Abstract)

만을 수록 하 다. 물론 이들 논문의 원문은 Phase - 1 자 DB에 PDF file로 

수록되었다.

2. Phase - 1 자 데이터베이스

앞에서 개발 구축한 문서 데이터베이스를 바탕으로 phase-1 자 DB를 구축

하 다.
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그림 3-10. Overall Structure of Data Base

이 자 DB의 기본 구조는 그림 3-10에서 보는바와 같이 6개의 layer로 구

성되어 있으며 원하는 자료를 entry level부터 찾아가는 과정은 다음과 같다. 

자 데이터베이스의 구조 역시 문서 데이터베이스의 구조와 마찬가지로 물

성 부분과 성능 부분으로 나 어져 있다. 최  데이터베이스 자료 열람 시 기본 

화면에서 물성과 성능을 선택하도록 구성되어 있으며 물성 선택의 경우 피복입

자 핵연료를 구성하는 재료인 kernel, coating layers, fuel element & graphite 

matrix의 세 가지 메뉴가 활성화 된다. 이 단계에서 kernel 선택 시 그림 3-11에

서처럼 상 물질인 UO2와 UCO가 메뉴에 나타난다.
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그림 3-11. 피복입자 핵연료 물성-성능 Phase-I 자 DB ( 상 재료의 선택)

상 재료를 지정해주면 그림 3-12과 같이 상 재료에 해당하는 상 물성 

목록이 나타나며, 이때 열람하고자 하는 물성을 선택할 수 있다.

그림 3-12. 피복입자 핵연료 물성-성능 Phase-I 자 DB ( 상 물성의 선택)
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상 물성을 지정해주면 그림 3-13와 같이 상 물성에 한 입력 자료의 목

록이 나타나며, 이 입력 자료의 목록  원하는 자료를 선택해주면 최종 으로 

해당하는 연구결과가 화면에 출력된다.

그림 3-13. 피복입자 핵연료 물성-성능 Phase-I 자 DB (자료의 선택)

성능 선택 시는 주요 상 별로 입력된 상 성능의 록이 그림 3-14와 같

이 나타나며, 찾고자 하는 성능을 지정해 주면 해당되는 자료 목록을 선택할 수

가 있다. 최종 으로 자료를 선택해주면 열람하고자 하는 연구결과가 화면상에 

출력된다.
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그림 3-14. 피복입자 핵연료 물성-성능 Phase-I 자 DB (성능 자료)

재의 자 데이터베이스는 “Phase-1 DB”로서 독립  DB management 

system을 갖춘 매트릭스형 data base가 아니므로 graphic display, curve fitting 

등 자료 응용 모듈 기능은 없으나 간단한 searching 기능과 indexing 기능을 지

원하고 있다. 이 자 DB의  체 인 구조는 확정되어 있고 상세 설계가 진행 

이나 연구 집행 검 논의를 통해 수정이 가능하며 이후 연구를 통해 꾸 히 

upgrade 될 것이다. 
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제 3  결 론

본 연구에서는 1단계에서 진행된 피복입자 핵연료 물성  성능에 한 기존

의 연구 결과 외에 신뢰성 있는 자료를 추가 조사하여 수집 확보하는 작업을 수

행하 다. 한 수집 확보한 자료를 체 으로 철 히 분석 평가하 으며, 핵연

료 제조  성능 평가연구에 활용가능 하도록 1단계 데이터베이스화하 다. 이 

과정  상 물성자료 분석 평가  데이터베이스 구축 시 피복입자 핵연료 제

조 공정과 증착 조건  그에 따른 재료의 미세구조 변화가 물성에 미치는 향

을 평가하 으며, 고온 환경과 irradiation이 물성 변화에 미치는 향도 추가

으로 평가하 다. 한 주요 상(key phenomena)별로 분류 정리된 피복입자 핵

연료 노내 거동  상 성능자료의 분석 시 노내 조사시험 (in-pile irradiation 

test) 결과와 이 결과를 바탕으로 각 성능 상이 fuel failure로 이어지는 

mechanism을 평가하 다.

재까지 구축된 DB에는 총 114여개의 물성 자료와 96개 성능자료가 수록되

어 있으며, 일부 상 재료와 상 물성의 경우 지  소유권 문제로 자료수집에 

제한이 있었지만, 당  계획했던 피복입자 핵연료 제조  성능해석에 필요한 기

자료 제공이라는 연구개발 목표는 무난히 달성되었다고 단된다. 물론 이 DB

는 꾸 한 추가자료 수집 분석과 함께 연구개발을 통해 계속 update/ upgrade 

될 것이다. 

한 본 연구의 최종 결과물로 개발 구축된 자 데이터베이스의 경우 그 개

발 목표가 VHTR 련 DB나 종합 물성 DB 등과 손쉽게 연계 확장될 수 있는 

web 기반 데이터베이스 구축이므로 재는 stand-alone 방식으로 구축되었으나, 

추후 연구개발을 통해 독립  DB management system을 갖춘 매트릭스형 data 

base로 upgrade 될 것이다.

피복입자 핵연료 물성  성능에 한 국내 연구 경험이 무한 실정에서, 본 

연구개발을 통해 분석 평가된 결과와 그 데이터베이스는 독자 인 원자력수소 

생산시스템 건설  운 을 해 향후 활발히 추진될 연구개발에 변이 될 것

이며, 특히 핵연료 설계 제작  노내 성능 시험 평가에는 직 인 비교 평가 

자료로 활용될 것으로 기 된다.
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제 4 장 연구개발 목표 달성도  외 기여도

미래 청정에 지원으로서 수소연료 사용에 한 심이 높아짐에 따라 고

온가스로(VHTR)를 이용한 수소제조 연구가 활발히 추진되고 있다. 고온가스

로의 연료물질로 사용되는 피복입자 핵연료의 경우 기존의 경수로와는 달리 국

내 연구경험이 무하여 설계  제조기술과 노내 성능 시험에 한 자료가 매

우 부족한 실정이다. 따라서 피복입자 핵연료에 한 본격 인 연구개발에 앞서 

그 기 /기반 자료를 확보하는 연구가 반드시 선행되어야하며, 이를 통해 HTGR 

선진국과의 기술격차도 일 수 있을 것이다.

이런 맥락에서 이 연구에서는 피복입자 핵연료의 상 물질별 열 , 기계 , 

물리  물성자료를 수집 분석하 고 failure mechanism을 고려한 key 

phenomena 별 노내 거동  성능 자료를 입수하여 평가하 다. 일부 자료의 경

우 지  소유권 문제로 수집에 제한이 있기는 하 지만, 당  계획했던 피복입자 

핵연료 제조  성능해석에 필요한 기 자료 제공이라는 이번 단계의 연구개발 

목표는 무난히 달성되었다고 단된다.

한 피복입자 핵연료 다  피복층의 물성자료 분석 정리 시 피복 공정에 따

른 증착막 미세구조 변화와 물성치 향을 분석하 고, 이 과정에서 직․간

으로 확보된 고온 세라믹막 증착 공정 련 기술은 원자력 이외의 여타 산업에 

응용이 가능해 그 경제  산업  효과를 기 할 수 있을 것이다.

이 연구 수행을 통해 국내에서도 고온 원자로 재료 물성에 한 연구와 논의

가 본격 으로 이루어지게 되어 그간 원자력 선진국으로부터 수입된 자료와 평

가 방법을 바탕으로 이루어졌던 경수로형식 원자로 재료 연구를 과학기술 으로 

한 단계 끌어 올리는 계기가 될 것으로 기 된다.
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제 5 장 연구개발 결과의 활용계획

이 연구 결과로 수집된 자료와 분석 평가 결과는 VHTR의 노심과 핵연료 계

통 선정  설계의 기본 인 입력 자료로서 활용될 것이다. 특히 피복입자 핵연

료 상 재료별 물성자료의 분석 결과는 kernel 재료  피복층 재료의 선정 기

이 될 것이며, 제조 공정에 따른 미세조직 변화  물성 향 평가 자료는 핵연

료 제조 공정 수립에 결정 인 단 지표로 활용될 것이다.

한 노내 거동  성능자료는 피복입자 핵연료의 노내 성능 측 평가에 직

으로 사용될 수 있을 것이며, 주요 상별 핵연료 손상 역학에 한 이해  

규명에 기 자료가 될 것이다. 그리고 설계 기술 개발 연구와 병행하여 시 히 

착수될 노내 조사 실증 연구에는 비교 평가 자료로서 활용될 것이다.

분석 평가된 결과를 바탕으로 구축된 원형 자 DB는 손쉽게 연계와 확장이 

가능한 stand-alone 방식이므로 VHTR 련 DB나 혹은 종합 물성 DB 등과 연

계하여 운 될 수 있을 것이다. 이 DB는 추후 연구개발을 통해 독립  DB 

management system을 갖춘 매트릭스형 data base로 upgrade  update 될 것

이다.



- 35 -

제 6 장 참고문헌

UO2

[1] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[2] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[3] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[4] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[5] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[6] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[7] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[8] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[9] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[10] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[11] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[12] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[13] Hirai M., Ishimoto S., "Thermal diffusivities and thermal conductivities of 

UO2-Gd2O3", J. Nucl. Sci. Technol. 28(1991), 995-1000.

[14] Hohorst J.K. (Editor), "SCDAP/RELAP5/MOD2 Code Mannual, vol.4: 



- 36 -

MATPRO- a library of materials properties for light-water-reactor 

accident analysis.", NUREG/CR-5273 (1990).

[15] Hohorst J.K. (Editor), "SCDAP/RELAP5/MOD2 Code Mannual, vol.4: 

MATPRO- a library of materials properties for light-water-reactor 

accident analysis.", NUREG/CR-5273 (1990).

[16] Hohorst J.K. (Editor), "SCDAP/RELAP5/MOD2 Code Mannual, vol.4: 

MATPRO- a library of materials properties for light-water-reactor 

accident analysis.", NUREG/CR-5273 (1990).

[17] Hohorst J.K. (Editor), "SCDAP/RELAP5/MOD2 Code Mannual, vol.4: 

MATPRO- a library of materials properties for light-water-reactor 

accident analysis.", NUREG/CR-5273 (1990).

[18] Harding J.H., Martin D.G., "A recommendation for the thermal 

conductivity of UO2", J. Nucl. Mater. 166(1989),223-226.

[19] Harding J.H., Martin D.G., Potter P.E., "Thermophysical and 

thermochemical properties of fast reactor materials", EUR 12402EN 

(1989), 1-90.

[20] Martin D.G., "The thermal expansion of solid UO2 and (U, Pu) mixed 

oxides - a review and recommendations.", J.Nucl.Mater. 152(1988),94-101.

[21] Fink J.K., Chasanov M.G., Leibowitz L., "Thermophysical properties of 

uranium dioxide.", J. Nucl .Mater. 102(1981),17-25.

[22] Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R., "Thermophysical 

Properties of Matter. Vol.13: Thermal Expansion - Nonmetallic Solids.", 

IFI/Plenum, New York-Washington (1977).

[23] Brett N.H., Russell L.E., "The thermal expansion of PuO2 and other 

actinide oxides between room temperature and 1000 ℃", Proc.2nd Int. 

Conf. Plutonium Metallurgy, Grenoble 1960; Eds.E.Grison, W.B.H.Lord, 

R.D.Fowler, Cleaver-Hume Press Ltd.,London 1961.

[24] Lucuta P.G., Matzke Hj., Verrall R.A., "Thermal conductivity of 

hyperstoichiometric SIMFUEL.", J.Nucl.Mater. 223(1995),51-60.

[25] Harding J.H., Martin D.G., Potter P.E., "Thermophysical and 

thermochemical properties of fast reactor materials.", EUR 12402EN 

(1989),1-90.



- 37 -

[26] Fink J.K., "Enthalpy and heat capacity of the actinide oxides.", 

Int.J.Thermophys. 3(1982),165-200.

[27] Fink J.K., Chasanov M.G., Leibowitz L., "Thermophysical properties of 

uranium dioxide.", J. Nucl. Mater. 102(1981),17-25.

[28] Hohorst J.K. (Editor), "SCDAP/RELAP5/MOD2 Code Mannual, vol.4: 

MATPRO- a library of materials properties for light-water-reactor 

accident analysis.", NUREG/CR-5273 (1990).

[29] Harding J.H., Martin D.G., Potter P.E., "Thermophysical and 

thermochemical properties of fast reactor materials", EUR 12402EN 

(1989),1-90.

[30] Une K., "Thermal expansion of UO2-Gd2O3 fuel pellets.", 

J.Nucl.Sci.Technol. 23(1986)1020-1022.

[31] Drotning W.D., "Thermal expansion of molten uranium dioxide.", Proc.8th 

Symp. Thermophysical properties, Gaithersburg, Meryland, 15-19 Juni 

1981, p. 245-248.

UCO

[32] Washington A.B.G., "Preferred values for thermal conductivity of sintered 

ceramic fuel for fast reactor use.", TRG-Report-2236(D)(1973),1-61.

[33] Washington A.B.G., "Preferred values for thermal conductivity of sintered 

ceramic fuel for fast reactor use.", TRG-Report-2236(D)(1973),1-61.

[34] R. W Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle 

Nuclear fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

PyC

[35] A.I. Lutcov, V. I. Volga, B. K. Dymov, "Thermal Conductivity, Electric 

Resistivity and Specific Heat of Dense Graphites.", Carbon Vol.8. pp. 

753-760(1970).

[36] R.J. Price, J.C. Bokros, K. Koyama, J. Chin, "Structure And Properties of 

Pyrolytic Carbons Prepared in Fluidized Bed Between 1900 And 2400 



- 38 -

℃.", Carbon. 1966, Vol 4, pp. 263-272.

[37] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[38] K.O. LINDQUIST , P.R. BLANKENHORN** and D.E. KLINE, 

"Coefficient of Thermal Expansion and Dynamic Mechanical Properties 

of As-Deposited and Stress-Graphitized Pyrolytic Carbon", Journal of 

Nuclear materials 50 (1974) 311-314.

[39] M. R .EVERETT, L .W. GRAHM, R. MANZEL and R. BLACKSTONE, 

"Dimensional an physical property changes of high temperature-reactor 

graphites, pyrocarbons and fuel bodies irradiated at temperatures in the 

range 600-1200℃", Carbon 1971,. Vol. 9, pp. 417-437

[40] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[41] A.I. Lutcov, V. I. Volga, B. K. Dymov, "Thermal Conductivity, Electric 

Resistivity and Specific Heat of Dense Graphites.", Carbon Vol.8. pp. 

753-760(1970).

[42] E. Lopez-Honorato, P .J. Meadows, J. TAN, P. Xiao, G. Marsh, T. J. 

Abram, "Structure and Mechanical Properties of Pyrolytic Carbon 

Produced by Fluidized Bed Chemical Vapor Deposition", Proceedings 

HTR2006

[43] J. L. KAAE., "Irradiation induced micro structural change in isotropic 

pyrolytic carbons.", Journal of Nuclear Materials 57 (1975) 82-92.

[44] R.J. Price, J.C. Bokros, K. Koyama, J. Chin, "Structure And Properties of 

Pyrolytic Carbons Prepared in Fluidized Bed Between 1900 And 2400 

℃.", Carbon. 1966, Vol 4, pp. 263-272.

[45] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[46] K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber, "The brittle ring test: 

A method for measuring strength and young's modulus on coatings of 

HTR fuel particles", Journal of nuclear materials 62 (1976) 123-137.

[47] J. L. KAAE, "Effect of irradiation of the mechanical properties of 

isotropic pyrolytic carbons", Journal of Nuclear Materials 46 (1973) 



- 39 -

121-133

[48] J. C. BOKROS and R. J. PRICE., "Deformation and Facture of Pyrolytic 

Carbons Deposited in a Fluidized Bed.", Carbon 1966, Vol. 3, pp. 503-519

[49] E. Lopez-Honorato, P .J. Meadows, J. TAN, P. Xiao, G. Marsh, T. J. 

Abram, "Structure and Mechanical Properties of Pyrolytic Carbon 

Produced by Fluidized Bed Chemical Vapor Deposition", Proceedings 

HTR2006

[50] C. Bellan, J. Dhers, "Evaluation of Young modulus of CVD coatings by 

different techniques", Thin Solid Films 469-470 (2004) 214-220.

[51] K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber, "The brittle ring test: 

A method for measuring strength and young's modulus on coatings of 

HTR fuel particles", Journal of nuclear materials 62 (1976) 123-137.

[52] J. L. KAAE, "Effect of irradiation of the mechanical properties of 

isotropic pyrolytic carbons", Journal of Nuclear Materials 46 (1973) 

121-133

[53] R.J. Price, J.C. Bokros, K. Koyama, J. Chin, "Structure And Properties of 

Pyrolytic Carbons Prepared in Fluidized Bed Between 1900 And 2400 

℃.", Carbon. 1966, Vol 4, pp. 263-272.

[54] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[55] E. Lopez-Honorato, P .J. Meadows, J. TAN, P. Xiao, G. Marsh, T. J. 

Abram, "Structure and Mechanical Properties of Pyrolytic Carbon 

Produced by Fluidized Bed Chemical Vapor Deposition", Proceedings 

HTR2006

SiC

[56] D.J. Senor, G.E. Youngblood, L.R. Greenwood, D.V. archer, D.L. 

Alexander, M.C. Chen, G.A. Newsome, "Defect structure and evolution in 

silicon carbide irradiated to 1 dpa-SiC at 1100 ℃.", J. Nucl . Mater . 317 

(2003) 145-159.

[57] Turner S.P., Taylor R., Gordon F.H., Clyne T.W., "Thermal conductivities 



- 40 -

of Ti-SiC and Ti-TiB2 particulate composites.", J.Mater.Sci. 

28(1993),3969-3976.

[58] Taylor R., "Thermal transport in directionally reinforced fibrous 

composites.", Proc. 36th Int. SAMPE Symp. April 15-18(1991),693-704.

[59] George W., "Thermal property measurements on silicon nitride and 

silicon carbide ceramics between 290 and 700 K", Proc. Brit. Ceram. Soc. 

22(1972), 147-167.

[60] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[61] "Temperature Dependence of Important Mechanical, Electrical, and 

Thermal Properties of CVD SILICON CARBIDE."

[62] E. Lopez-Honorato, P .J. Meadows, J. TAN, P. Xiao, G. Marsh b, T. J. 

Abram, "Structure and Mechanical Properties of Pyrolytic Carbon 

Produced by Fluidized Bed Chemical Vapor Deposition", Proceedings 

HTR2006

[63] Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R., "Thermophysical 

Properties of Matter. Vol.13: Thermal Expansion - Nonmetallic Solids.", 

IFI/Plenum, New York-Washington (1977).

[64] Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R., "Thermophysical 

Properties of Matter. Vol.13: Thermal Expansion - Nonmetallic Solids.", 

IFI/Plenum, New York-Washington (1977).

[65] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[66] "Temperature Dependence of Important Mechanical, Electrical, and 

Thermal Properties of CVD SILICON CARBIDE.

[67] Koshchenko V.I., Grinberg Ya.Kh., Koshchenko R.V., "Thermodynamic 

functions of B6As (5-600 K), beta-SiC (5-2500 K), and Si3N4 (5-4000 

K).", Izv. Akad. Nauk SSSR, Neorg.Mater. 21(1985), 197-201.

[68] Walker, B.E., Ewing C.T., Miller R.R., "Specific heat of some high 

temperature materials.", J. Chem. Eng. Data 7(1962), 595-597.

[69] "Temperature Dependence of Important Mechanical, Electrical, and 

Thermal Properties of CVD SILICON CARBIDE.



- 41 -

[70] XU, S., "Fuel performance and fission product behaviour in gas cooled 

reactors", IAEA-TECDOC-978 (1997), 417-44

[71] K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber, "The brittle ring test: 

A method for measuring strength and young's modulus on coatings of 

HTR fuel particles", Journal of nuclear materials 62 (1976) 123-137

[72] XU, S., "Fuel performance and fission product behaviour in gas cooled 

reactors", IAEA-TECDOC-978 (1997), 417-44

[73] K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber, "The brittle ring test: 

A method for measuring strength and young's modulus on coatings of 

HTR fuel particles", Journal of nuclear materials 62 (1976) 123-137

[74] A. G. EVANS, C. PADGETT, AND R.W. DAVIDGE, "Strength of 

Pyrolytic SiC coating of Fuel Particles for High- Temperature 

Gas-Cooled Reactors", Journal of The American Ceramic Society. 1973, 

Vol.56, pp. 36-41

[75] J. L. KAAE, "Structure and Mechanical Properties of Isotropic Pyrolytic 

Carbons Deposited Below 1600℃", Journal of Nuclear Materials 38 (1971) 

42-50.

[76] "Temperature Dependence of Important Mechanical, Electrical, and 

Thermal Properties of CVD SILICON CARBIDE."

[77] C. Bellan, J. Dhers, "Evaluation of Young modulus of CVD coatings by 

different techniques", Thin Solid Films 469-470 (2004) 214-220

[78] XU, S., "Fuel performance and fission product behaviour in gas cooled 

reactors", IAEA-TECDOC-978 (1997), 417-44

[79] K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber, "The brittle ring test: 

A method for measuring strength and young's modulus on coatings of 

HTR fuel particles", Journal of nuclear materials 62 (1976) 123-137

[80] "Temperature Dependence of Important Mechanical, Electrical, and 

Thermal Properties of CVD SILICON CARBIDE."

ZrC

[81] J. F. Shackelford, "", CRC materials and Science and engineering hand 



- 42 -

book Third Edition

[82] V.S. Neshpor, "Compositional Dependence of Thermal conductivity and 

Electrical Resistivity in ZrC(pressed and sintered) at 298 K", NASA 

TTF-9350, 1-15, 1965

[83] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[84] J. F. Shackelford, "", CRC materials and Science and engineering hand 

book Third Edition

[85] Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R., "Thermophysical 

Properties of Matter. Vol.13: Thermal Expansion - Nonmetallic Solids.", 

IFI/Plenum, New York-Washington (1977).

[86] Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R., "Thermophysical 

Properties of Matter. Vol.13: Thermal Expansion - Nonmetallic Solids.", 

IFI/Plenum, New York-Washington (1977).

Fuel - Particle

[87] Kazuo MINATO and Kousaku FUKUDA, Katsuichi IKAWA, Hideo 

MATSUSHIMA and Shiro KUROBANE, "Crushing Strength of 

Irradiated TRISO Coated Fuel Particles", Journal of Nuclear Materials 

119 (1983) 326-332

Fuel - Element

[88] J.R. Moore, T.G. Godfrey, R.S. Graves, F.J. Weaver and W.P. Eatherly, 

"Experimental Determinations of the Pre- and Postirradiation Thermal 

Transport and Thermal Expansion Properties of Simulated Fuel Rods for 

an HTGR", Journal of Nuclear Materials 78 (1978) 131-142.

[89] IAEA-TECDOC-978, p 11-17.

[90] J.R. Moore, T.G. Godfrey, R.S. Graves, F.J. Weaver and W.P. Eatherly, 

"Experimental Determinations of the Pre- and Postirradiation Thermal 

Transport and Thermal Expansion Properties of Simulated Fuel Rods for 



- 43 -

an HTGR", Journal of Nuclear Materials 78 (1978) 131-142.

[91] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[92] IAEA-TECDOC-978, p 11-17.

[93] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle Nuclear 

fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

Graphite - Low density

[94] Dzeik R., "Waermeleitfaehigkeit von C / C - Faser / Matrix - 

Verbundwerkstoffen", IKE-5-D-247(1995),1-30.

[95] H. Matsuo, F. Kobayashi, K. Sawa, "IRRADIATION BEHAVIOR OF 

BORONATED GRAPHITE FOR THE HTGR", IAEA-TECDOC-690 

(1991), 210-219.

[96] M. R .EVERETT, L .W. GRAHM, R. MANZEL and R. BLACKSTONE, 

"Dimensional an physical property changes of high temperature-reactor 

graphites, pyrocarbons and fuel bodies irradiated at temperatures in the 

range 600-1200℃", Carbon 1971,. Vol. 9, pp. 417-437

[97] H. Matsuo, F. Kobayashi, K. Sawa, "IRRADIATION BEHAVIOR OF 

BORONATED GRAPHITE FOR THE HTGR", IAEA-TECDOC-690 

(1991), 210-219.

[98] M. R .EVERETT, L .W. GRAHM, R. MANZEL and R. BLACKSTONE, 

"Dimensional an physical property changes of high temperature-reactor 

graphites, pyrocarbons and fuel bodies irradiated at temperatures in the 

range 600-1200℃", Carbon 1971,. Vol. 9, pp. 417-437

[99] Buravoi S.E., Platunov E.S., "Device for measuring the true specific heat 

of heat-resistant materials under cooling conditions.", High.Temp. 

4(1966),438-440.

[100] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle 

Nuclear fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[101] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle 

Nuclear fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.



- 44 -

[102] M. R .EVERETT, L .W. GRAHM, R. MANZEL and R. BLACKSTONE, 

"Dimensional an physical property changes of high temperature-reactor 

graphites, pyrocarbons and fuel bodies irradiated at temperatures in the 

range 600-1200℃", Carbon 1971,. Vol. 9, pp. 417-437

[103] H. Ugachi, M., Ishihara, S. Ishiyama, M. Eto, "Fracture Behavior of 

Nuclear Graphite under Compressive Impact Loading", 

IAEA-TECDOC-690 (1991), 256-261

Graphite - High density

[104] S. Sato, K. Kawamata, A. Kurumada, A. Chiba, "Mechanical Properties 

and Thermal Shock Resistances of Recently Developed High 

Performance Graphite.", IAEA-TECDOC-690 (1991), 140-146.

[105] A.I. Lutcov, V.I. Volga, B.K. Dymov, "Thermal Conductivity, Electric 

Resistivity and Specific Heat of Dense Graphites", Carbon Vol.8. pp. 

753-760(1970).

[106] S. Sato, K. Kawamata, A. Kurumada, A. Chiba, "Mechanical Properties 

and Thermal Shock Resistances of Recently Developed High 

Performance Graphite.", IAEA-TECDOC-690 (1991), 140-146.

[107] R.W. Dayton, J.H. Oxley, C.W. Townley, "Ceramic coated particle 

Nuclear fuels.", Journal of Nuclear Materials 11, 1 (1964) 1-31.

[108] A.I. Lutcov, V.I. Volga, B.K. Dymov, "Thermal Conductivity, Electric 

Resistivity and Specific Heat of Dense Graphites", Carbon Vol.8. pp. 

753-760(1970).

[109] S. Sato, K. Kawamata, A. Kurumada, A. Chiba, "Mechanical Properties 

and Thermal Shock Resistances of Recently Developed High 

Performance Graphite.", IAEA-TECDOC-690 (1991), 140-146.

[110] T. Oku, S. Ota, M. Shiraishi, M. Eto, Y. Gotoh, "EFFECT OF 

COMPRESSIVE PRESTRESS ON THE YOUNG'S MODULUS AND 

STRENGTH OF ISOTROPIC GRAPHITE", IAEA-TECDOC-901 (1995), 

275-285

[111] H. Ugachi, M., Ishihara, S. Ishiyama, M. Eto, "Fracture Behavior of 



- 45 -

Nuclear Graphite under Compressive Impact Loading.", IAEA- 

TECDOC-690 (1991), 256-261.

[112] S. Sato, K. Kawamata, A. Kurumada, A. Chiba, "Mechanical Properties 

and Thermal Shock Resistances of Recently Developed High 

Performance Graphite.", IAEA-TECDOC-690 (1991), 140-146.

[113] T. Oku, S. Ota, M. Shiraishi, M. Eto, Y. Gotoh, "EFFECT OF 

COMPRESSIVE PRESTRESS ON THE YOUNG'S MODULUS AND 

STRENGTH OF ISOTROPIC GRAPHITE.", IAEA-TECDOC-901 (1995), 

275-285.

[114] S. Sato, K. Kawamata, A. Kurumada, A. Chiba, "Mechanical Properties 

and Thermal Shock Resistances of Recently Developed High 

Performance Graphite.", IAEA-TECDOC-690 (1991), 140-146.

Cladding Corrosion

[115] C. Gue´neau , S. Chatain , S. Gosse  ́ , C. Rado , O. Rapaud L, J. 

Lechelle , J.C. Dumas , C. Chatillon, "A thermodynamic approach for 

advanced fuels of gas-cooled reactors", Journal of Nuclear Materials 

344 (2005) 191-197

[116] Kazuo Minato , Kousaku Fukuda , Akiyoshi Ishikawa , Naoaki Mita, 

"Advanced coatings for HTGR fuel particles against corrosion of SiC 

layer", Journal of Nuclear Materials 246 (1997) 215-222

[117] Kazuo Minato , Toru Ogawa , Kousaku Fukuda , Michio Shimizu , 

Yoshinobu Tayama , Ishio Takahashi, "Fission product behavior in 

Triso-coated UO fuel particles", Journal of Nuclear Materials 211 (1994) 

57-69

[118] Kazuo MINATO, Toru OGAWA, Satoru KASHIMURA and Kousaku 

FUKUDA, "Fission product palladiumsilicon carbide interaction in htgr 

fuel particles", Journal of Nuclear Materials 172 (1990) 184-196

[119] Kazuo Minato, Toru Ogawa, Satoru Kashimura and Kousaku Fukuda, 

"Metallic impurities-silicon carbide interaction in HTGR fuel particles", 

Journal of Nuclear Materials 175 (1990) 14-19

[120] R.J. LAUF, "OUT-OF-REACTOR STUDIES OF FISSION 

PRODUCT-SILICON CARBIDE INTERACTIONS", Journal of Nuclear 



- 46 -

Materials 120 (1983) 6- 30

[121] T. OGAWA,K.IKAWA andK.IWAMOTO, "A study of the reactions 

between ZrC and some metal oxides", Journal of Nuclear Materials 87 

(1979) 40-48

[122] C. L. SMITH, "SiC-Fission Product Reactions in HTGR TRISO UC2 

and UCxOy Fissile Fuel I, Kinetics of Reactions in a Thermal 

Gradient", Journal of the American Ceramic Society Volume 62 Issue 

11-12 Page 600-606, November 1979

Fission Product behavior

[123] K. N. Koscheyev, A. S. Chernikov, "The Behaviour of Fission Products 

in the HTGR Fuel Irradiated in the IVV-2M Reactor", HTR-2002, 

pp:1-5 

[124] K. Verfondern, J. Sumita, S. Ueta and K. Sawa, "Modeling of fuel 

performance and metallic fission product release behavior during HTTR 

normal operating conditions ", Nuclear Engineering and Design (210) 

225-238

[125] Kazuo Minato, Toru Ogawa, Toshio Koya, Hajime Sekino and Takeshi 

Tomita, "Retention of fission product caesium in ZrC-coated fuel 

particles for high-temperature gas-cooled reactors", Journal of Nuclear 

Materials Volume 279, Issues 2-3, June 2000, Pages 181-188

[126] K. Fukuda and K. Iwamoto, "Concentration profiles of fission products 

in the coating layers of irradiated fuel particles", Journal of Nuclear 

Materials (66) 55-64

[127] Sawa, K. Shiozawa, S. Fukuda, K. Ichihashi, Y, "Analytical method of 

fractional release of fission products from fuel elements of HTTR", 

IWGGCR--25, pp:55-61 

[128] Mitsuo Akabori and Kousaku Fukuda, "Internal release of metallic 

fission products in (Th, U)O2 coated particle fuel", Journal of Nuclear 

Materials (183) 70-75

[129] Hayashi, K. Fukuda, K. Shiozawa, S., "Release behavior of metallic 

fission products from fuel for HTTR", IWGGCR--25, pp:61-67



- 47 -

[130] K. HAYASHI, F. KOBAYASHI, K. MINATO, K. IKAWA and K. 

FUKUDA, "In pile release behavoir of metallic fission products in 

graphite materials of an HTGR fuel assembly", Journal of Nuclear 

Materials 149 (1987) 57-68

[131] K. Hayashi, T. Kikuchi, F. Kobayashi, K. Minato, K. Fukuda, K. Ikawa 

and K. Iwamoto, "Distribution of fission products in irradiated graphite 

materials of HTGR Fuel assembly LIES THIRD AND FOURTH OGL-1 

FUELS", Journal of Nuclear Materials Volume 136, Issues 2-3, 

November 1985, Pages 207-217

[132] Chernikov, A.S. Khromov, Yu.F. Lyutikov, R.A. Gusev, A.A., "Fission 

product diffusion in fuel element materials for HTGR", IWGGCR--13, 

pp:170-181

[133] Chernikov, A.S. Kolesov, V.S. Deryugin, A.I., "In-pile tests of HTGR 

fuel particles and fuel elements", IWGGCR--13, pp:74-80

[134] T. Ogawa, K. Fukuda, H. Sekino, M. Numata and K. Ikawa, "Release of 

metal fission products from UO2 kernel of coated fuel particle", Journal 

of Nuclear Materials (135) 18-31

[135] Fukuda, K. Iwamoto, K., "Research on in-pile release of fission products 

from coated particle fuels", IWGGCR--13, pp:41-56

[136] Christ, A. Mehner, W. Schenk, W, "The release of iodine from HTR 

fuel under steady-state and transient conditions", IWGGCR--13, 

pp:27-40

[137] Okamoto, F. Mikami, H. Mitake, S. Suzuki, K., "The study of metallic 

fission product release from the VHTR core under power operating 

condition", IAEA-TECDOC--358, pp:203-212

[138] Mitake, S. Okada, T. Suzuki, K., "Fission product release characteristics 

of the experimental VHTR core", IWGGCR--8, pp:255-263

[139] Roellig, K. Theymann, W., "Operational requirements of spherical HTR 

fuel elements and their performance", IWGGCR--8, pp:19-39

[140] Reitsamer, G. Proksch, E. Stolba, G. Strigl, A. Falta, G. Zeger, J., 

"Post-irradiation examination of HTR-fuel at the Austrian Research 

Centre Seibersdorf Ltd", IWGGCR--8, pp:281-300



- 48 -

[141] Ikawa, K. Fukuda, K. Iwamoto, K., "Research on irradiation behavior of 

VHTR fuel", IWGGCR--8, pp:201-211

[142] Kousaku Fukuda, Katuichi Ikawa and Kazumi Iwamoto, "Fission product 

diffusion in ZrC coated fuel particles", Journal of Nuclear Materials 

Volume 87, Issues 2-3, 1 December 1979, Pages 367-374

[143] P. E. Brown and R. L. Faircloth, "Metal fission product behaviour in 

high temperature reactors -UO2 coated particle fuel", Journal of Nuclear 

Materials (59) 29-41

[144] C. A. Friskney and K. A. Simpson, "The release of caesium and xenon 

from the uranium dioxide kernels of irradiated HTR fuel particles", 

Journal of Nuclear Materials, Volume 57, Issue 3, September 1975, 

Pages 341-347

[145] J. F. Whatham and P. A. E. Hawker, "A study of the shell thermal 

stress distribution in a loose kernel type of spherical fuel element for a 

pebble bed reactor", Nuclear Engineering and Design (21) 114-125

[146] G. BETZ, R. DOBROZEMSKY, F. P. VIEHBOCK and H. WOTKE, 

"Determination of the distribution of fission products in fuel particle 

coatings by thes puttering technique", Journal of nuclear materials (38) 

77-82.

Kernel Migration

[147] Yong Choi and Jong K. Lee, "An analytical model for the Amoeba 

effect in UO2 fuel pellets", Journal of Nuclear Materials Volume 357, 

Issues 1-3, 15 October 2006, Pages 213-220

[148] Saito, S. Shiozawa, S. Fukuda, K. Kondo, T., "Safety requirements and 

research and development on HTTR fuel", IWGGCR--25, pp:31-36

[149] Chernikov, A.S. Lyutikov, R.A. Kurbakov, S.D. Repnikov, V.M. 

Khromonozhkin, V.V. Soloviyov, G.I, "Behaviour of HTGR coated fuel 

particles at high-temperature tests", IAEA-TC--389.26, pp:562-594

Dimensional Change

[150] Gregory K. Miller , David A. Petti, John T. Maki, Darrell L. Knudson, 



- 49 -

"An evaluation of the effects of SiC layer thinning on failure of 

TRISO-coated fuel particles", Journal of Nuclear Materials 355 (2006) 

150–162

[151] Igor Golubev, Igor Kadarmetov, "Current Status of Development of 

Coated Particle Performance Code GOLT", HTR-2006 Conference on 

High-Temperature Reactors (Pretoria, South Africa, Oct. 1-4, 2006)

[152] Gregory K. Miller , David A. Petti, John T. Maki, "Consideration of the 

effects of partial debonding of the IPyC and particle asphericity on 

TRISO-coated fuel behavior", Journal of Nuclear Materials 334 (2004) 

79–89

[153] Tatsuo Oku , Masahiro Ishihara, "Lifetime evaluation of graphite 

components for HTGRs", Nuclear Engineering and Design 227 (2004) 

209-217

[154] Gregory K. Miller , David A. Petti, Dominic J. Varacalle Jr., John T. 

Mak, "Statistical approach and benchmarking for modeling of 

multi-dimensional behavior in TRISO-coated fuel particles", Journal of 

Nuclear Materials 317 (2003) 69–82

[155] David G. Martin, "Considerations pertaining to the achievement of high 

burn-ups in HTR fuel", Nuclear Engineering and Design 213 (2002) 241

–258

[156] Gregory K. Miller, David A. Petti, John T. Maki, ""Development of an 

Integrated Performance Model for TRISO-Coated Gas Reactor Particle 

Fuel", International Atomic Energy Agency, Vienna (Austria), 

HTR-2002

[157] I. Golubev, I. Kadarmetov, V. Makarov, "Mathematical Model and 

Computer Code for Coated Particles Performance at normal operating 

conditions", International Atomic Energy Agency, Vienna (Austria), 

HTR-2002

[158] Gregory K. Miller ,David A. Petti, Dominic J. Varacalle and John T. 

Maki, "Consideration of the effects on fuel particle behavior from 

shrinkage cracks in the inner pyrocarbon layer", Journal of Nuclear 

Materials 334 (2004) 79–89



- 50 -

[159] Gregory K. Miller, "Stresses in a spherical pressure vessel undergoing 

creep and dimensional changes", Int. J. Solids Structures Vol. 32, No. 

14, pp. 2077-2093, 1995

[160] Gregory K. Miller, Derek C. Wadsworth, "Treating asphericity in fuel 

particle pressure vessel modeling", Journal of Nuclear Materials 211 

(1994) 57-69

[161] Gregory K. Miller and Ralph G. Bennett, "Analytical solution for 

stresses in TRISO-coated particles", Journal of Nuclear Materials 206 

(1993) 35-49

[162] J. Ahlf, R. Conrad, M. Cundy and H. Scheurer, ""Irradiation experiments 

on high temperature gas-cooled reactor fuels and graphites at the high 

flux reactor petten", Journal of Nuclear Materials, 171, 1, (1990) 31-36

[163] T. OKU, K. FUJISAKI and M. ET0, "Irradiation creep properties of a 

near isotropic graphite", Journal of Nuclear Materials 152 (1988) 

225-234

[164] R. E. Bullock and S. A. Sterling, "Irradiation performance of HTGR fuel 

rods with diluted thermosetting matrices", Nuclear Engineering and 

Design, Volume 44, Issue 1, October 1977, Pages 109-123

[165] B. T. Kelly and J.E. BROCKLEHURST, "UKAEA Reactor group studies 

of irradiation - induced creep in graphite", Journal of Nuclear Materials 

65 (1977) 79-85

[166] J .E. BROCKLEHURST and K .E. GILCHRIST, "Fast neutron induced 

creep in pyrocrbon under constant stress", Journal of Nuclear Materials 

59 (1976) 7-17

[167] David G. Martin, "An analytical method of calculating, to a reasonable 

accuracy, stresses in the coatings of HTRr fuel particles", Journal of 

Nuclear Materials Volume 48, Issue 1, August 1973, Pages 35-46"

[168] M. R. EVERETT, L. W. GRAHAM, R. MANZEL, "Dimensional and 

physical property changes of high temperature  reactor", Carbon 1971, 

Vol. 9, pp.417-437

[169] J. L. KAAE, "On irradiation - induced creep of pyrolytic carbon in a 

genergal state of stress", Journal of Nuclear Materials 34 (1970) 



- 51 -

206-208

[170] J. C. BOKROS and R. J. PRICE, "Dimensional changes induced in 

pyrolytic carbon by high temperature", Carbon 1967, Vol. 5, pp.301-312

Fission gas and CO release

[171] Chunhe Tang , Xiaoming Fu , Junguo Zhu , Tongxiang Liang , 

Konstantin N. Koshcheyev , Alexandre V. Kozlov,  Oleg G. Karlov , 

Yu.G. Degaltsev  and Vladimir I. Vasiliev , "Fuel irradiation of the first 

batches produced for the Chinese HTR-10", Nuclear Engineering and 

Design (236) 107-113

[172] S. Gosse, C. Gueneau ,S. Chatain, B. Larousse, C. Chatillon, F. Le 

Guyadec, "Kinetic study of the  UO2,C Interaction by high temperature 

mass spectrometry", HTR-2006 Conference on High-Temperature 

Reactors (Pretoria, South Africa, Oct. 1-4, 2006)

[173] C. Guéneau , S. Chatain , S. Gossé a C. Rado , O. Rapaud , J. Lechelle 

, J.C. Dumas  and C. Chatillon , "A thermodynamic approach for 

advanced fuels of gas-cooledr eactors", Journal of Nuclear Materials 

(344) 191-197

[174] Martín Maldován, Alicia Denis, and Rosa Piotrkowski, "Simulation of 

isothermal fission gas release An analytical solution", Nuclear 

Engineering and Design (187) 327-337

[175] Deryugin, A. I. Koshcheev, K.N. Momot, G.V. Khrulyov, A.A.Chernikov, 

A.S., "Behaviour of HTGR coated particles and fuel elements under 

normal and accident conditions", IWGGCR--25, pp:71-77

[176] E. PROKSCH , A. STRIGL  and H. NABIELEK, "CARBON 

MONOXIDE FORMATION IN UO, KERNELED HTR FUEL 

PARTICLES", Journal of Nuclear Materials (139) 83-90

[177] Burck, W.  Nabielek, H.  Christ, A.  Ragoss, H.  Mehner, A.W., "HTR 

coated particle fuel irradiation behaviour and performance prediction", 

IWGGCR--8, pp:174-188

[178] Emil Proksch , Anton Strigl , Heinz Nabielek, "Production of carbon 

monoxide during burn-up of UO2 kerneled HTR", Journal of Nuclear 



- 52 -

Materials (107) 280-285

[179] G. W. HORSLEY  and G. J. WELDRICK  J. A. TURNBULL  and R. 

SHIPP, "Influence of Irradiation Temperature, Burnup, and Fuel 

Composition on Gas Pressure (Xe, Kr, CO, CO2) in Coated Particle 

Fuels", JOURNAL of the AMERICAN CERAMIC SOCIETY Volume 59, 

Number 1-2

OPyC-Matrix interaction

[180] R. E. Bullock and S. A. Sterling, "Irradiation performance of HTGR fuel 

rods with diluted thermosetting matrices", Nuclear Engineering and 

Design (44) 109-123

Cladding degradation

[181] Takashi Goto, Hisashi Homma, "High-temperature active/passive 

oxidation and bubble formation of CVD SiC in O2 and CO2 

atmospheres", Journal of the European Ceramic society 22 (2002) 

2749-2756

[182] Kazuo Minato a, Toru Ogawa a, Toshio Koya b, Hajime Sekino b, 

Takeshi Tomita, "Retention of fission product caesium in ZrC-coated 

fuel particles for high-temperature gas-cooled reactors"", Journal of 

Nuclear Materials 279 (2000) 181-188

[183] Kazuo Minato , Kousaku Fukuda , Hajime Sekino , Akiyoshi Ishikawa , 

Etsuro Oeda, "Deterioration of ZrC-coated fuel particle caused by 

failure of pyrolytic carbon layer", Journal of Nuclear Materials 252 

(1998) 13-21

[184] G.H. REYNOLDS , J.C. JANVIER , J.L. KAAE , J.P. MORLEVAT, 

"Irradiation behavior of experimental fuel particles containing chemically 

vapor deposited zirconium carbide coatings", Irradiation behavior of 

experiment fuel particles containing chemically vapor deposited 

zirconium carbide coatings

[185] Kousaku Fukuda , Satoru Kashimura , Tsutomu Tobita , Teruo Kikuehi, 

"Irradiation behavior of HTGR coated particle fuel at abnormally high 



- 53 -

temperature", IWGGCR--13, pp:41-56

[186] S. Saito, S. Shiozawa , K. Fukuda, T. Kondo, "safety requirements and 

research and development on httr  fuel", IWGGCR--25, pp:31-36

[187] H. Nabielek, K. Verfondern , D.T. Goodin, "HTR-prediction of fission 

product release in accidents", IWGGCR--13, pp:155-169

[188] R. E. BULLOCK, J. L. KAAE, "PERFORMANCE OF COATED UO, 

PARTICLES GETTERED WITH ZrC", Journal of Nuclear Materials 115 

(1983) 69-83

[189] T. OGAWA and K. IKAWA, "High temperature heating experiments on 

unirradiated ZrC coated fuel particles", Journal of Nuclear Materials 99 

(1981) 85-93

Fission Product diffusion and Permeability

[190] H.J. MacLean, R.G. Ballinger , L.E. Kolaya , S.A. Simonson , N. Lewis , 

M.E. Hanson, "The effect of annealing at 1500 °C on migration and 

release of ion implanted silver in CVD silicon carbide", Journal of 

Nuclear Materials 357 (2006) 31–.47"

[191] H. Nickel, H. Nabielek , G. Pott and A. W. Mehner, "Long time 

experience with the development of HTR fuel elements in Germany", 

Nuclear Engineering and Design (217) 141-151

[192] Kazuo Minato, Toru Ogawa, Kousaku Fukuda, Hajime Sekino Isamu 

Kitagawa ,Naoaki Mita, "Fission product release from ZrC-coated fuel 

particles during post-irradiation heating at 1800 and 2000°C", Journal of 

Nuclear Materials 249 (1997) 142-149

[193] Minato, K. Ogawa, T. Fukuda, K. Sekino, H. Takahashi, I, 

"Post-irradiation heating tests of ZrC coated fuel particles", 

IAEA-TECDOC--988, pp:453-463

[194] K. Minato, T. Ogawa , K. Fukuda , H. Nabielek , H. Sekino , y. 

Nozawa , I. Takahashi, "Fission product release from ZrC-coated fuel 

particles during postirradiation heating at 1600°C", Journal of Nuclear 

Materials 224 (1995) 85-92

[195] Hayashi, K. Fukuda, K, "Release behavior of metallic fission products 



- 54 -

from fuel for HTTR", IWGGCR--25, pp:61-67

[196] Kazuo Minato , Toru Ogawa , Kousaku Fukuda , Hajime Sekino , 

Hideyuki Miyanishi , Shigeo Kado and Ishio Takahashi, "Release 

behavior of metallic fission products from HTGR fuel particles at 1600 

to 1900°C", Journal of Nuclear Materials (202) 47-53

[197] Schenk, W. Nabielek, H, "Simulation of steam ingress accidents with 

irradiated fuel elements", IAEA-TECDOC--784, pp:37-44

[198] Minato, K. Fukuda, K, "Thermodynamic analysis of behaviour of HTGR 

fuel and fission products under accidental air or water ingress 

conditions", IAEA-TECDOC--784, pp:86-91"

[199] A.I. Deryugin, K.N. Koshcheev, G.V. Momot, A.A. Khrulyov, A.S. 

Chernikov, "Behaviour of HTGR coated particles and fuel elements 

under normal and accident conditions", IWGGCR--25, pp:71-77

[200] Kimio Hayashi and Kousaku Fukuda, ""Diffusion coefficients of fission 

products in the UO2 kernel and pyrocarbon layer of BISO-coated fuel 

particles at extremely high temperatures"", Journal of Nuclear Materials 

174 (1990) 35-44

[201] Martin, R. C., "Diffusion modeling of fission product release during 

depressurized core conduction cooldown conditions.", IWGGCR--25, 

pp:77-84

[202] W. Schenk , G. Pott  and H. Nabielek, "Fuel accident performance 

testing for small HTRs", Journal of Nuclear Materials Volume 171, 

Issue 1, April 1990, Pages 19-30

[203] Verfondern, K.; Mueller, D, "Modelling of fission product release 

behavior from HTR spherical fuel elements under accident conditions"", 

IWGGCR--25, pp:45-55

[204] Inamati, S.B. Richards, M.B. Hoot, C. G., "Gaseous and metallic fission 

product transport characteristic of a modular pebble bed HTGR during 

loss of core cooling accidents"", IAEA-TECDOC--358, pp:195-202

[205] Nabielek, H.  Verfondern, K. a Goodin, D.T, "HTR fuel prediction of 

fission product release in accidents", IWGGCR--13, pp:155-169 

[206] T. Ogawa, K. Fukuda, H. Sekino, M. Numata and K. Ikawa, "Release of 



- 55 -

metal fission products from UO2 kernel of coated fuel particle", Journal 

of Nuclear Materials (135) 18-31

[207] Fukuda, K. Iwamoto, K., "Research on in-pile release of fission products 

from coated particle fuels", IWGGCR--13, pp:41-56

[208] Roellig, K. Theymann, W, "Operational requirements of spherical HTR 

fuel elements and their performance", IWGGCR--8, pp:19-39

[209] Schenk, W. Naoumidis, A, "The behaviour of spherical HTR fuel 

elements under accident conditions", IWGGCR--8, pp:264-280

[210] Kousaku Fukuda, Katuichi Ikawa and Kazumi Iwamoto, "Fission product 

diffusion in ZrC coated fuel particles", Journal of Nuclear Materials (87) 

367-374



- 56 -

                           서   지   정  보  양   식     

 수행기 보고서번호 탁기 보고서번호    표 보고서번호   INIS 주제코드

 KAERI/CM-1018/2006

    제목 / 부제 

피복입자 핵연료 성능-물성자료 평가분석  DB구축

연구책임자  부서명 김 용 수  (한양 학교 원자력공학과)

연 구 자  부 서 명

이 효 철  (한양 학교 원자력공학과)

장 정 남  (한양 학교 원자력공학과)

권 석 환  (한양 학교 원자력공학과)

출  지   발행기  한국원자력연구소 발행년  2007. 3. 15

페 이 지 462 p.   도   표  있음( ○ ), 없음(    ) 크 기     21×29.7 Cm.

 참고사항  

 공개여부  공개( ○ ),  비공개(    )
  보고서종류  

 비 여부  외비(   ),  __ 비

 연구수행기 한양 학교   계약  번호 해당 없음

 록 (15-20  내외)

국제경쟁력을 갖춘 수소생산용 원자력시스템에 한 연구개발이 국내에서 본격 으

로 착수되었으나, 주요 요소기술의 연구경험이 부족한 상태여서 독자 인 자료 생산  

확보에 어려움을 격고 있다. 특히 노심 구성의 핵심이 되는 핵연료 련 기술은 kernel 

제조  피복층 증착에 한 기 /기반 기술 정도만 확보한 실정이므로 핵연료 제조와 

노내 성능 평가를 해서는 련 연구개발이 매우 시 하다.

이 연구에서는 피복입자 핵연료 제조개발의 기  입력 자료가 되며 성능평가  노

내 조사 실증 연구의 참조자료로 활용될 수 있는 phase - 1 물성-성능 data base를 구

축하 다. 이를 해 먼  피복입자 핵연료 물성  성능자료를 수집하여 분석 평가하

다. 상재료(kernel, PyC, SiC, ZrC, Graphite, Fuel element)별 물성자료는 열 , 기

계 , 물리 으로 구분하여 분석 평가하 으며 성능 자료는 failure mechanism을 고려

한 key phenomena 를 바탕으로 정상상태와 사고상태 별로 평가 정리하 다. 한 제

조공정  그에 따른 재료의 미세구조가 물성변화에 미치는 향을 평가하 으며 상 

물성별 조사의 향도 추가 으로 검토하 다.

이 연구 결과로 수집된 자료와 분석 평가 결과 그리고 그 DB는 수소 생산용 HTGR 

노심과 핵연료 계통 설계  제조 기술 개발에 직 인 입력 자료로서 활용될 것이며 

특히 핵연료 시스템의 노내 성능 측 평가에는 결정 인 요 자료로 크게 활용될 것

이다.

 주제명키워드

 (10단어내외)
고온가스로, 피복입자 핵연료, kernel, PyC, SiC, ZrC, 열  물

성, 기계  물성, 물리  물성, 핵연료 노내 거동  성능



- 57 -

                 BIBLIOGRAPHIC   INFORMATION  SHEET     

   Performing Org.

     Report No.

   Sponsoring Org.

     Report No.
 Standard Report No.    INIS Subject Code

     KAERI/CM-1018/2006

   Title/  Subtitle

A Study on Properties-Performances of Coated Particle Fuel and on-line DB Establishment

  Project Manager

  and  Department
 Kim, Yongsoo (Nuclear Engineering Department, Hanyang University)

  Researcher

  and  Department
 Lee, Hyocheol, Jang, Jeongnam, Kwon, Seokhwan

 (Nuclear Engineering Department, Hanyang University)

 Publication

 Place 
 Publisher  KAERI

 P u b l i c a t i o n   

 Date
 2007. 3. 15

  Page 462 p.   Ill. & Tab.  Yes( ○ ), No (    )   Size  21×29.7 Cm.

  Note  

  Open  Open( ○ ),  Closed (    )
 Report Type  

  Classified  Restricted( ), ___Class Document

  Performing Org. Hanyang University  Contract No.

  Abstract (15-20 Lines)

Recently national project for HTGR for hydrogen production has been kicked off. 

However, For the successful development of the high temperature gas cooled reactor high 

temperature and burn-up dependent properties of the reactor materials are essentially and 

crucially required.. Therefore, it was proposed to build up the materials properties and fuel 

performance data base.

In this study, a phase - 1 properties and performance DB for coated particle fuel  was 

developed. This database report consists two sections: materials properties and fuel 

performance. The materials properties has three parts: kernel materials, carbide coating 

materials, and fuel elements and graphite matrix. UO2 and UCO belong to kernel materials 

while PyC, SiC, and ZrC comprises the coating materials section. Thermal, mechanical and 

physical properties data of these materials were collected, reviewed, and summarized. 

Additionally, the property change induced by manufacture process and irradiation were  

reviewed. Fuel performance data were also collected, reviewed, and  analyzed based on the 

key phenomena and failure mechanism, These performance data are divided into two: normal 

and accident. All of these data will be accessible in the pc based stand-alone system.

These results will be directly used for HTGR fuel design and fabrication and preliminary 

fuel performance analysis under irradiation.

  Subject Keywords

  (About 10 words)
HTGR, Coated Particle Fuel, kernel, PyC, SiC, ZrC, Thermal Property, 

Mechanical Property, Physical Property, Fuel Behavior and Performance



- 58 -

부록 (1)

피복입자 핵연료 물성 데이터

Kernel: UO2 and UCO

Coating Layer: PyC, SiC and ZrC

Fuel: particle,  element

Graphite: low density, high density
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Kernel:  UO2

(1) Thermal Conductivity (19)

(2) Thermal Expansion Coefficient (4)

(3) Heat Capacity (4)

(4) Density (4)
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(1) Thermal conductivity

① Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1700.00 ℃ 

atmosphere - 4 % H2+Ar

molecular mass: 270.0 g

bulk density: 10.776 g/cm
3

Measurement Technique ································································································

property meas. method: DSC-technique

sample dimensions : disc; dia = 6 mm, l = 2-3 mm

Data Characterization ······································································································

classification: calculated from other (meas.) properties 

remarks: Calculated from thermal diffusivity (data-set E5002462) and specific 

heat capacity (E5002461)

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

8.5550E-02

8.1530E-02

7.2290E-02

6.3970E-02

5.7410E-02

5.1420E-02

4.7030E-02

4.2750E-02

3.9050E-02

3.5630E-02

3.2970E-02

2.8490E-02

2.5490E-02

2.3890E-02
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② Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1700.00 ℃ 

atmosphere - 4 % H2+Ar

molecular mass: 270.0 g

bulk density: 10.776 g/cm
3

remarks: The density of the specimen to be measured was 98.3 %TD. Data 

have been corrected to 95 %TD.

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

remarks: Calculated from thermal diffusivity (data-set E5002462) and specific 

heat capacity (E5002461) and corrected to 95 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories,Chalk River, Ontario, Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

7.8430E-02

7.4870E-02

6.6530E-02

5.9010E-02

5.3080E-02

4.7650E-02

4.3670E-02

3.9790E-02

3.6420E-02

3.3310E-02

3.0890E-02

2.6810E-02

2.4090E-02

2.2630E-02
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③ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1700.00 ℃

atmosphere - 4 % H2+Ar

molecular mass: 270.0 g

bulk density: 10.776 g/cm
3

remarks: The density of the specimen to be measured was 98.3 %TD. Data 

have been corrected to 100 %TD.

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

remarks: Calculated from thermal diffusivity (data-set E5002462) and specific 

heat capacity (E5002461) and corrected to 100 %TD using Loeb 

relation.

Bibliography ························································································································

author: Lucuta P.G.,Matzke Hj.,Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

8.1960E-02

8.4900E-02

7.5200E-02

6.6480E-02

5.9600E-02

5.3330E-02

4.8730E-02

4.4250E-02

4.0370E-02

3.6810E-02

3.4020E-02

2.9340E-02

2.6200E-02

2.4530E-02
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④ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0070

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1310.00 ℃

atmosphere - CO2/CO = 9

molecular mass: 270.0 g

bulk density: 10.656 g/cm3

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002487) and specific 

heat capacity (E5002486)

Bibliography ························································································································

author: Lucuta P.G.,Matzke Hj.,Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995



UO2-Thermal Conductivity

- 67 -

Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

7.3640E-02

7.1860E-02

6.3970E-02

5.6070E-02

4.9190E-02

4.3060E-02

3.9770E-02

3.6250E-02

3.3510E-02

3.0720E-02

2.8380E-02

2.5140E-02

2.2010E-02

2.0870E-02
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⑤ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0070

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1310.00 ℃

atmosphere - CO2/CO = 9

molecular mass: 270.0 g

bulk density: 10.656 g/cm
3

remarks: Sample to be studdied has density of 97.2 %TD; data have been 

corrected to 95 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002487) and specific 

heat capacity (E5002486) Corrected to 95 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories,Chalk River, Ontario, Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

7.1950E-02

6.7810E-02

6.0460E-02

5.3080E-02

4.6640E-02

4.0890E-02

3.7820E-02

3.4530E-02

3.1970E-02

2.9350E-02

2.7160E-02

2.4130E-02

2.1180E-02

2.0110E-02
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⑥ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0070

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1310.00 ℃

atmosphere - CO2/CO = 9

molecular mass: 270.0 g

bulk density: 10.656 g/cm
3

remarks: Sample to be studdied has density of 97.2 %TD; data have been 

corrected to 100 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002487) and specific 

heat capacity (E5002486) Corrected to 100 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories,Chalk River, Ontario, Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

8.1800E-02

7.6900E-02

6.8330E-02

5.9800E-02

5.2370E-02

4.5770E-02

4.2200E-02

3.8340E-02

3.5430E-02

3.2430E-02

2.9910E-02

2.6410E-02

2.3030E-02

2.1800E-02
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⑦ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0350

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1220.00 ℃

atmosphere - CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.675 g/cm
3

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002492) and specific 

heat capacity (E5002491)

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, Chalk River Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J. Nucl. Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

5.7890E-02

5.5060E-02

5.2450E-02

4.7760E-02

3.9310E-02

3.3030E-02

2.9110E-02

2.5350E-02

2.4620E-02

2.3410E-02

2.2250E-02

2.0200E-02

1.8900E-02

1.8160E-02
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⑧ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0350

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1220.00 ℃

atmosphere - CO2/CO=99

molecular mass: 270.0 g

bulk density: 10.675 g/cm
3

remarks: Sample to be measured had density of 97.4 %TD. Data have been 

corrected to 95 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002492) and specific 

heat capacity (E5002491). Corrected to 95 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories,Chalk River, Ontario, Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

5.4310E-02

5.1730E-02

4.9340E-02

4.5020E-02

3.7120E-02

3.1240E-02

2.7580E-02

2.5350E-02

5.3400E-02

2.2290E-02

2.1210E-02

1.9330E-02

1.8140E-02

1.7560E-02
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⑨ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0350

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1220.00 ℃

atmosphere - CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.675 g/cm
3

remarks: Sample to be measured had density of 97.4 %TD. Data have been 

corrected to 100 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002492) and specific 

heat capacity (E5002491). Corrected to 100 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, Chalk River Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J. Nucl. Mater. 223(1995),51-60

year of publ.: 1995



UO2-Thermal Conductivity

- 77 -

Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

6.1750E-02

5.8660E-02

5.5770E-02

5.0720E-02

4.1680E-02

3.4970E-02

3.0770E-02

2.8200E-02

2.5940E-02

2.4620E-02

2.3370E-02

2.1150E-02

1.9730E-02

1.8930E-02
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⑩ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0840

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1380.00 ℃

atmosphere - CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.670 g/cm
3

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002497) and specific 

heat capacity (E5002496)

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, Chalk River Laboratories, Chalk River, Ontario, 

Canada
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

4.1120E-02

3.9660E-02

3.7770E-02

3.5170E-02

2.9090E-02

2.3580E-02

2.0380E-02

1.9970E-02

1.9360E-02

1.8780E-02

1.8200E-02

1.7420E-02

1.6710E-02

1.5700E-02
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⑪ Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0840

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1380.00 ℃

atmosphere - CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.670 g/cm
3

remarks: Sample to be measured had density of 97.4 %TD. Data have been 

corrected to 95 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002497) and specific 

heat capacity (E5002496). Corrected to 95 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, Chalk River Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J. Nucl. Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

3.8630E-02

3.7300E-02

3.5590E-02

3.3190E-02

2.7500E-02

2.2320E-02

1.9330E-02

1.8970E-02

1.8420E-02

1.7890E-02

1.7370E-02

1.6680E-02

1.6050E-02

1.5100E-02
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⑫ Lucuta P.G(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0840

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1380.00 ℃

atmosphere - CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.670 g/cm
3

remarks: Sample to be measured had density of 97.4 %TD. Data have been 

corrected to 100 %TD

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia = 12 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-5
 Torr of gas vacuum

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E5002497) and specific 

heat capacity (E5002496). Corrected to 100 %TD using Loeb relation.

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, ChalkRiver Laboratories,Chalk River, Ontario, Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.: 1995
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.9615E+02

3.7315E+02

4.7315E+02

5.7315E+02

6.7315E+02

7.7315E+02

8.7315E+02

9.7315E+02

1.0732E+03

1.1732E+03

1.2732E+03

1.4732E+03

1.6732E+03

1.7732E+03

4.3920E-02

4.2300E-02

4.0230E-02

3.7390E-02

3.0880E-02

2.4990E-02

2.1570E-02

2.1100E-02

2.0420E-02

1.9770E-02

1.9130E-02

1.8250E-02

1.7450E-02

1.6370E-02
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⑬ Hirai M.(1991)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0010

physical state: solid

microstructure: polycrystalline

notes: Lattice parameter=0.5471nm, microcracks-free, sintered

molecular mass: 270.0 g

bulk density: 95.000 %

theoretical density: 10.960 g/cm
3

remarks: Preparation: UO2 green pellets were sintered at about 2020 K for 4 h 

in a stream of 100 % H2. Five specimens were produced with density 

of 10.605-10.606 g/cm
2
 (96.76-96.77 %TD). The data were normalized 

to density of 95 %TD.

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions : disc; dia: 9.81 mm, h: 0.7-1.2 mm

remarks: Five samples were investigated.

Data Characterization ······································································································

bit-pad uncertainty:  0.30E-03 W/m K

remarks: The measured data were normalized to density of 95 %TD using the 

equation: THC(95 %TD) = THC(m) × (1-0.05n)/(1-nP), where THC(m) 

measured thermal conductivity for specimen with porosity P, n: 

experimental parameter from modified Loeb eq. n = 2.6-5×10
-4 

× 

(T-273.15), T: temperature in K. The data can be approximated by 

THC(W/mK) = 1/(2.35×10
-2
+2.55×10

-4
×T) + 3.57×10

-12 
× T

3
 (500 K < 

T < 2100 K)
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Bibliography ························································································································

author: Hirai M., Ishimoto S.

institution: Nippon Nuclear Fuel Development Co.,Ltd., Ibaraki-ken 311-13, Japan

title: Thermal diffusivities and thermal conductivities of UO2-Gd2O3

source: J. Nucl. Sci. Technol. 28(1991), 995-1000

year of publ.: 1991

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

3.0630E+02

3.1300E+02

3.1660E+02

3.1360E+02

3.8710E+02

4.1070E+02

3.9490E+02

4.9640E+02

4.7440E+02

5.0020E+02

5.0380E+02

6.0860E+02

5.9010E+02

6.0640E+02

6.2590E+02

7.1420E+02

7.0480E+02

6.9540E+02

7.7620E-02

7.6200E-02

7.4790E-02

7.3510E-02

7.9350E-02

7.5110E-02

7.3260E-02

6.9330E-02

6.5770E-02

6.6630E-02

6.4930E-02

6.1150E-02

5.6170E-02

5.6040E-02

5.5760E-02

5.2960E-02

5.1400E-02

4.9980E-02

7.1800E+02

7.0220E+02

7.3460E+02

8.0010E+02

8.1360E+02

8.1040E+02

9.0850E+02

9.1210E+02

9.9360E+02

1.0100E+03

1.0040E+03

1.0860E+03

1.1080E+03

1.1050E+03

1.1770E+03

1.1830E+03

1.2590E+03

1.2650E+03

5.0270E-02

4.8280E-02

4.9000E-02

4.6190E-02

4.3780E-02

4.3360E-02

4.0560E-02

3.8860E-02

3.7610E-02

3.6490E-02

3.5060E-02

3.2540E-02

3.3830E-02

3.2410E-02

3.0030E-02

3.1160E-02

2.8780E-02

2.9210E-02

1.2810E+03

1.3660E+03

1.3790E+03

1.3890E+03

1.5100E+03

1.5190E+03

1.5320E+03

1.5450E+03

1.5780E+03

1.6950E+03

1.7930E+03

1.8840E+03

1.9160E+03

2.0110E+03

2.0080E+03

2.0340E+03

2.8220E-02

2.6840E-02

2.7270E-02

2.6000E-02

2.4770E-02

2.5200E-02

2.4780E-02

2.4220E-02

2.3090E-02

2.1860E-02

2.1480E-02

2.0520E-02

2.1100E-02

2.1420E-02

1.9720E-02

1.9590E-02
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⑭ Hohorst J.K.(1990)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 99.000 %

theoretical density: 10.980 g/cm
3

heat melting-temperature: 3113.15 K

Data Characterization ······································································································

valuation: recommended data

remarks: MATPRO recommended data

Bibliography ························································································································

author: Hohorst J.K. (Editor)

institution: EG&G Idaho,Inc.

title: SCDAP/RELAP5/MOD2 Code Mannual, vol.4: MATPRO- a library of 

materials properties for light-water-reactor accident analysis.

source: NUREG/CR-5273 (1990)

year of publ.: 1990

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

4.9410E+02

5.1750E+02

5.4880E+02

5.8790E+02

7.1660E-02

6.9400E-02

6.5870E-02

6.1840E-02

1.1490E+03

1.2220E+03

1.3360E+03

1.4750E+03

3.4660E-02

3.2700E-02

3.0130E-02

2.7590E-02

2.7230E+03

2.8270E+03

2.9250E+03

2.9790E+03

2.8500E-02

3.0000E-02

3.1490E-02

3.2680E-02
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6.2420E+02

6.6020E+02

7.0890E+02

7.5240E+02

8.2920E+02

8.9800E+02

9.7940E+02

1.0600E+03

5.8440E-02

5.5930E-02

5.2930E-02

5.0300E-02

4.6050E-02

4.2940E-02

3.9580E-02

3.7120E-02

1.6440E+03

1.7620E+03

1.9380E+03

2.0680E+03

2.2010E+03

2.3330E+03

2.4760E+03

2.5880E+03

2.5340E-02

2.4180E-02

2.3070E-02

2.2560E-02

2.2550E-02

2.3820E-02

2.5350E-02

2.6600E-02

2.9820E+03

3.1700E+03

3.2600E+03

3.3080E+03

3.3780E+03

3.4490E+03

3.4990E+03

3.2560E-02

1.1460E-01

1.1490E-01

1.1460E-01

1.1440E-01

1.1430E-01

1.1440E-01
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⑮ Hohorst J.K.(1990)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 98.000 %

theoretical density: 10.980 g/cm
3

heat melting-temperature: 3113.15 K

Data Characterization ······································································································

valuation: recommended data

Bibliography ························································································································

author: Hohorst J.K. (Editor)

institution: EG&G Idaho,Inc.

title: SCDAP/RELAP5/MOD2 Code Mannual, vol.4: MATPRO- a library of 

materials properties for light-water-reactor accident analysis.

source: NUREG/CR-5273 (1990)

year of publ.: 1990

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

4.9740E+02

5.1800E+02

5.4360E+02

5.7680E+02

6.2240E+02

6.9240E-02

6.6590E-02

6.3820E-02

6.0670E-02

5.7780E-02

1.4150E+03

1.4910E+03

1.5840E+03

1.6920E+03

1.8000E+03

2.9790E-02

2.8560E-02

2.6830E-02

2.5360E-02

2.4150E-02

2.7100E+03

2.8370E+03

2.9270E+03

2.9750E+03

3.0200E+03

2.9130E-02

3.1090E-02

3.3030E-02

3.3560E-02

3.4340E-02
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6.9340E+02

7.5170E+02

8.2500E+02

9.1110E+02

9.8440E+02

1.0750E+03

1.1860E+03

1.3100E+03

5.4020E-02

5.0250E-02

4.7370E-02

4.2980E-02

3.9850E-02

3.6350E-02

3.3740E-02

3.1390E-02

1.9280E+03

2.0740E+03

2.1440E+03

2.2620E+03

2.3440E+03

2.4240E+03

2.5320E+03

2.6320E+03

2.3320E-02

2.2880E-02

2.3170E-02

2.3730E-02

2.4530E-02

2.5200E-02

2.6640E-02

2.8080E-02

3.1700E+03

3.2600E+03

3.3080E+03

3.3780E+03

3.4490E+03

3.4990E+03

1.1460E-01

1.1490E-01

1.1460E-01

1.1440E-01

1.1430E-01

1.1440E-01
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⑯ Hohorst J.K.(1990)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 98.000 %

theoretical density: 10.980 g/cm
3

heat melting-temperature: 3113.15 K

Data Characterization ······································································································

valuation: recommended data

Bibliography ························································································································

author: Hohorst J.K. (Editor)

institution: EG&G Idaho,Inc.

title: SCDAP/RELAP5/MOD2 Code Mannual, vol.4: MATPRO- a library of 

materials properties for light-water-reactor accident analysis.

source: NUREG/CR-5273 (1990)

year of publ.: 1990

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

4.9740E+02

5.1800E+02

5.4360E+02

5.7680E+02

6.2240E+02

6.9240E-02

6.6590E-02

6.3820E-02

6.0670E-02

5.7780E-02

1.4150E+03

1.4910E+03

1.5840E+03

1.6920E+03

1.8000E+03

2.9790E-02

2.8560E-02

2.6830E-02

2.5360E-02

2.4150E-02

2.7100E+03

2.8370E+03

2.9270E+03

2.9750E+03

3.0200E+03

2.9130E-02

3.1090E-02

3.3030E-02

3.3560E-02

3.4340E-02
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6.9340E+02

7.5170E+02

8.2500E+02

9.1110E+02

9.8440E+02

1.0750E+03

1.1860E+03

1.3100E+03

5.4020E-02

5.0250E-02

4.7370E-02

4.2980E-02

3.9850E-02

3.6350E-02

3.3740E-02

3.1390E-02

1.9280E+03

2.0740E+03

2.1440E+03

2.2620E+03

2.3440E+03

2.4240E+03

2.5320E+03

2.6320E+03

2.3320E-02

2.2880E-02

2.3170E-02

2.3730E-02

2.4530E-02

2.5200E-02

2.6640E-02

2.8080E-02

3.1700E+03

3.2600E+03

3.3080E+03

3.3780E+03

3.4490E+03

3.4990E+03

1.1460E-01

1.1490E-01

1.1460E-01

1.1440E-01

1.1430E-01

1.1440E-01
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⑰ Hohorst J.K.(1990)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 95.000 %

theoretical density: 10.980 g/cm
3

heat melting-temperature: 3113.15 K

Data Characterization ······································································································

valuation: recommended data

Bibliography ························································································································

author: Hohorst J.K. (Editor)

institution: EG&G Idaho,Inc.

title: SCDAP/RELAP5/MOD2 Code Mannual, vol.4: MATPRO- a library of 

materials properties for light-water-reactor accident analysis.

source: NUREG/CR-5273 (1990)

year of publ.: 1990

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

5.1030E+02

5.3100E+02

5.6680E+02

6.1560E+02

6.7460E+02

5.9330E-02

5.7680E-02

5.5440E-02

5.2160E-02

4.8430E-02

1.3300E+03

1.4030E+03

1.4940E+03

1.5950E+03

1.7060E+03

2.9100E-02

2.8270E-02

2.6840E-02

2.5740E-02

2.4790E-02

2.6960E+03

2.8070E+03

2.8920E+03

3.0140E+03

3.0770E+03

2.8120E-02

3.0060E-02

3.1360E-02

3.3920E-02

3.4900E-02
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7.2820E+02

7.8680E+02

8.6330E+02

9.2940E+02

9.9040E+02

1.0920E+03

1.1780E+03

1.2310E+03

1.2610E+03

4.5750E-02

4.3390E-02

3.9980E-02

3.7770E-02

3.5870E-02

3.3700E-02

3.1670E-02

2.9900E-02

2.9630E-02

1.8370E+03

1.9480E+03

2.0360E+03

2.1120E+03

2.2100E+03

2.2880E+03

2.3810E+03

2.4830E+03

2.5840E+03

2.3570E-02

2.2930E-02

2.1810E-02

2.2340E-02

2.3050E-02

2.3140E-02

2.4150E-02

2.5320E-02

2.6490E-02

3.1100E+03

3.1700E+03

3.2600E+03

3.3080E+03

3.3780E+03

3.4490E+03

3.4990E+03

3.5690E-02

1.1460E-01

1.1490E-01

1.1460E-01

1.1440E-01

1.1430E-01

1.1440E-01
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⑱ Harding J.H.(1989)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000

physical state: solid

molecular mass: 270.0 g

bulk density: 10.952 g/cm
3

theoretical density: 10.952 g/cm
3

Data Characterization ······································································································

accuracy: 7.0 %

valuation: recommended data

remarks: Represented data are approximated by the equation: THC(W/m K) = 

1/(0.0375+2.165×10
-4
×T) + 4.715×10

9
×e

-16361/T
/T

2
 (773 < T < 3120 K). 

Numerical values in the first term due to the contribution from 

phonons were adopt from Killeen; in the second term, which is due to 

the small polaron contribution, are derived from measurements of other 

physical properties.

Bibliography ························································································································

author: Harding J.H., Martin D.G.

institution: Theoretical Physics Division, Harwell Laboratory, Oxon OX11 0RA, 

United Kingdom

title: A recommendation for the thermal conductivity of UO2.

source: J. Nucl. Mater. 166(1989),223-226

year of publ.: 1989
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Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

7.7300E+02

8.0000E+02

9.0000E+02

1.0000E+03

1.1000E+03

1.2000E+03

1.3000E+03

1.4000E+03

1.5000E+03

4.8820E-02

4.7460E-02

4.3040E-02

3.9370E-02

3.6290E-02

3.3680E-02

3.1450E-02

2.9560E-02

2.7990E-02

1.6000E+03

1.7000E+03

1.8000E+03

1.9000E+03

2.0000E+03

2.1000E+03

2.2000E+03

2.3000E+03

2.4000E+03

2.6720E-02

2.5740E-02

2.5050E-02

2.4660E-02

2.4560E-02

2.4740E-02

2.5200E-02

2.5930E-02

2.6910E-02

2.5000E+03

2.6000E+03

2.7000E+03

2.8000E+03

2.9000E+03

3.0000E+03

3.1200E+03

2.8130E-02

2.9560E-02

3.1180E-02

3.2970E-02

3.4910E-02

3.6980E-02

3.9600E-02
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⑲ Harding J.H.(1989)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 10.956 g/cm
3

heat melting-temperature: 3120.00 K

heat of fusion: 283.00 J/g

Data Characterization ······································································································

valuation: recommended data

Bibliography ························································································································

author: Harding J.H., Martin D.G., Potter P.E.

institution: Harwell Laboratory, UKAEA, Oxon, UK

title: Thermophysical and thermochemical properties of fast reactor materials

source: EUR 12402EN (1989), 1-90

year of publ.: 1989

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

7.7300E+02

8.0000E+02

8.2500E+02

8.5000E+02

8.7500E+02

9.0000E+02

9.2500E+02

4.8820E-02

4.7460E-02

4.6270E-02

4.5140E-02

4.4070E-02

4.3040E-02

4.2060E-02

1.5750E+03

1.6000E+03

1.6250E+03

1.6500E+03

1.6750E+03

1.7000E+03

1.7250E+03

2.7240E-02

2.6960E-02

2.6710E-02

2.6470E-02

2.6250E-02

2.6060E-02

2.5870E-02

2.3750E+03

2.4000E+03

2.4250E+03

2.4500E+03

2.4750E+03

2.5000E+03

2.5250E+03

2.7720E-02

2.8040E-02

2.8380E-02

2.8730E-02

2.9110E-02

2.9500E-02

2.9920E-02



UO2-Thermal Conductivity

- 98 -

9.5000E+02

9.7500E+02

1.0000E+03

1.0250E+03

1.0500E+03

1.0750E+03

1.1000E+03

1.1250E+03

1.1500E+03

1.1750E+03

1.2000E+03

1.2250E+03

1.2500E+03

1.2750E+03

1.3000E+03

1.3250E+03

1.3500E+03

1.3750E+03

1.4000E+03

1.4250E+03

1.4500E+03

1.4750E+03

1.5000E+03

1.5250E+03

1.5500E+03

4.1130E-02

4.0240E-02

3.9380E-02

3.8560E-02

3.7780E-02

3.7030E-02

3.6310E-02

3.5620E-02

3.4960E-02

3.4330E-02

3.3720E-02

3.3130E-02

3.2570E-02

3.2040E-02

3.1530E-02

3.1030E-02

3.0560E-02

3.0110E-02

2.9690E-02

2.9280E-02

2.8890E-02

2.8520E-02

2.8170E-02

2.7840E-02

2.7530E-02

1.7500E+03

1.7750E+03

1.8000E+03

1.8250E+03

1.8500E+03

1.8750E+03

1.9000E+03

1.9250E+03

1.9500E+03

1.9750E+03

2.0000E+03

2.0250E+03

2.0500E+03

2.0750E+03

2.1000E+03

2.1250E+03

2.1500E+03

2.1750E+03

2.2000E+03

2.2250E+03

2.2500E+03

2.2750E+03

2.3000E+03

2.3250E+03

2.3500E+03

2.5710E-02

2.5570E-02

2.5450E-02

2.5340E-02

2.5250E-02

2.5180E-02

2.5130E-02

2.5100E-02

2.5090E-02

2.5090E-02

2.5120E-02

2.5160E-02

2.5220E-02

2.5300E-02

2.5400E-02

2.5520E-02

2.5650E-02

2.5810E-02

2.5980E-02

2.6170E-02

2.6380E-02

2.6610E-02

2.6860E-02

2.7130E-02

2.7410E-02

2.5500E+03

2.5750E+03

2.6000E+03

2.6250E+03

2.6500E+03

2.6750E+03

2.7000E+03

2.7250E+03

2.7500E+03

2.7750E+03

2.8000E+03

2.8250E+03

2.8500E+03

2.8750E+03

2.9000E+03

2.9250E+03

2.9500E+03

2.9750E+03

3.0000E+03

3.0250E+03

3.0500E+03

3.0750E+03

3.1000E+03

3.1200E+03

3.0350E-02

3.0790E-02

3.1260E-02

3.1740E-02

3.2240E-02

3.2760E-02

3.3300E-02

3.3850E-02

3.4420E-02

3.5010E-02

3.5610E-02

3.6230E-02

3.6870E-02

3.7520E-02

3.8190E-02

3.8880E-02

3.9580E-02

4.0300E-02

4.1040E-02

4.1790E-02

4.2550E-02

4.3330E-02

4.4130E-02

4.4780E-02
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(2) Thermal expansion coefficient

① Martin D.G.(1988)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: U 1.0000 O 2.0000

physical state: solid

molecular mass: 270.0 g

heat melting-temperature: 3120.00 K

Data Characterization ······································································································

classification: estimated from various literature data

valuation: recommended data

remarks: Represented recommended data have been fitted to the equations: 

LEX(1/K)= 9.828×10
-6
-6.390×10

-10
×T+1.330×10

-12
×T

2
-1.757×10

-17
×T

3
 (273 

< T < 923 K), LEX(1/K)= 1.1833×10
-5 

- 5.013×10
-9
×T + 3.756×10

-12
×T

2
 

-6.125×10
-17
×T

3
 (923 < T < 1520 K) for UO(2+x) (x in the ranges 

0-0.13, 0.23-0.25) for temperatures up to 1520 K; in absence of others 

data - up to melting point.

Bibliography ························································································································

author: Martin D.G.

institution: Theoretical Physics Division, Harwell Laboratory, Oxon OX11 0RA, 

UK

title: The thermal expansion of solid UO2 and (U, Pu) mixed oxides - a review 

and recommendations.

source: J. Nucl. Mater. 152(1988),94-101

year of publ.: 1988
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Result ·····································································································································

Temperature (K) Thermal expansion coefficient (×10-6/K)

2.730E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

7.000E+02

8.000E+02

9.000E+02

9.230E+02

1.000E+03

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

2.800E+03

3.000E+03

3.120E+03

9.752E+00

9.756E+00

9.784E+00

9.839E+00

9.920E+00

1.003E+01

1.016E+01

1.032E+01

1.036E+01

1.051E+01

1.112E+01

1.201E+01

1.318E+01

1.462E+01

1.634E+01

1.833E+01

2.059E+01

2.311E+01

2.590E+01

2.894E+01

3.089E+01
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② Fink J.K.(1981)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000

physical state: solid

molecular mass: 270.0 g

melting-temperature: 3120.00 K

heat of fusion: 7483.00 J/mol

solid-phase tran-temperature: 2670.00 K

Data Characterization ······································································································

classification: estimated from various literature data

valuation: recommended data

Bibliography ························································································································

author: Fink J.K., Chasanov M.G., Leibowitz L.

institution: Argonne National Laboratory, Argonne, Illinois, USA

title: Thermophysical properties of uranium dioxide.

source: J. Nucl .Mater. 102(1981),17-25

year of publ.: 1981

Result ·····································································································································

Temperature (K) Thermal expansion coefficient (×10-6/K)

2.981E+02

5.000E+02

7.500E+02

2.171E+01

2.485E+01

2.883E+01
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1.000E+03

1.250E+03

1.500E+03

1.750E+03

2.000E+03

2.250E+03

2.500E+03

2.750E+03

3.000E+03

3.120E+03

3.120E+03

3.250E+03

3.400E+03

3.291E+01

3.709E+01

4.135E+01

4.569E+01

5.011E+01

5.459E+01

5.914E+01

6.375E+01

6.840E+01

7.065E+01

1.050E+02

1.045E+02

1.040E+02
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③ Touloukian Y.S.(1977)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000 stoichiometric composition

physical state: solid

crystal structure: cubic (simple)

molecular mass: 270.0 g

bulk density: 10.960 g/cm
3

heat melting-temperature: 3033.00 K

Data Characterization ······································································································

accuracy: 7.0 %

classification: estimated from various literature data

valuation: TPRC provisional data

remarks: Values are obtained by differentiating the equations: LEX(110)= -0.274 

+ 9.327×10
-4
×T - 4.960×10

-9
×T

2
 + 5.566×10

-11
×T

3
 (293 < T < 2600 K)

Bibliography ························································································································

author: Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R.

institution: Thermophysical Properties Research Center (TPRC), Purdue Univ., 

Lafayette, USA

title: Thermophysical Properties of Matter. Vol.13: Thermal Expansion - 

Nonmetallic Solids.

source: IFI/Plenum, New York-Washington (1977).

year of publ.: 1977
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Result ·····································································································································

Temperature (K) Thermal expansion coefficient (×10
-6
/K)

2.930E+02

4.000E+02

6.000E+02

8.000E+02

1.000E+03

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

9.400E+00

9.600E+00

9.900E+00

1.030E+01

1.090E+01

1.160E+01

1.250E+01

1.340E+01

1.460E+01

1.580E+01

1.720E+01

1.870E+01

2.040E+01
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④ Brett N.H.(1961)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: U 1.0000, O 2.0100

physical state: solid

microstructure: polycrystalline - single phase

crystal structure: fluorite (CaF2)

molecular mass: 270.2 g

bulk density: 10.200 g/cm
3

remarks: Impurities (ppm): Fe 100, Si 900, Al 200, Mg 600, Ni 100. Prepared by 

compacting non-stoichiometric UO2 powder, heating in Ar to 1450℃ 

and cooling in hydrogen.

Measurement Technique ································································································

property meas. method: dilatometer

temperature : thermocouple

sample dimensions : rod; dia: 6.4 mm, l: 12.3 mm

Data Characterization ······································································································

classification: smoothed curve (through measured values)

remarks: Standard deviation. 1 %

Bibliography ························································································································

author: Brett N.H., Russell L.E.

institution: AERE (Atomic Energy Research Establishment), Harwell, Berkshire, 

England

title: The thermal expansion of PuO2 and other actinide oxides between room 

temperature and 1000 ℃

source: Proc.2nd Int. Conf. Plutonium Metallurgy, Grenoble 1960; Eds.E.Grison, 

W.B.H.Lord, R.D.Fowler, Cleaver-Hume Press Ltd.,London 1961

year of publ.: 1961
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Result ·····································································································································

Temperature (K) Thermal expansion coefficient (×10-6/K)

3.73E+02

1.03E+01

5.73E+02

6.73E+02

7.73E+02

8.73E+02

9.73E+02

1.07E+03

1.17E+03

1.27E+03

6.95E+00

4.73E+02

1.07E+01

1.05E+01

1.04E+01

1.07E+01

1.12E+01

1.18E+01

1.18E+01

1.18E+01
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(3) Heat capacity

① Lucuta P.G.(1995)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0350

physical state: solid

material preparation: sintered

sample treatment: thermal: annealed temperature 1220.00 ℃

atmosphere CO2/CO = 99

molecular mass: 270.0 g

bulk density: 10.675 g/cm
3

Measurement Technique ································································································

property meas. method: DSC-technique

sample dimensions: disc; dia = 6 mm, l = 2-3 mm

Data Characterization ······································································································

classification: smoothed curve (through measured values)

Bibliography ························································································································

author: Lucuta P.G., Matzke Hj., Verrall R.A.

institution: AECL Research, Chalk River Laboratories, Chalk River, Ontario, 

Canada

title: Thermal conductivity of hyperstoichiometric SIMFUEL.

source: J.Nucl.Mater. 223(1995),51-60

year of publ.:  1995
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Result ·····································································································································

Temperature (K) Heat Capacity (J/kg K)

2.96E+02

3.73E+02

4.73E+02

5.73E+02

6.73E+02

7.73E+02

8.73E+02

9.73E+02

1.07E+03

1.17E+03

1.27E+03

1.47E+03

1.67E+03

1.77E+03

2.41E+02

2.62E+02

2.84E+02

2.94E+02

3.02E+02

3.05E+02

3.13E+02

3.15E+02

3.20E+02

3.23E+02

3.28E+02

3.30E+02

3.37E+02

3.38E+02
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② Harding J.H.(1989)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 10.956 g/cm
3

heat melting-temperature: 3120.00 K

heat of fusion: 283.00 J/g

Data Characterization ······································································································

valuation: recommended data

remarks:  Recommended data. Uncertainty: ±5 % up to 2670 K, ±10 % above.

Bibliography ························································································································

author: Harding J.H., Martin D.G., Potter P.E.

institution: Harwell Laboratory, UKAEA, Oxon, UK

title: Thermophysical and thermochemical properties of fast reactor materials

source: EUR 12402EN (1989),1-90

year of publ.: 1989

Result ·····································································································································

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

3.0000E+02

3.2500E+02

3.5000E+02

3.7500E+02

4.0000E+02

4.2500E+02

6.6340E+01

6.7930E+01

6.9310E+01

7.0540E+01

7.1640E+01

7.2640E+01

1.1000E+03

1.1250E+03

1.1500E+03

1.1750E+03

1.2000E+03

1.2250E+03

8.5550E+01

8.5770E+01

8.5990E+01

8.6200E+01

8.6410E+01

8.6610E+01

1.9000E+03

1.9250E+03

1.9500E+03

1.9750E+03

2.0000E+03

2.0250E+03

9.6210E+01

9.6980E+01

9.7800E+01

9.8680E+01

9.9610E+01

1.0060E+02
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4.5000E+02

4.7500E+02

5.0000E+02

5.2500E+02

5.5000E+02

5.7500E+02

6.0000E+02

6.2500E+02

6.5000E+02

6.7500E+02

7.0000E+02

7.2500E+02

7.5000E+02

7.7500E+02

8.0000E+02

8.2500E+02

8.5000E+02

8.7500E+02

9.0000E+02

9.2500E+02

9.5000E+02

9.7500E+02

1.0000E+03

1.0250E+03

1.0500E+03

1.0750E+03

7.3550E+01

7.4400E+01

7.5200E+01

7.5940E+01

7.6640E+01

7.7300E+01

7.7920E+01

7.8510E+01

7.9070E+01

7.9600E+01

8.0110E+01

8.0590E+01

8.1050E+01

8.1480E+01

8.1890E+01

8.2290E+01

8.2660E+01

8.3020E+01

8.3360E+01

8.3680E+01

8.3980E+01

8.4280E+01

8.4550E+01

8.4820E+01

8.5070E+01

8.5320E+01

1.2500E+03

1.2750E+03

1.3000E+03

1.3250E+03

1.3500E+03

1.3750E+03

1.4000E+03

1.4250E+03

1.4500E+03

1.4750E+03

1.5000E+03

1.5250E+03

1.5500E+03

1.5750E+03

1.6000E+03

1.6250E+03

1.6500E+03

1.6750E+03

1.7000E+03

1.7250E+03

1.7500E+03

1.7750E+03

1.8000E+03

1.8250E+03

1.8500E+03

1.8750E+03

8.6810E+01

8.7000E+01

8.7200E+01

8.7400E+01

8.7600E+01

8.7800E+01

8.8010E+01

8.8230E+01

8.8460E+01

8.8690E+01

8.8940E+01

8.9210E+01

8.9490E+01

8.9790E+01

9.0100E+01

9.0440E+01

9.0800E+01

9.1190E+01

9.1610E+01

9.2050E+01

9.2530E+01

9.3050E+01

9.3600E+01

9.4180E+01

9.4810E+01

9.5490E+01

2.0500E+03

2.0750E+03

2.1000E+03

2.1250E+03

2.1500E+03

2.1750E+03

2.2000E+03

2.2250E+03

2.2500E+03

2.2750E+03

2.3000E+03

2.3250E+03

2.3500E+03

2.3750E+03

2.4000E+03

2.4250E+03

2.4500E+03

2.4750E+03

2.5000E+03

2.5250E+03

2.5500E+03

2.5750E+03

2.6000E+03

2.6250E+03

2.6500E+03

2.6700E+03

1.0170E+02

1.0280E+02

1.0400E+02

1.0520E+02

1.0660E+02

1.0800E+02

1.0950E+02

1.1110E+02

1.1270E+02

1.1450E+02

1.1630E+02

1.1830E+02

1.2030E+02

1.2250E+02

1.2470E+02

1.2710E+02

1.2960E+02

1.3220E+02

1.3490E+02

1.3780E+02

1.4080E+02

1.4390E+02

1.4710E+02

1.5050E+02

1.5410E+02

1.5700E+02
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③ Fink J.K.(1982)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]:UO2 1.0000

physical state: solid

molecular mass: 270.0 g

heat melting-temperature: 3120.00 K

alpha/beta-trans-temperature: 2670.00 K

Data Characterization ······································································································

classification: estimated from various literature data 

remarks: Data obtained by differentiating of enthalpy equation (see data-set 

E5000069 and original paper JT000007).

Bibliography ························································································································

author: Fink J.K.

institution: Argonne National Laboratory, Argonne, Illinois, USA

title: Enthalpy and heat capacity of the actinide oxides. 

source: Int.J.Thermophys. 3(1982),165-200

year of publ.: 1982

Result ·····································································································································

Temperature (K) Heat Capacity (J/kg K)

0.0000E+00

2.9810E+02

5.0000E+02

1.0000E+03

1.5000E+03

2.0000E+03

0.0000E+00

6.3600E+01

7.5480E+01

8.4220E+01

8.9210E+01

9.8680E+01
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2.5000E+03

2.6700E+03

2.6700E+03

2.7010E+03

2.9500E+03

3.0000E+03

3.1200E+03

1.3810E+02

1.6640E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02
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④ Fink J.K.(1981)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000

physical state: solid

molecular mass: 270.0 g

melting-temperature: 3120.00 K

heat of fusion: 7483.00 J/mol

solid-phase tran-temperature: 2670.00 K

Data Characterization ······································································································

classification: estimated from various literature data

valuation: recommended data

remarks: Standard deviation in the temperature range 298-1000 K is 0.9 %, 

above 1000 K up to Tm (3120K) 5 %. Specific heat for liquid state 

has a constant values (131.0 J/mol K) with error of 10 %.

Bibliography ························································································································

author: Fink J.K., Chasanov M.G., Leibowitz L.

institution: Argonne National Laboratory, Argonne, Illinois, USA

title: Thermophysical properties of uranium dioxide

source: J. Nucl. Mater. 102(1981),17-25

year of publ.: 1981

Result ·····································································································································

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

0.0000E+00

2.9810E+02

3.0000E+02

0.0000E+00

6.3600E+01

6.3790E+01

1.3000E+03

1.4000E+03

1.5000E+03

8.7250E+01

8.8210E+01

8.9210E+01

2.5000E+03

2.6000E+03

2.6700E+03

1.3810E+02

1.5360E+02

1.6640E+02
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4.0000E+02

5.0000E+02

6.0000E+02

7.0000E+02

8.0000E+02

9.0000E+02

1.0000E+03

1.1000E+03

1.2000E+03

7.1300E+01

7.5480E+01

7.8200E+01

8.0170E+01

8.1730E+01

8.3050E+01

8.4220E+01

8.5290E+01

8.6290E+01

1.6000E+03

1.7000E+03

1.8000E+03

1.9000E+03

2.0000E+03

2.1000E+03

2.2000E+03

2.3000E+03

2.4000E+03

9.0310E+01

9.1640E+01

9.3330E+01

9.5590E+01

9.8680E+01

1.0290E+02

1.0850E+02

1.1600E+02

1.2580E+02

2.6700E+03

2.7000E+03

2.8000E+03

2.9000E+03

3.0000E+03

3.1000E+03

3.1200E+03

3.1200E+03

3.2500E+03

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.6700E+02

1.3100E+02

1.3100E+02
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(4) Density

① Hohorst J.K.(1990)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state: solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 10.980 g/cm
3

heat melting-temperature: 3113.15 K

heat of fusion: 274.00 J/g

Data Characterization ······································································································

valuation: recommended data

Bibliography ························································································································

author: Hohorst J.K. (Editor)

institution: EG&G Idaho,Inc.

title: SCDAP/RELAP5/MOD2 Code Mannual, vol.4: MATPRO-a library of 

materials properties for light-water-reactor accident analysis.

source: NUREG/CR-5273 (1990)

year of publ.: 1990
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Result ·····································································································································

Temperature

(K)

Density

(g/cm
3
)

Temperature

(K)

Density

(g/cm
3
)

Temperature

(K)

Density

(g/cm
3
)

3.000E+02

3.250E+02

3.500E+02

3.750E+02

1.098E+01

1.097E+01

1.096E+01

1.096E+01

1.175E+03

1.200E+03

1.225E+03

1.250E+03

1.067E+01

1.066E+01

1.065E+01

1.064E+01

2.050E+03

2.075E+03

2.100E+03

2.125E+03

1.029E+01

1.028E+01

1.027E+01

1.025E+01
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4.000E+02

4.250E+02

4.500E+02

4.750E+02

5.000E+02

5.250E+02

5.500E+02

5.750E+02

6.000E+02

6.250E+02

6.500E+02

6.750E+02

7.000E+02

7.250E+02

7.500E+02

7.750E+02

8.000E+02

8.250E+02

8.500E+02

8.750E+02

9.000E+02

9.250E+02

9.500E+02

9.750E+02

1.000E+03

1.025E+03

1.050E+03

1.075E+03

1.100E+03

1.125E+03

1.150E+03

1.095E+01

1.094E+01

1.093E+01

1.092E+01

1.091E+01

1.091E+01

1.090E+01

1.089E+01

1.088E+01

1.087E+01

1.086E+01

1.086E+01

1.085E+01

1.084E+01

1.083E+01

1.082E+01

1.081E+01

1.080E+01

1.080E+01

1.079E+01

1.078E+01

1.077E+01

1.076E+01

1.075E+01

1.074E+01

1.073E+01

1.072E+01

1.071E+01

1.070E+01

1.069E+01

1.068E+01

1.275E+03

1.300E+03

1.325E+03

1.350E+03

1.375E+03

1.400E+03

1.425E+03

1.450E+03

1.475E+03

1.500E+03

1.525E+03

1.550E+03

1.575E+03

1.600E+03

1.625E+03

1.650E+03

1.675E+03

1.700E+03

1.725E+03

1.750E+03

1.775E+03

1.800E+03

1.825E+03

1.850E+03

1.875E+03

1.900E+03

1.925E+03

1.950E+03

1.975E+03

2.000E+03

2.025E+03

1.063E+01

1.062E+01

1.061E+01

1.060E+01

1.059E+01

1.058E+01

1.057E+01

1.056E+01

1.055E+01

1.054E+01

1.053E+01

1.052E+01

1.050E+01

1.049E+01

1.048E+01

1.047E+01

1.046E+01

1.045E+01

1.044E+01

1.043E+01

1.042E+01

1.040E+01

1.039E+01

1.038E+01

1.037E+01

1.036E+01

1.035E+01

1.034E+01

1.032E+01

1.031E+01

1.030E+01

2.150E+03

2.175E+03

2.200E+03

2.225E+03

2.250E+03

2.275E+03

2.300E+03

2.325E+03

2.350E+03

2.375E+03

2.400E+03

2.425E+03

2.450E+03

2.475E+03

2.500E+03

2.525E+03

2.550E+03

2.575E+03

2.600E+03

2.625E+03

2.650E+03

2.675E+03

2.700E+03

2.725E+03

2.750E+03

2.775E+03

2.800E+03

2.825E+03

2.850E+03

2.875E+03

2.900E+03

1.024E+01

1.023E+01

1.022E+01

1.021E+01

1.019E+01

1.018E+01

1.017E+01

1.016E+01

1.015E+01

1.014E+01

1.012E+01

1.011E+01

1.010E+01

1.009E+01

1.008E+01

1.007E+01

1.005E+01

1.004E+01

1.003E+01

1.002E+01

1.001E+01

9.994E+00

9.983E+00

9.971E+00

9.959E+00

9.947E+00

9.936E+00

9.924E+00

9.912E+00

9.900E+00

9.889E+00
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Temperature (K) Density (g/cm
3
)

2.925E+03

2.950E+03

2.975E+03

3.000E+03

3.025E+03

3.050E+03

3.075E+03

3.100E+03

3.113E+03

3.113E+03

3.125E+03

3.150E+03

3.175E+03

3.200E+03

3.225E+03

3.250E+03

3.275E+03

3.300E+03

3.325E+03

3.350E+03

3.375E+03

3.400E+03

3.425E+03

3.450E+03

3.475E+03

3.500E+03

9.877E+00

9.865E+00

9.853E+00

9.842E+00

9.830E+00

9.818E+00

9.807E+00

9.795E+00

9.789E+00

8.372E+00

8.358E+00

8.329E+00

8.299E+00

8.269E+00

8.240E+00

8.210E+00

8.181E+00

8.151E+00

8.121E+00

8.092E+00

8.062E+00

8.032E+00

8.003E+00

7.973E+00

7.943E+00

7.914E+00
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② Harding J.H.(1989)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

physical state:  solid

microstructure: polycrystalline

molecular mass: 270.0 g

bulk density: 10.956 g/cm
3

heat melting-temperature: 3120.00 K

heat of fusion: 283.00 J/g

Data Characterization ······································································································

valuation: recommended data

remarks: Calculated from recommended data for thermal expansion using the 

equation: DEN(g/cm
3
)= DEN(273) / [L(273)/L(T)]

3
  for T < 3120 K  

(m.p.) DEN(g/cm
3
)= 8.64 - 8.93×10

-4 
× (T-3120) for T > 3120 K

Bibliography ························································································································

author: Harding J.H., Martin D.G., Potter P.E.

institution: Harwell Laboratory, UKAEA, Oxon, UK

title: Thermophysical and thermochemical properties of fast reactor materials

source: EUR 12402EN (1989),1-90

year of publ.: 1989

Result ·····································································································································

Temperature

(K)

Density

(g/cm3)

Temperature

(K)

Density

(g/cm3)

Temperature

(K)

Density

(g/cm3)

2.730E+02

2.980E+02

3.230E+02

1.096E+01

1.095E+01

1.095E+01

1.123E+03

1.148E+03

1.173E+03

1.068E+01

1.068E+01

1.067E+01

1.998E+03

2.023E+03

2.048E+03

1.032E+01

1.031E+01

1.030E+01
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3.480E+02

3.730E+02

3.980E+02

4.230E+02

4.480E+02

4.730E+02

4.980E+02

5.230E+02

5.480E+02

5.730E+02

5.980E+02

6.230E+02

6.480E+02

6.730E+02

6.980E+02

7.230E+02

7.480E+02

7.730E+02

7.980E+02

8.230E+02

8.480E+02

8.730E+02

8.980E+02

9.230E+02

9.230E+02

9.480E+02

9.730E+02

9.980E+02

1.023E+03

1.048E+03

1.073E+03

1.098E+03

1.094E+01

1.093E+01

1.092E+01

1.091E+01

1.091E+01

1.090E+01

1.089E+01

1.088E+01

1.087E+01

1.087E+01

1.086E+01

1.085E+01

1.084E+01

1.083E+01

1.083E+01

1.082E+01

1.081E+01

1.080E+01

1.079E+01

1.079E+01

1.078E+01

1.077E+01

1.076E+01

1.075E+01

1.075E+01

1.074E+01

1.074E+01

1.073E+01

1.072E+01

1.071E+01

1.070E+01

1.069E+01

1.198E+03

1.223E+03

1.248E+03

1.273E+03

1.298E+03

1.323E+03

1.348E+03

1.373E+03

1.398E+03

1.423E+03

1.448E+03

1.473E+03

1.498E+03

1.523E+03

1.548E+03

1.573E+03

1.598E+03

1.623E+03

1.648E+03

1.673E+03

1.698E+03

1.723E+03

1.748E+03

1.773E+03

1.798E+03

1.823E+03

1.848E+03

1.873E+03

1.898E+03

1.923E+03

1.948E+03

1.973E+03

1.066E+01

1.065E+01

1.064E+01

1.063E+01

1.062E+01

1.061E+01

1.060E+01

1.059E+01

1.058E+01

1.057E+01

1.057E+01

1.056E+01

1.055E+01

1.054E+01

1.053E+01

1.052E+01

1.050E+01

1.049E+01

1.048E+01

1.047E+01

1.046E+01

1.045E+01

1.044E+01

1.043E+01

1.042E+01

1.041E+01

1.039E+01

1.038E+01

1.037E+01

1.036E+01

1.035E+01

1.033E+01

2.073E+03

2.098E+03

2.123E+03

2.148E+03

2.173E+03

2.198E+03

2.223E+03

2.248E+03

2.273E+03

2.298E+03

2.323E+03

2.348E+03

2.373E+03

2.398E+03

2.423E+03

2.448E+03

2.473E+03

2.498E+03

2.523E+03

2.548E+03

2.573E+03

2.598E+03

2.623E+03

2.648E+03

2.673E+03

2.698E+03

2.723E+03

2.748E+03

2.773E+03

2.798E+03

2.823E+03

2.848E+03

1.028E+01

1.027E+01

1.026E+01

1.024E+01

1.023E+01

1.021E+01

1.020E+01

1.019E+01

1.017E+01

1.016E+01

1.014E+01

1.013E+01

1.011E+01

1.010E+01

1.008E+01

1.006E+01

1.005E+01

1.003E+01

1.002E+01

9.999E+00

9.982E+00

9.965E+00

9.948E+00

9.930E+00

9.912E+00

9.894E+00

9.876E+00

9.857E+00

9.839E+00

9.820E+00

9.801E+00

9.781E+00
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Temperature (K) Density (g/cm
3
)

2.873E+03

2.898E+03

2.923E+03

2.948E+03

2.973E+03

2.998E+03

3.023E+03

3.048E+03

3.073E+03

3.098E+03

3.120E+03

3.120E+03

3.125E+03

3.150E+03

3.175E+03

3.200E+03

3.225E+03

3.250E+03

3.275E+03

3.300E+03

3.325E+03

3.350E+03

3.375E+03

3.400E+03

3.425E+03

3.450E+03

3.475E+03

3.500E+03

9.762E+00

9.742E+00

9.722E+00

9.701E+00

9.681E+00

9.660E+00

9.639E+00

9.618E+00

9.596E+00

9.574E+00

9.555E+00

8.640E+00

8.636E+00

8.613E+00

8.591E+00

8.569E+00

8.546E+00

8.524E+00

8.502E+00

8.479E+00

8.457E+00

8.435E+00

8.412E+00

8.390E+00

8.368E+00

8.345E+00

8.323E+00

8.301E+00
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③ Une K.(1986)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [wt%]: UO2 99.9999 greater

Gd2O3 0.0001

physical state: solid

microstructure: polycrystalline

solid solution ? Y

material preparation: sintered

molecular mass: 270.0 g

bulk density: 95.500 J/g

theoretical density: 10.960 g/cm
3

remarks: Prepared from UO2 powder: pressed at 300 MPa into green pellets, 

sintered in H2 at 2023 K for 2 h.

Measurement Technique ································································································

property meas. method: dilatometer

apparatus: Rigaku Co.

temperature meas. method: thermocouple

sample dimensions: cylinder: dia = 6 mm, length = 15.5 mm

ambient atmosphere: total pressure 0.76×10
3
 Torr of gas purified argon

remarks: LEX was measured by differential dilatometer, using a sapphire rod as 

reference, whose LEX is known to 3 %. Sample supported with a load of 10 g, 

and heated in several cycles up to 1973 K, until no densification was observed. 

For measurement the heating rate was 5 K/min. Theoretical density was 

determined from measured lattice parameters.

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Density of fully dense UO2 was calculated from measured T.D. at 

room temperature and measured thermal expansion data (E0006463). 
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Data were fitted by equation: DEN[g/cm
3
] = 10.96× (1.007114 - 

2.2986×10
-5
×T -4.778×10

-9
×T

2
)  (298 < T < 1973),T in K.

Bibliography ························································································································

author: Une K.

institution: Nippon Nuclear Fuel Development Co.

title: Thermal expansion of UO2-Gd2O3 fuel pellets

source: J. Nucl. Sci. Technol. 23(1986)1020-1022

year of publ.: 1986

Result ·····································································································································

Temperature (K) Density (g/cm
3
)

2.980E+02

3.730E+02

4.730E+02

5.730E+02

6.730E+02

7.730E+02

8.730E+02

9.730E+02

1.073E+03

1.173E+03

1.273E+03

1.373E+03

1.473E+03

1.573E+03

1.673E+03

1.773E+03

1.873E+03

1.973E+03

1.096E+01

1.094E+01

1.091E+01

1.088E+01

1.084E+01

1.081E+01

1.078E+01

1.074E+01

1.071E+01

1.067E+01

1.063E+01

1.059E+01

1.055E+01

1.051E+01

1.047E+01

1.043E+01

1.038E+01

1.034E+01
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④ Drotning W.D.(1981)

Material Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000

physical state: liquid

molecular mass: 270.0 g

remarks: Measurements were carried out on powdered and solid forms of UO2. 

Powders consisted of 100-1000 um depleted UO2 (O/U ratio= 2.01) with 

major impurity of 500 ppm Mo. The solid material was hot pressed at 

2170 K and 24 MPa from ceramic grade 1-4 μm powders. The O/U 

ratio was typically 2.02-2.04; major metallic impurities were (ppm): Fe 

180, Cu 100, Si 150.

Measurement Technique ································································································

temp. meas. method: (optical) pyrometer

ambient atmosphere: total pressure 0.50×10
5
 n/m

2
 of gas high purity helium

remarks: Measurements were made by the gamma densitometry.

Data Characterization ······································································································

accuracy: 2.0 %

classification: smoothed curve (through measured values)

remarks: The five measuremet runs were fitted to the equation: DEN(g/cm
3
)=  

(8.859 ± 0.003) - (9.16 ± 0.43) ×10
-4
× (T-3120) (3120 K < T <3250 K)

Bibliography ························································································································

author: Drotning W.D.

institution: Sandia National Laboratory, Albuquerque, New Mexico, USA

title: Thermal expansion of molten uranium dioxide.

source: Proc.8th Symp. Thermophysical properties, Gaithersburg, Meryland, 15-19 

Juni 1981, p. 245-248

year of publ.: 1981
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Result ·····································································································································

Temperature (K) Density (g/cm3)

3.120E+03

3.125E+03

3.150E+03

3.175E+03

3.200E+03

3.225E+03

3.250E+03

8.859E+00

8.854E+00

8.832E+00

8.809E+00

8.786E+00

8.763E+00

8.740E+00
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Kernel:  UCO

(1) Thermal Conductivity (3)
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(1) Thermal conductivity

① Washington A.B.G.(1973)

Material Description ········································································································

material name: uranium oxycarbide

chemical formula: UCO

chemical composition [mole%]: UC 95.0000 balance O 5.0000

physical state: solid

molecular mass: 238.3 g

bulk density: 100.000 %

Data Characterization ······································································································

accuracy: 20.0 %

valuation: recommended data

remarks: Data can be represented by the equation: THC(W/m K)= 16 + 3.4×10
-3 

× (T-500) (500 < T < 2400 C)

Bibliography ························································································································

author: Washington A.B.G.

institution: UKAEA Reactor Group, Dounreay, UK

title: Preferred values for thermal conductivity of sintered ceramic fuel for fast 

reactor use.

source: TRG-Report-2236(D)(1973),1-61

year of publ.: 1973
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.73E+02

7.73E+02

1.27E+03

1.77E+03

2.27E+03

2.67E+03

1.60E-01

1.60E-01

1.77E-01

1.94E-01

2.11E-01

2.25E-01
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② Washington A.B.G.(1973)

Material Description ········································································································

material name: uranium oxycarbide

chemical formula: UCO

chemical composition [mole%]: UC 92.5000 balance O 7.5000

physical state: solid

bulk density: 100.000 %

Data Characterization ······································································································

accuracy: 20.0 %

valuation: recommended data

remarks: Data can be represented by the equation: THC(W/m K)= 14 + 4.5×10
-3 

× (T-500) (500 < T < 2400 C)

Bibliography ························································································································

author: Washington A.B.G.

institution: UKAEA Reactor Group, Dounreay, UK

title: Preferred values for thermal conductivity of sintered ceramic fuel for fast 

reactor use.

source: TRG-Report-2236(D)(1973),1-61

year of publ.: 1973

Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.73E+02

7.73E+02

1.27E+03

1.77E+03

2.27E+03

2.67E+03

1.40E-01

1.40E-01

1.62E-01

1.85E-01

2.07E-01

2.26E-01
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③ R.W. Dayton(1964)

Material Description ········································································································

material name : uranium oxy-carbide

chemical formula: UCO

macroscopic neutron absorption cross section : 250×10
-3
 cm

-1

(containing natural uranium)

melting point : 2475 ℃

crystal structure : Cubic (NaCl)

Young's Modulus : 31.5×10
6
 psi

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Temperature (℃) Thermal Conductivity (W/cm℃)

100

1000

0.25

0.20

Temperature (℃) Thermal Expansivity (10-6/℃)

0 ～ 1000 ℃ 9.5



- 135 -

Coating Layers: PyC

(1) Thermal Conductivity (3)

(2) Thermal Expansion Coefficient (3)

(3) Heat Capacity (1)

(4) Density (4)

(5) Strength (3)

(6) Elastic Modulus (6)

(7) Hardness (1)
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(1) Thermal conductivity

① A. I.  Lutcov(1970)

Material Description ········································································································

material name : Pyrolytic Carbon

chemical formula: C (PyC)

The pyrolytic carbon with the density of 2.2 g/cm
3
 used in this work was 

deposited from methane on a hot graphite surface at 2100°C. After the 

measurement of above mentioned properties all these samples were heattreated 

to 3000°C.

Measurement Technique ································································································

The thermal conductivity was measured in the temperature range 80 °K ～ 

350 °K by the axial steady-state heat flow method and at the room 

temperature-by the comparison method. The samples were 0.6 cm in diameter 

and about 8 cm long, and 1.5 cm in diameter and 1.5 cm long respectively. In 

the temperature range from 400 °K to 1300 °K the Kohlrausch method was 

used; in this case the samples were of 1.5 cm in diameter and 35 cm long.

The same samples were used for measurements over the range from 1300 °K 

～ 2700 °K. In this last range we employed the Powell and Schofield method. 

Additional measurements were made by the radical steady-steate flow method 

over the temperature interval 600 °K to 2000 °K, the samples being 5 cm 

diameter and 30 cm long.

Data Characterization ······································································································

The measurement errors in the thermal conductivity range 80 °K ～ 350 °K 

is 5 percent, at room temperature-10 percent, and between 1300 °K to 2700 °K 

is 13 percent. At first large samples were measured, then small samples were 

cut from them. So all measurements were performed on the same material.



PyC-Thermal Conductivity

- 137 -

Bibliography ························································································································

author: A. I. Lutcov, V. I. Volga, B. K. Dymov

institution: Firm "Sojuzelectrod", Moscow, U.S.S.R

title: Thermal Conductivity, Electric Resistivity and Specific Heat of Dense 

Graphites

source: Carbon Vol.8. pp. 753-760(1970)

year of publ.: 1970

Result ·····································································································································

Sample
Micro

Structure

Thermal conductivity

Kmax (w/m°K) Tmax (°K)

Pyrolytic carbon

with density of 2.2 g/cm
3

(as deposited 210 ℃)

in basal plane 340 280

Pyrolytic carbon annealed

with density of 2.26 g/cm
3

(HTT 3000 ℃)

in basal plane 2400 135

『The values extremal thermal conductivities, electric resistivities and its positions』

『The temperature dependence of thermal conductivity of pyrolytic carbon:

1- The “as deposited” pyrolytic carbon (in the basal plane)
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2- The highly heattreated pyrolytic carbon (in the basal plane)

3- The “as deposited” pyrolytic carbon (in c-direction)』

Discussion ····························································································································

When density increases, the thermal conductivity rises mainly because of 

growth of crystallite dimensions in the basal plane. For instance heattreatment 

of the pyrolytic carbon with the very high density and preferred orientation 

results in small increase of its density (about 3%) while the maximum thermal 

conductivity becomes 7 times as high as before.

The low value of the thermal conductivity perpendicular to the basal plane of 

pyrolytic carbon may be explained by the relatively small crystallite dimensions 

(Lc = 130 Å for “as deposited” material) and the low phonon velocity in the 

c-direction (3.7×10
4
 cm/sec). The thermal conductivity of the pyrolytic carbon in 

the c-direction increases above 1600 °K. Perhaps in this case the heat transport 

is mainly affected by the photons.
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② R.J. Price(1966)

Material Description ········································································································

material name: Pyro Carbon

chemical formula: C (PyC)

The carbons was deposited in a 3.5 cm dia. fluidizing furnace. Four series of 

experiments were run using 1%, 3%, 7%, and 15% methane in helium, with a 

run every 100 ℃ in the range of 1900 ℃～2400 ℃. The total flow was held 

constant at 18,000 cm
3
/min (measured at 296 °K and 1 atm pressure), 

corresponding to contact times od 0.035 to 0.045 sec. The fluidized bed in all 

cases had an initial total surface area of 1140 cm
2
. The average coating rates 

and efficiencies(fraction of the carbon present in the hydrocarbon that is 

deposited on the bed) are given in Tables.

bed temp. (℃)
average coating rate (㎛/hr)

1 % CH4 3 % CH4 7% CH4 15% CH4

1900

2000

2100

2200

2300

2400

17

17

15

13

 -

 -

36 

38 

34 

36 

36 

51

55 

72 

73 

71 

71

93

79 

86 

99 

 - 

115

110

『Average coating rate of pyrolytic carbons deposited in a 3.5 cm dia. coater』
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bed temp. (℃)
    coating efficiency :

carbon deposited on particles
 × 100

carbon present in hydrocarbon 

1 % CH4 3 % CH4 7% CH4 15% CH4

1900

2000

2100

2200

2300

2400

92

86

-

72

-

-

85

-

90

-

94

95

58

77

79

81

79

82

38

45

56

-

61

60

『Coating efficiency for carbon deposited in a fluidized bed

(Data are for 3.5 cm dia. coater, 1140 cm2 initial bed surface area)』

Measurement Technique ································································································

The thermal conductivity of the carbon deposits were obtained from 

measurements on flat layers of carbon deposited on small graphite disks 

included in the fluidized bed. Thermal conductivities perpendicular to the 

deposition plane were determined by using the 'flash' technique to obtain values 

for the thermal diffusivity of the carbon coatings. The samples stripped from the 

substrate disks were of about 7 mm dia. and 0.7-0.15 mm thick. A short 

(130-230 μsec) pulse of radiant energy from a xenon flash lamp was flashed 

onto a carbon disk placed 3 cm from the lamp. The temperature rise at the 

back surface was sensed by a Chromel-Alumel thermocouple of 0.005 in. dia. 

wire with the junction made by the specimen. The temperature at the back 

surface was recorded by an oscilloscope display and the time elapsed when the 

temperature had risen to 0.5 of its terminal value (t1/2) was obtaind from the 

trace. The thermal diffusivity α (cm2
/sec), is then given by

  
  ,

where L is the sample thickness in cm and t1/2 is the time for half 

temperature-rise in sec. The thermal conductivity, K(cal/cm sec ℃), is related 

to the thermal diffusivity by the expression    . where p is the density in 

g/cm
3
 and C is the specific heat in cal/g ℃. The thermal diffusivities of the 

carbons were converted conductivities using the measured densities and a value 
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of 0.25 cal/g ℃ for the specific heat.

Bibliography ························································································································
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title: Structure And Properties of Pyrolytic Carbons Prepared in Fluidized Bed 

Between 1900 And 2400C

source: Carbon. 1966, Vol 4, pp. 263-272

year of publ.: 1966

Result ·····································································································································

Bed

temp. (℃)

Thermal conductivity (cal/cm sec ℃)

3 % CH4 7% CH4 15% CH4

1900

2000

2100

2200

2300

2400

2.1 × 10
-2
 (granular)

2.0 × 10
-2
 (granular)

1.9 × 10
-2
 (granular)

1.4 × 10
-2
 (laminar)

1.6 × 10
-2
 (laminar)

1.6 × 10
-2
 (laminar)

2.1 × 10
-2
 (transition)

3.1 × 10
-2
 (transition)

2.8 × 10
-2
 (transition)

4.3 × 10
-2
 (transition)

2.7 × 10
-2
 (laminar)

2.4 × 10
-2
 (laminar)

3.9 × 10
-2
 (isotropic)

2.8 × 10
-2
 (isotropic)

5.5 × 10
-2
 (transition)

-

4.6 × 10
-2
 (transition)

4.5 × 10
-2
 (transition)

『Room temperature thermal conductivity of carbons deposited

at 1900～2400 ℃ from methane in a 3.5 cm dia. coater』

The conductivities of the granular and laminar carbons are typically a factor 

of 2 or 3 lower than those of the isotropic carbons (or transition to isotropic 

carbon). Among the carbons deposited from 3% methane, there was a trend 

toward lower conductivities in the more highly oriented carbons deposited at the 

higher temperatures.
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Discussion ····························································································································

The thermal conductivities of the carbons appear to depend on the degree of 

preferred orientation. The carbons which are moderately oriented have 

consistently lower conductivities perpendicular to the deposition plane than those 

of the isotropic carbons. Among the carbons deposited from 1 % or 3 % 

methane, the more highly oriented samples (deposited at higher temperatures) 

have the lowest conductivities. The data suggest that among these carbons the 

degree of preferred orientation is more important parameter in determining the 

thermal conductivity than is the crystallite size. The conductivities are highest 

for the isotropic carbons and lowest for the most highly oriented larminar 

carbons.
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③ R.W. Dayton(1964)

Material Description ········································································································

material name: Pyro Carbon

chemical formula: C (PyC)

macroscopic neutron absorption cross section : 0.36×10
-3
 cm

-1

melting point : 3650 ℃ (sublimes)

crystal structure : Hexagonal (turbostratic)

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials
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author: R. W Dayton, J.H. Oxley, C.W. Townley
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year of publ.: 1964

Result ·····································································································································

Temperature (℃)

Thermal Conductivity (W/cm℃)

a-direction of the lattice c-direction of the lattice

0

500

1000

2000

4.3

2.9

1.8

0.8

0.031

0.012

0.0008

0.004
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(2) Thermal expansion coefficient

① K.O. LINDQUIST(1974)

Material Description ········································································································

Material name: as-deposited and stress-graphitized pyrolytic carbon

Chemical formula: PyC

Physical state: solid

Material preparation: supplied by Union Carbide Corp. Sample treatment: 

Machining and annealing before measurement to minimize the effects of 

machining - induced stresses.

Bulk density: 2.2 ~ 2.239 g/cm
3

Measurement Technique ································································································

Property measurement method: laser interferometer

Sample dimensions: 0.4313 ~ 0.7925 cm

Data Characterization ······································································································

Graphical data

Remark ···································································································································

Irradiation effects on the CTE coefficient of Thermal Expansional is discussed in 

the paper
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Result ·····································································································································

『 Coefficient of thermal expansion of as- deposited and stress- graphitized pyrolytic 

carbon』

『Coefficient of thermal expansion of specimen UC I (stresss - graphitized pyrolytic 

carbon)』
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『Coefficient of thermal expansion of specimen UC II (stresss - graphitized pyrolytic 

carbon)』
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② M. R. Everett (1971)

Material Description ········································································································

Material name: Pyrolytic carbon

Chemical formula: PyC

Physical state: solid

Material preparation: produced from methane in a fluidized bed between 1400℃ 

and 2300℃

Bulk density: 1.42 ～ 2.15g/㎤

Measurement Technique ································································································

Sample dimension: discs with diameter of about 6.35mm and thickness of 0.06 to 

0.07mm

Data Characterization ······································································································

Graphical data with interpolations 

Remark ···································································································································

Irradiation effects on the crushing load are discussed in the paper
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Result/Property Data ·······································································································

No.

Deposition 

temperature
Density B.A.F* Lc*

(℃) (g/㎤) (Å)

1 1500 1.42 1.21 20

2 1600 1.60 1.25 68

3 1700 1.64 1.15 67

4 1800 1.79 1.12 92

5 1900 1.94 1.18 111

6 2000 2.08 1.25 128

7 1500 1.55 1.11 48

8 1600 1.61 1.36 75

9 1700 1.71 1.13 62

10 1800 1.68 1.17 74

11 1900 1.80 1.10 95

12 2000 2.07 1.22 122

13 1400 1.46 1.13 30

14 1500 1.63 1.25 25

15 1800 1.85 1.15 90

16 1900 1.82 1.17 105

17 2000 1.99 1.11 110

21 1800 1.75 1.15 96

22 1900 1.85 1.15 95

23 2000 1.64 1.10 73

26 2000 2.07 1.21 126

27 2000 2.08 1.27 135

28 2000 2.12 1.23 158

29 2100 2.09 1.28 147

31 2300 2.15 1.13 149

* These measurements were carried

『Physical properties of pyrocarbon specimens』
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『Dimensional changes of PyC irradiated at 600℃』

『 Dimensional changes of PyC irradiated at 900℃』
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『Dimensional changes of PyC irradiated at 1200℃』

『Volume change of PyC  irradiated at 1200℃』
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③ R.W. Dayton(1964)

Material Description ········································································································

material name : Pyrolytic Carbon

chemical formula: C

macroscopic neutron absorption cross section : 0.36×10
-3
 cm

-1

melting point : 3650 ℃ (sublimes)

crystal structure : Hexagonal (turbostratic)

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································
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Result ·····································································································································

Temperature (℃)

Thermal Expansivity (×10
-6
/℃)

a-direction of the lattice c-direction of the lattice

0 ～ 100 ℃

100 ～ 1000 ℃

-1.5

1.8

-

24
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(3) Heat capacity

① A. I.  Lutcov(1970)

Material Description ········································································································

material name : Pyrolytic Carbon

chemical formula: C (PyC)

The pyrolytic carbon with the density of 2.2 g/cm
3
 used in this work was 

deposited from methane on a hot graphite surface at 2100°C. After the 

measurement of above mentioned properties all these samples were heattreated 

to 3000°C.

Measurement Technique ································································································

The specific heat was measured using an adiabatic calorimeter.

Data Characterization ······································································································

The accuracy was 0.3 ～ 0.7 percent.
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Sample Temperature (°K) Expression (cal/mole°K)

Baked carbon
52-242

242-302

4.874×10-4T1.483

1.15×10-3T1.327
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Extreme heat treated

pyrolytic carbon

51-83

83-150

150-311

4.761×10-5T1.98

2.703×10-4T1.584

-0.4384+7.928×10-3T

『Analytical expressions for temperature dependence of specific heat』

Temperature (°K) Specific heat (cal/mole°K)

Baked carbon

100.00

150.00

200.00

250.00

298.15

300.00

0.451

0.823

1.259

1.751

2.211

2.228

Pyrolytic carbon (extreme heat treated)

100.00

150.00

200.00

250.00

298.15

300.00

0.398

0.756

1.148

1.544

1.925

1.940

『Values of specific heat of the investigated samples』

Discussion ····························································································································

The analytic expressions for the temperature dependence of specific heat of 

the investigated Pyrolytic carbon are given in the results. In addition, we 

studied baked carbon. It is found that perfection of crystal structure is 

accompanied by the gradual decrease of the values of the specific heat functions. 

The baked carbon has the large values of the functions.
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(4) Density

① E. Lopez-Honorato(2006)

Material Description ········································································································

Material name: Pyrolytic Carbon

Chemical formula: PyC

Physical state: solid

Material preparation: deposited from acetylene and from a mixture of acetylene / 

propylene

Molecular mass: 12

Bulk density:1.4 ~ 2.1 g/cm
3 

Measurement Technique ································································································

Property measurement method: a sink-float technique in a mixture of bromoform 

and alcohol Sample dimensions: strips 0.1 cm wide

Data Characterization ······································································································

graphical data
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Result ·····································································································································

『Effect of temperature and concentation on the density of PyC』
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② J. L.  KAAE(1975)

Material Description ········································································································

Material name: Pyrolytic Carbon

Chemical formula: C

Physical state: solid

Material preparation: deposited from the pyrolysis of methane gas.

Molecular mass: 12

Bulk density: 1.6 ~ 2.1 g/cm3

Measurement Technique ································································································

Property measurement method: a sink-float technique in a mixture of bromoform 

and alcohol Sample dimensions: strips 0.1 cm wide

Data Characterization ······································································································

graphical data
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Result ·····································································································································

『variation of the densities of low and high density pyrolytic carbon during irradiation 

at 1000 ℃』
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③ R.J. Price(1966)

Material Description ········································································································

chemical formula: PyC (Pyro Carbon)

The carbons was deposited in a 3.5 cm dia. fluidizing furnace. Four series of 

experiments were run using 1%, 3%, 7%, and 15% methane in helium, with a 

run every 100 ℃ in the range of 1900 ℃～2400 ℃. The total flow was held 

constant at 18,000 cm
3
/min (measured at 296 °K and 1 atm pressure), 

corresponding to contact times od 0.035 to 0.045 sec. The fluidized bed in all 

cases had an initial total surface area of 1140 cm
2
. The average coating rates 

and efficiencies(fraction of the carbon present in the hydrocarbon that is 

deposited on the bed) are given below.

bed temp. (℃)
average coating rate (㎛/hr)

1 % CH4 3 % CH4 7% CH4 15% CH4

1900

2000

2100

2200

2300

2400

17

17

15

13

 -

 -

36 

38 

34 

36 

36 

51

55 

72 

73 

71 

71

93

79 

86 

99 

 - 

115

110

『Average coating rate of pyrolytic carbons deposited in a 3.5 cm dia. coater』

bed temp. (℃)
   coating efficiency :

carbon deposited on particles
 × 100

carbon present in hydrocarbon 

1 % CH4 3 % CH4 7% CH4 15% CH4

1900

2000

2100

2200

2300

2400

92

86

-

72

-

-

85

-

90

-

94

95

58

77

79

81

79

82

38

45

56

-

61

60

Coating efficiency for carbon deposited in a fluidized bed

(Data are for 3.5 cm dia. coater, 1140 cm
2
 initial bed surface area)
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Measurement Technique ································································································

The densities, crystallite sizes, layer spacings, preferred orientations of the 

carbon deposits were obtained from measurements on flat layers of carbon 

deposited on small graphite disks included in the fluidized bed. The densities of 

the coatings were obtained by the sink-float technique using mixtures of 

bromo-form and methyl alcohol.
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『Structure properties of carbons deposited in a 3.5 cm dia. coater plotted as functions 

of bed temperature and methane concentration used in their preparation; total flow rate 

was 18,000 cm
3
/min (measured at 23 ℃and 1 atm) and initial bed surface area was 1140 

cm
2』
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Discussion ····························································································································

Metallograph examination of the deposits revealed that the structures were 

either isotropic, laminar or granular. Formation of the granular structures was 

favored by low methane concentrations, the lower deposition temperatures (near 

1900 ℃), and low bed surface areas. Below figure shows the conditions under 

which each type of structure formed. Among the carbons deposited from 1 % 

and 3% methane, metallograph examination showed a definite trend toward 

smaller, more obscure grains as the deposition temperature was increased. This 

decrease in grain size with increasing deposition temperature, coupled with an 

increase in anisotropy, resulted finally in a laminar appearance similar to that 

observed at lower temperatures.

The densities of the carbons are plotted as functions of bed temperature and 

methane pressure in the result. The granular and laminar structures all have 

high densities(～2.0 to 2.1 g/cm
3
) and the fully isotropic structures have lower 

densities(～1.6 to 1.7 g/cm
3
). In both cases there is a progressive increase in 

density with increasing deposition temperature. The anisotropic factors, derived 

from X-ray diffraction preferred orientation measurements, are shown in result. 

The anisotropies follow the same trend as the densities, with the preferred 

orientation of the carbon deposited from 1 % and 3 % methane increasing 

steadily with increasing deposition temperature.

Metallograph appearance of carbons deposited from methane in a 3.5 cm dia. coater 

using a total flow rate of 18,000 cm3/min (measured at 23 ℃ and 1 atm)
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④ R.W. Dayton(1964)

Material Description ········································································································

material name : Pyrolytic Carbon

chemical formula: C

macroscopic neutron absorption cross section : 0.36×10
-3
 cm

-1

melting point : 3650 ℃ (sublimes)

crystal structure : Hexagonal (turbostratic)

Carbon deposits are made by the pyrolysis of hydrocarbon gases in fluidized 

bed.

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

『Pyrolytic-carbon density versus deposition temperature.』
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Discussion ····························································································································

The density and the microstructure depend upon the temperature and the rate 

of deposition. The type of pyrolytic carbon deposited at temperature is naturally 

more disordered than that deposited at high temperatures, and the density of the 

material can be very much less than the density of graphite crystals or of high 

temperature pyro-graphite. when the ratio of deposition is 50 μ per hour the 

deposit has what is known as a laminar microstructure. If the deposition is 

carried on at a slower rate, 10 μ per hour, by reducing the hydrocarbon 

concentration, the material produced has what is known as a columnar type of 

structure.
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(5) Strength

① K. BONGARTZ(1976)

Material Description ···············································································································

material name : Pyro-Carbon

chemical formula: PyC

propene deposited pyro-carbon

Measurement Technique ·······································································································

In order to determine the strength and Young's modulus for entire rings or half 

rings they are pressed diametrically between two sapphire plates as is shown 

schematically in figure. The specimens are pressed until they break. Load F, 

deflection x, and load at rupture FZ are measured

『Deformation of an entire ring (a) and a half ring (b) in the Brittle Ring test』
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Bibliography ·······························································································································

author: K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber

institution: KFA Jülich GmbH, Institut fur Reaktorwerkstoffe, Jülich, Federal 

Republic of Germany

title: The brittle ring test: A method for measuring strength and young's 

modulus on coatings of HTR fuel particles

source: Journal of nuclear materials 62 (1976) 123-137

year of publ.: 1976

Result ············································································································································

Particle

Nr.

Density

ρ [g/㎤]

Number of 

specimens 

Weibull 

parameter

m

Median strength 

measured on rings 

σ R/0.5 [MN/㎡]

Equivalent strength of 

the shell according to 

Weibull

median

σ  S/0.5

[MN/㎡]

for one particle 

in 10000

σ S/10
-4

[MN/㎡]

L 122 1.73 58 7.0 460 190 54

L 135 1.28 53 3.3 180 40 2.7

L 148 1.28 48 3.7 260 58 5.3

L 149 1.74 51 5.6 490 180 37

L 151 1.95 54 5.2 640 220 40

L 153 1.36 50 4.2 240 62 7.5

L 159 1.45 47 3.3 210 50 3.4

L 160 1.31 49 5.1 300 84 15

Measured values for strength of PyC

Discussion ···································································································································

○ Strength 

․,Rings:

    
  

with h: thickness of the ring, e: distance of the neutral  axis from the centroid of  the 

cross 

section,

    
 

 

b: width of the ring, r: mean radius(to the centroid of the cross section), M: moment in 
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the cros section of the ring through the point  of contact to the sapphire plate,

 

 

FZ: breaking load. σR is the maximum tensile stress appearing in a ring at points A in 

the figure

․Half rings: 

    
  

with h: thickness of the ring, e: distance of the neutral  axis from the centroid of  the 

cross 

section,

    
 

 

b: width of the ring, r: mean radius(to the centroid of the cross section), M: moment in 

the cros section of the ring through the point  of contact to the sapphire plate,

   

○ Application of Weibull statistics

According to Weibull cumulative probability W for a ring to break at a stress σ can be 

written

   

   ············································································· (1)

σ(φ) is the stress over azimuthal angle φ of the ring, m is the so-called Weibull 

parameter, K and m are material constants. It has been shown for SiC and it is 

probable for PyC that the rupture stress of the material is a property of the surface. 

Therefore, the above integral will be taken over the surface. In eq. (1) we can put

  ··········································································································· (2)

f(φ) is the form factor which gives the stress over the angle φ under load applied. We 

have for a ring in the test:

  

 ···································································································· (3)
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for a half ring in the test :

   ··············································································································· (4)

for the spherical coating shell on the fuel particle:

    ····································································································· (5)

from the eqs. (1) and (2) it can ben seen that in brittle fracture the strength is not a 

unique material constant but depends on geometry and stress on the specimen under the 

respective load. With (1) and (2) we can write:

     




  ·········································································· (6)

a strength σR of a ring in the test using eq. (6) and (3)

     






 





 ··················································· (7)

a strength σR at a half ring in the test using (6) and (4)

     






  ······························································ (8)

a strength σS at the spherical shell on the fuel particle in the reactor using (6) and (5)

   
  ······················································································ (9)

with (9) and (7) we get the median strength of the coating shell on the particle σS/0.5 

from that measured on rings σR/0.5 by equalizing the probabilities WR= WS=0.5

   
 





 

 



 ···················································· (10)

σS/0.5 can also be calculalted from σR/0.5 measured on half rings using (9) and (8)

  
 





   ·································································· (11)
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② J. L.  KAAE(1972)

Material Description ···············································································································

material name : Pyrolytic Carbon

chemical formula: C

Data Characterization ············································································································

The uncertainty in the temperature is estimated to be ±100℃, and the 

uncertainty in the fast-neutron fluence may be as high as ±10％

Bibliography ·······························································································································

author: J. L. KAAE

institution: Gulf General Atomic Company, P. O. box 608, San Diego, California 

92112, USA

title: Effect of irradiation of the mechanical properties of isotropic pyrolytic 

carbons

source: Journal of Nuclear Materials 46 (1973) 121-133

year of publ.: 1973

Result ············································································································································

specimen

no.

As-deposited 

structure

As-deposited 

mech. prop.
Irradiation conditions

Irradiated 

mech. prop.

Density

(g/㎤)
σf (psi) Temp. (℃)

Fast-neutron fluence 

(1021 n/㎠)
σf (psi)

4174-109 1.51 43000 900-1000 4.2 45000

4954-19 1.81 62000 1600 5.2 52000

1000 2.8 57000

4273-75 1.95 70000 1400 8.7 72000
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specimen no.

and structure

Density

(g/㎤)

As-deposited 

mech. prop.
Irradiation conditions

Irradiated 

mech. prop.

σf

(psi)
Temp. (℃)

Fast-neutron 

fluence

 (1021 n/㎠)

σf

(psi)

4493-23 isotropic 

crystalline carbon
1.84 42000 950-800 8.3 29000

1100-1250 8.3 27000

4954-23 isotropic

poorly crystalline 

carbon annealed at 

1900℃ for 1h.

2.02 55000 1000 2.8 59000

1600 5.2 50000

Discussion ···································································································································

Fracture stress may have decreased during irradiation, but in view of the 

small number of specimens tested this observation should be regarded as 

uncertain. In any case, the crystalline isotropic carbons obviously behave quite 

differently from the poorly crystalline isotropic carbons during irradiation.

The differences in behavior between the annealed and as-deposited crystalline 

carbons and do not expand in volume at high fast-neutron fluences to nearly 

the same extent as the as-deposited crystalline carbons. It follows that the 

hypothetical redistribution of loading due to the irradiation-induced densification 

does not progress to the same extent in the as-deposited crystalline carbons as 

in the as-deposited and annealed poorly crystalline carbons, and thus the 

Young's modulus of the crystalline carbons. The as-deposited crystalline carbon 

studied in the present investigation was well into the volume expansion phase, 

and this may also account for a decreased fracture stress in the carbon, since 

decreased fracture stresses occur coincident with volume expansion in the 

isotopic graphites
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③ J. C. BOKROS(1966)

Material Description ········································································································

Material name: Pyrolytic Carbon

Chemical formula: C

Physical state: solid

Material preparation: deposited from the pyrolysis of methane as between 1350℃ 

and 1925℃

Molecular mass: 12

Bulk density: 1.5 ~ 2.1 g/cm
3

Measurement Technique ································································································

Property measurement method: by room temperature three-point bend tests 

Sample dimensions: strips 5 ~ 7 mm long, 1 mm wide, and about 0.1 mm thick

Data Characterization ······································································································

Graphical data with the interpolations provided in the paper.

Bibliography ························································································································

author: J. C. BOKROS and R. J. PRICE.

institution: General Atomic Division of General Dynamics Corporation, John Jay 

Hopkins Laboratory for Pure and Applied Science, San Diego, 

California

title: Deformation and Facture of Pyrolytic Carbons Deposited in a Fluidized Bed.

source: Carbon 1966, Vol. 3, pp. 503-519

year of publ.: 1966

Remark ···································································································································

Mechanical properties of the various carbons and annealing effects on the 

properties are discussed in the paper
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Result ·····································································································································

『Diagram relating mechanical properties of pyrolytic carbon deposits to depletion 

conditions; deposits were prepared in a 2.5cm dia. coater, using a 400 ㎠ initial charge』

Structure
Mean modulus

(psi×104)

Fracture stress

(psi×105)

Fracture

strain (%)

Laminar 4.5-7 45-90 0.7-1.7

Isotropic 1.8-2.7 30-55 1.2-2.5

Granular 1.1-1.3 15-20 1.3-1.6

『Summary of as-deposited mechanical properties of laminr, isotropic and 

granular pyrolytic carbon deposits investigated』



PyC-Hardness

- 172 -

(6) Elastic modulus

① E. Lopez-Honorato(2006)

Material Description ········································································································

Material name: Pyrolytic Carbon

Chemical formula: PyC

Physical state: solid

Material preparation: deposited from acetylene and from a mixture of acetylene / 

propylene

Molecular mass: 12

Bulk density:1.4 ~ 2.1 g/cm
3 

Measurement Technique ································································································

Property measurement method: nano indentation using XP nano indecator

Data Characterization ······································································································

graphical data

Bibliography ························································································································
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Fluidized Bed Chemical Vapor Deposition
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Result ·····································································································································

『Effect of temperature and Acy concentration on Young's modulus』

『Effect of temperature and Acy/Prop concentration on Young's modulus』
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② C. Bellan(2004)

Material Description ···············································································································

material name : Pyrolytic Carbon

chemical formula: C

thickness : 10～100㎛

density : 1.85～1.9 (11％ porosity)

For pyrolytic carbon coating, reagent gas was Methyl-trichloroSilane (CH3- 

SiCl3, MTS) and temperature 1300 ℃

Test Size(L×ι×e) mm Nature of the substrate

Pyrocarbon Nanoindentation 23×17×1.5 graphite POCO

Acoustic Microscopy 20×20×1.5 graphite POCO

Impulse excitation 45×6×1.5 graphite POCO

Data Characterization ············································································································

The tests could not give the true Young modulus, due to the lack of rigidity of 

the bend test which generated too great uncertainties on parameters.

Bibliography ·······························································································································

author: C. Bellan, J. Dhers

institution: CEA Valrho DEN/DTEC/SEPE B.P.111, 26702 Pierrelatte, France

title: Evaluation of Young modulus of CVD coatings by different techniques

source: Thin Solid Films 469-470 (2004) 214-220

year of publ.: 2004

Result ············································································································································

temperature Nanoindentation Impulse excitation Acoustic microscopy

Pyrolytic 

carbon

20℃ 25.5±2 28.9～30.8 No results

1600 ℃ 25.5±2
Done but 

not analysed
No results

『Young modulus values (GPa) for the various techniques』
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Discussion ···································································································································

nanoindentation exhibits a good reproducibility, apparently better than bending 

tests, it may be the more practical test. Acoustic microscopy gives a more 

precise value, but this technique is not universal: no result on pyrolytic carbon 

because of porosity. Even if this technique may be used at high temperature, it 

is a too-restrictive method for our application. Finally, the impulse excitation 

tests have shown that this technique may give good and accurate values from a 

very simple test, but requiring analytical or finite elements calculations after. 

Actually, this method needs to be performing the knowledge of the exact profile 

of coating thickness.
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③ K. BONGARTZ (1976)

Material Description ···············································································································

material name : Pyro-Carbon

chemical formula: PyC

propene deposited pyro-carbon

Measurement Technique ·······································································································

In order to determine the strength and Young's modulus for entire rings or half 

rings they are pressed diametrically between two sapphire plates as is shown 

schematically in figure. The specimens are pressed until they break. Load F, 

deflection x, and load at rupture FZ are measured

『Deformation of an entire ring (a) and a half ring (b) in the Brittle Ring test』
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Bibliography ·······························································································································

author: K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber

institution: KFA Jülich GmbH, Institut fur Reaktorwerkstoffe, Jülich, Federal 

Republic of Germany

title: The brittle ring test: A method for measuring strength and young's 

modulus on coatings of HTR fuel particles

source: Journal of nuclear materials 62 (1976) 123-137

year of publ.: 1976

Result ············································································································································

Particle

Nr.

Density

ρ [g/㎤]
Number of specimens Young's modulus E [MN/㎡]

L 122 1.73 58 20800

L 135 1.28 53 11000

L 148 1.28 48 15000

L 149 1.74 51 26000

L 151 1.95 54 47000

L 153 1.36 50 13000

L 159 1.45 47 11500

L 160 1.31 49 15000

『Measured values for Young's modulus of PyC』

Discussion ···································································································································

○ Young's modulus

• Rings: The formula for Young's modulus for a cylindrical ring is :

  
     


 




 


 

  

 
    

 
 

with F: load, x: direction, u: Poisson's ratio, h: thickness of the ring, e: distance of the 

neutral  axis from the centroid of  the cross section, b: width of the ring, r: mean 

radius(to the centroid of the cross section)

• Half rings
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④ J. L.  KAAE(1972)

Material Description ···············································································································

material name : Pyrolytic Carbon

chemical formula: C

Data Characterization ············································································································

The uncertainty in the temperature is estimated to be ±100℃, and the 

uncertainty in the fast-neutron fluence may be as high as ±10％

Bibliography ·······························································································································

author: J. L. KAAE

institution: Gulf General Atomic Company, P. O. box 608, San Die해, California 

92112, USA

title: Effect of irradiation of the mechanical properties of isotropic pyrolytic 

carbons

source: Journal of Nuclear Materials 46 (1973) 121-133

year of publ.: 1973

Result ············································································································································

specimen

no.

As-deposited 

structure

As-deposited 

mech. prop.
Irradiation conditions

Irradiated 

mech. prop.

Density

(g/㎤)

E

(106 psi)

Temp. 

(℃)

Fast-neutron 

fluence (1021 n/㎠)

E

(106 psi)

4174-109 1.51 2.85 900-1000 4.2 5.0

4954-19 1.81 3.6 1600 5.2 4.5

1000 2.8 5.5

4273-75 1.95 3.7 1400 8.7 7.5



PyC-Hardness

- 179 -

specimen no.

and structure

Density

(g/㎤)

As-deposited 

mech. prop.
Irradiation conditions

Irradiated 

mech. prop.

E

(10
6
 psi)

Temp. 

(℃)

Fast-neutron 

fluence

 (1021 n/㎠)

E

(10
6
 psi)

4493-23 isotropic 

crystalline carbon
1.84 2.3 950-800 8.3 3.1

1100-1250 8.3 2.7

4954-23 isotropic

poorly crystalline carbon 

annealed at 1900℃ for 

1h.

2.02 2.7 1000 2.8 5.2

1600 5.2 3.5

Discussion ···································································································································

The young's moduli of polycrystalline graphites also increase during 

irradiation, but the increases are not as large as those of the poorly crystalline 

carbons, and generally the modulus increases occur at low fast-neutron fluences 

after which the modulus increases subsequent to the low-fluence increase have 

been reported.

The differences in behavior between the annealed and as-deposited crystalline 

carbons and do not expand in volume at high fast-neutron fluences to nearly 

the same extent as the as-deposited crystalline carbons. It follows that the 

hypothetical redistribution of loading due to the irradiation-induced densification 

does not progress to the same extent in the as-deposited crystallne carbons as 

in the as-deposited and annealed poorly crystalline carbons, and thus the 

Young's modulus of the crystalline carbons. The as-deposited crystalline carbon 

studied in the present investigation was well into the volume expansion phase, 

and this may also account for a decreased fracture stress in the carbon, since 

decreased fracture stresses occur coincident with volume expansion in the 

isotopic graphites
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⑤ R.J. Price(1966)

Material Description ········································································································

The mechanical properties of the carbon deposits were obtained from 

measurements on flat layers of carbon deposited on small graphite disks 

included in the fluidized bed. Measurements of mechanical properties were made 

on the carbons deposited from 3 %, 7 %, and 15 % methane, but the deposits 

from 1 % methane were too thin for these measurements to be made. 

Mechanical property samples measuring approximately 6 mm × 1 mm × 0.1 mm 

were cut from carbon layers stripped from graphite disks. The samples were 

tested in three-point bending. In most case, ten duplicate samples were tested; 

half the samples were tested with the outside of the deposit stressed in tension 

and half with the inside stressed in tension. After fracture, the samples were 

nickel plated to preserve the edges and mounted edge-on for metallo-graphic 

examination of the fracture region.

Data Characterization ······································································································

The error bands show the standard deviation of the determinations. As there 

was no significant difference in properties between samples tested with the 

inside of the deposit in tension and those tested with the outside in tension, no 

distinction was made between  the two kinds of tests when average values 

were calculated.

Bibliography ························································································································

author: R.J. Price, J.C. Bokros, K. Koyama, J. Chin 
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Hopkins Laboratory for Pure and Applied Science, San Diego, 
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Result ·····································································································································

『Dependence of the flexural elastic modulus, modulus of rupture, and maximum fiber 

strain at fracture on deposition temperature for carbon deposits produced in a 3.5 cm 

dia. Coater with a total flow rate of 18,000 cm
3
/min and an initial bed surface area of 

1140 cm
2
. Deposits prepared from (a) 3 % methane, (b) 7 % methane, (c) 15 % 

methane.』
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『Diagrams relating the mechanical properties of pyrolytic carbon deposits to deposition 

condition. Deposits were prepared in a 3.5 cm dia. coater using an 1140 cm2 initial 

charge surface area; (a) mean flexural elastic modulus, (b) fracture stress, (c) fracture 

strain, (d) micro-structural type of the deposit tested.』

The elastic moduli and fracture stresses of the granular and laminar carbons 

are in the ranges of 1.5 to 1.8×10
6
 psi and 15 to 35×10

3
 psi, respectively. There 

is a trend toward higher elastic modulus and fracture stress with increasing 

anisotropy and decreasing metallographic grain size, i,e. as the microstructure 

takes on the laminar appearance. The isotropic carbons and those with a 

transition microstructure have elastic moduli of 1.5 to 2.2×10
6
 psi and fracture 

stresses of about 30×10^
3
 psi. Their moduli show a tendency to decrease with 

the fracture stress remains approximately constant.
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Discussion ····························································································································

Because the slopes of the stress-strain curves of the carbons decreased with 

increasing strain, the initial value of the elastic modulus was always higher than 

the mean modulus obtained by dividing the fracture stress by the fracture 

strain. Values of both the mean and the maximum moduli are reported.

The mechanical properties, i.e. mean and maximum flexural elastic moduli, 

modulus of rupture (fracture stress), and maximum fiber strain at fracture, are 

plotted in the results. The structures deposited from 3% methane showed a 

systematic increase in elastic modulus, fracture stress, and fracture strain with 

increasing deposition temperature. These changes parallel the increase in density 

and anisotropy and the decrease in grain size of these carbons. The carbons 

deposited from 7 % and 15 % methane had isotropic of mixed microstructure. 

The elastic modulus of these samples showed a gradual decrease with 

increasing temperature, whereas the fracture stress remained approximately 

constant. The dependences of mean modulus, fracture stress, and fracture strain 

on the deposition temperature and the methane partial pressure are shown in the 

form of three-dimensional plots in the results.
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⑥ R.W. Dayton(1964)

Material Description ········································································································

material name : Pyrolytic Carbon

chemical formula: C

macroscopic neutron absorption cross section : 0.36×10
-3
 cm

-1

melting point : 3650 ℃ (sublimes)

crystal structure : Hexagonal (turbostratic)

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Elastic modulus (10
6
 psi)

a-direction of the lattice c-direction of the lattice

3.5 1.5
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(7) Hardness

① E. Lopez-Honorato(2006)

Material Description ········································································································

Material name: Pyrolytic Carbon

Chemical formula: PyC

Physical state: solid

Material preparation: deposited from acetylene and from a mixture of acetylene / 

propylene

Molecular mass: 12

Bulk density:1.4 ~ 2.1 g/cm
3 

Measurement Technique ································································································

Property measurement method: nano indentation using XP nano indecator

Data Characterization ······································································································

graphical data

Bibliography ························································································································
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Result ·····································································································································

『Effect of temperature and Acy concentration on hardness』

『Effect of temperature and Acy/Prop concentration on hardness』
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Coating Layers: SiC

(1) Thermal Conductivity (6)

(2) Thermal Expansion Coefficient (5)

(3) Heat Capacity (3)

(4) Density (1)

(5) Strength (5)

(6) Elastic Modulus (3)
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(1) Thermal conductivity

① D. J.  Senor(2002)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

The CVD SiC was fabricated by decomposing methyltrichlorosilane (MTS) 

gas onto a carbon substrate at 1350 ℃. The deposited material was extremely 

pure, with typical impurity concentrations of less than 5wppm. The crystal 

structure was cubic, specifically the 3C polytype, commonly referred to as 

𝜷-SiC. There was no porosity in the CVD SiC, and the material was 

essentially theoretically dense(approximately 3.21 g/cm
3
).

Measurement Technique ································································································

The test materials were irradiated in multiple B-holes at the advanced test 

reactor (ATR), a thermal reactor located at the INEEL. 

The pre-irradiation measurements were made with a Sony Model DG2025N 

Digital Gaging Probe with a resolution of 2.5 lm. The post-irradiation 

measurements were made using a Bausch & Lomb DR-25C optical gage with a 

resolution of 0.25 lm. Cross-checks with calibrated standards eliminated the 

experimental bias introduced by using two different instruments for the pre- and 

postirradiation measurements.

Thermal diffusivity measurements were made via the laser flash method 

using two different systems. Measurements were made in static air from room 

temperature to 500 ℃ on a system using a 50 J Nd:YAG laser as the heat 

source, and from 400 to 1500 ℃ in flowing Ar using a system with a 25 J ruby 

laser as the heat source. Both system used an indium antimonide (InSb) infrared 

detector to observe the sample back-surface temperature response.

Thermal diffusivity and room temperature density data were combined with 

calculated specific heat values to produce thermal conductivity. The specific heat 
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value were calculated by using a modified Debye theory approach that was 

described  in reference.*

* : D.J. Senor, G.E. youngblood, C.A. Moore, D.J. Trimble, G.A. Newsome, J.J. 

Woods, Fusion tech. 30 (1996) 943

* : M. Rohde, J. Nucl. Mater .182 (1991) 87

Bibliography ························································································································

author: D. J. Senor, G. E. Youngblood, L. R. Greenwood, D. V. archer, D. L. 

Alexander, M. C. Chen, G. A. Newsome

institution: Pacific Northwest National Laboratory, P.O. box999, MSIN P8-10, 

Richland, WA 99352, USA. Lockheed Martin Corporation, P.O. 

Box1072, Schenectady, NY12301, USA

title: Defect structure and evolution in silicon carbide irradiated to 1 dpa-SiC at 

1100 ℃

source : J. Nucl . Mater . 317 (2003) 145-159

Year of publ : 2002

Result ·····································································································································

『Thermal diffusivity of CVD SiC in the unirradiated (open symbols with solid lines), 

low-dose irradiated (closed symbols with solid lines) and high-dose irradiated (open 

symbols with dashed lines) conditions.』
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『Room temperature thermal diffusivity of CVD SiC as a function of

irradiation dose』

『Ratio of irradiated to unirradiated thermal conductivity of 𝜷-SiC measured

at the irradiation temperature』
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Discussion ····························································································································

Note that the degradiation in thermal diffusivity is larger for the high-dose 

samples. The dose dependence is most noticeable below about 500 ℃, and is 

clearly evident in the room temperature diffusivity between the low-dose and 

high-dose samples is significant, with the low-dose sample averaging about 

0.45×10
-4 

m
2
/s and the high-dose samples averaging about 0.32×10

-4 
m

2
/s .Based 

on the thermal diffusivity data, the irradiation damage in CVD SiC does not 

appear to be saturated up to a dose of approximately 0.9 dpa-SiC.
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② Turner S.P.(1993)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

physical state: solid

material preparation: sintered

remarks: Prepared from SiC powder (particle size 10-30 μm) by pressureless 

sintering at 2150 ℃.

Measurement Technique ································································································

property meas. method: pulse technique (laser)

sample dimensions: disc; dia = 8 mm, l = 3 mm

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Calculated from thermal diffusivity (data-set E0007504)

Bibliography ························································································································

author: Turner S.P., Taylor R., Gordon F.H., Clyne T.W.

institution: Manchester Materials Centre, University of Manchester/UMIST; 

Manchester M1 7HS, UK

title: Thermal conductivities of Ti-SiC and Ti-TiB2 particulate composites.

source: J.Mater.Sci. 28(1993),3969-3976

year of publ.: 1993

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

4.340E+02

4.370E+02

4.990E+02

9.949E-01

1.001E+00

1.001E+00

7.290E+02

7.290E+02

7.840E+02

7.930E-01

7.868E-01

7.553E-01

1.001E+03

1.001E+03

9.420E+02

6.092E-01

6.182E-01

6.513E-01
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③ Taylor R(1991)

Material Description ········································································································

material name: Nicalon

chemical formula: SiC

physical state: solid

particular form of material: fibre

Measurement Technique ································································································

property meas. method: pulse technique (laser)

temperature meas. method: thermocouple

sample dimensions: fibres of 5 mm length

Data Characterization ······································································································

classification: calculated from other (meas.) properties

bit-pad uncertainty: 0.13×10
-1
 W/m K

Bibliography ························································································································

author: Taylor R.

institution: Manchester Mater. Sci. Cent., Univ. Manchester, England

title: Thermal transport in directionally reinforced fibrous composites

source: Proc. 36th Int. SAMPE Symp. April 15-18(1991),693-704

year of publ.: 1991

Result ·····································································································································

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

Temperature

(K)

Thermal

conductivity

(W/cm K)

3.956E+02

4.530E+02

5.007E+02

1.661E-02

1.736E-02

1.793E-02

8.016E+02

8.295E+02

8.758E+02

2.067E-02

2.108E-02

2.109E-02

1.151E+03

1.201E+03

1.232E+03

2.212E-02

2.217E-02

2.254E-02
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5.351E+02

5.712E+02

6.270E+02

6.781E+02

7.160E+02

7.638E+02

1.844E-02

1.899E-02

1.963E-02

1.991E-02

2.015E-02

2.040E-02

9.271E+02

9.682E+02

1.003E+03

1.046E+03

1.089E+03

1.113E+03

2.104E-02

2.131E-02

2.199E-02

2.173E-02

2.144E-02

2.205E-02

1.270E+03

1.310E+03

1.342E+03

1.380E+03

2.252E-02

2.286E-02

2.310E-02

2.334E-02
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5.540E+02

5.540E+02

5.540E+02

6.270E+02

6.340E+02

6.340E+02

6.860E+02

6.870E+02

6.880E+02

9.471E-01

9.458E-01

9.562E-01

8.885E-01

8.860E-01

8.844E-01

8.290E-01

8.322E-01

8.220E-01

7.840E+02

8.380E+02

8.380E+02

8.990E+02

8.990E+02

9.380E+02

9.380E+02

9.720E+02

9.920E+02

7.539E-01

7.151E-01

7.176E-01

6.731E-01

6.720E-01

6.535E-01

6.405E-01

6.316E-01

6.231E-01

8.880E+02

8.330E+02

7.690E+02

6.640E+02

6.060E+02

5.130E+02

4.710E+02

6.810E-01

7.115E-01

7.636E-01

8.539E-01

9.307E-01

9.663E-01

9.768E-01
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④ George W.(1973)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

producer: Norton Co. USA

chemical composition [mole(s)]: SiC 1.0000

physical state: solid

microstructure: polycrystalline

material preparation: hot pressed

molecular mass: 40.1 g

bulk density: 3.290 g/cm
3

Measurement Technique ································································································

property meas. method: pulse technique (laser)

temperature meas. method: thermocouple

sample dimensions: disc; dia = 10 mm, h = 2 mm

Data Characterization ······································································································

classification: calculated from other (meas.) properties

bit-pad uncertainty: 0.90 W/m K

remarks: Calculated from thermal diffusivity (E0007473)

Bibliography ························································································································

author: George W.

institution: British Ceramic Research Association, UK

title: Thermal property measurements on silicon nitride and silicon carbide 

ceramics between 290 and 700 K

source: Proc. Brit. Ceram. Soc. 22(1972), 147-167

year of publ.: 1973
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

2.736E+02

3.037E+02

3.374E+02

3.814E+02

4.419E+02

4.756E+02

5.151E+02

5.499E+02

5.975E+02

6.386E+02

6.771E+02

6.936E+02

7.006E+02

7.306E-01

7.305E-01

7.254E-01

7.187E-01

6.982E-01

6.840E-01

6.622E-01

6.457E-01

6.204E-01

5.961E-01

5.767E-01

5.652E-01

5.619E-01
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⑤ R.W. Dayton(1964)

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

macroscopic neutron absorption cross section : 6.4×10
-3
 cm

-1

melting point : 2200 ℃ (dissociates)

crystal structure : Hexagonal

Young's Modulus : 68.5×10
6
 psi

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Temperature (℃) Thermal Conductivity (W/cm℃)

500

1000

1500

1.21 (self-bonded)

0.49

0.14
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⑥ Advanced Materials Co.

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

crystal structure : FCC (face-centered cubic β-phase)

sublimation temperature : ～2700 ℃

grain size: 5 ㎛

density : 3.21 g/cm
3

chemical purity : ≥ 99.9995 % SiC

Poisson's ratio : 0.21

Data Characterization ······································································································

recommendable value used up to a temperature of 1500 ℃ (Above 1800 ℃, 

there is an onset of phase change from cubic phase to hexagonal α-phase)

Bibliography ························································································································

institution: Advanced Materials Co., University of Dayton Research Institute, 

Thermophysical Properties Research Laboratory at Purdue University

title: Temperature Dependence of Important Mechanical, Electrical, and Thermal 

Properties of CVD SILICON CARBIDE

Result ·····································································································································

Temperature (K) Thermal conductivity (W/m․K)

133.15

173.15

273.15

473.15

773.15

973.15

1273.15

1473.15

1773.15

396

485

333

221

137

110

78

63

48
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(2) Thermal expansion coefficient

① R. J.  PRICE(1969)

Material Description ········································································································

Material name: Pyrolytic Polycrystalline β-Silicon Carbide

Chemical formula: SiC

Physical state: solid

Material preparation: prepared by the decomposition of methyltrichlorosilane - 

hydrogen mixture in a fluidized bed of particles at 1400℃

Molecular mass: 12

Bulk density: 3.17 ~ 3.20 g/cm
3

Measurement Technique ································································································

Property measurement method: measured with a machinist's microscope to an 

accuracy of 0.02% Sample dimensions: strips about 0.6 cm × 0.1 cm × 0.01 cm

Data Characterization ······································································································

graphical data

Bibliography ························································································································

author: R. J. PRICE

institution: Gulf General Atomic Incorporated, John Jay Hopkins Laboratory for 

Pure and Applied Science, San Diego, California 92112, USA

title: Effects of Fast-neutron irradiation on Pyrolytic Silicon Carbide.

source: Journal of Nuclear Materials 33 (1969) 17-22

year of publ.: 1969
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Result ·····································································································································

『Saturation radiation-induced expansion of silicon carbide as a function of irradiation 

temperature (neutron exposures >1020 nvt)』
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② Touloukian Y.S.(1977)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

chemical composition [mole(s)]: SiC 1.0000

physical state: solid

micro structure: cubic, hexagonal, rhombohedral

molecular mass: 40.1 g

bulk density: 3.217 g/cm
3

heat melting-temperature: 3245.00 K

Data Characterization ······································································································

accuracy: 10.0 %

classification: estimated from various literature data

valuation: TPRC recommended data

remarks: Values are obtained by differentiating the equation: LEX(110)= 

-9.913×10
-2
 + 2.970×10

-4
×T + 1.388×10

-7
×T

2
 - 1.548×10

-11
×T

3
 (293  < 

T < 2800 K)

Bibliography ························································································································

author: Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R.

institution: Thermophysical Properties Research Center (TPRC), Purdue Univ., 

Lafayette, USA

title: Thermophysical Properties of Matter. Vol.13: Thermal Expansion - 

Nonmetallic Solids.

source: IFI/Plenum, New York-Washington (1977).

year of publ.: 1977
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Result ·····································································································································

Temperature

(K)

Thermal

expansivity

(×10-6/K)

Temperature

(K)

Thermal

expansivity

(×10-6/K)

Temperature

(K)

Thermal

expansivity

(×10-6/K)

5.000E+00

1.000E+01

2.500E+01

5.000E+01

7.500E+01

1.000E+02

1.500E+02

2.000E+02

2.500E+02

1.000E-02

2.000E-02

3.000E-02

6.000E-02

9.000E-02

1.400E-01

4.000E-01

1.500E+00

2.800E+00

2.930E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

7.000E+02

8.000E+02

9.000E+02

1.000E+03

3.300E+00

3.400E+00

4.000E+00

4.200E+00

4.500E+00

4.700E+00

4.900E+00

5.100E+00

5.300E+00

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

2.800E+03

5.600E+00

6.000E+00

6.200E+00

6.500E+00

6.700E+00

6.900E+00

7.000E+00

7.100E+00

7.100E+00
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③ Touloukian Y.S.(1977)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

chemical composition [mole(s)]: SiC 1.0000

physical state: solid

micro structure: cubic, hexagonal, rhombohedral

molecular mass: 40.1 g

bulk density: 3.217 g/cm
3

heat melting-temperature: 3245.00 K

Data Characterization ······································································································

accuracy: 5.0 %

classification: estimated from various literature data

valuation: TPRC recommended data

remarks: Values can be approximated by: LEX(110)= -9.913×10
-2
 + 2.970×10

-4
×T 

+ 1.38810
-7
×T

2
 - 1.548×10

-11
×T

3
 (293 < T < 2800 K), Accuracy: 5 % 

below 1800 K and 10 % above. Values above 1800 K are provisional.

Bibliography ························································································································

author: Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R.

institution: Thermophysical Properties Research Center (TPRC), Purdue Univ., 

Lafayette, USA

title: Thermophysical Properties of Matter. Vol.13: Thermal Expansion - 

Nonmetallic Solids.

source: IFI/Plenum, New York-Washington (1977).

year of publ.: 1977
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Result ·····································································································································

Temperature

(K)

Thermal

expansivity

(×10-6/K)

Temperature

(K)

Thermal

expansivity

(×10-6/K)

Temperature

(K)

Thermal

expansivity

(×10-6/K)

5.000E+00

1.000E+01

2.500E+01

5.000E+01

7.500E+01

1.000E+02

1.500E+02

2.000E+02

2.500E+02

-3.000E-02

-3.000E-02

-3.000E-02

-3.000E-02

-3.000E-02

-3.000E-02

-2.900E-02

-2.400E-02

-1.300E-02

2.930E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

7.000E+02

8.000E+02

9.000E+02

1.000E+03

0.000E+00

2.000E-03

4.100E-02

8.200E-02

1.260E-01

1.710E-01

2.190E-01

2.690E-01

3.210E-01

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

2.800E+03

4.310E-01

5.460E-01

6.680E-01

7.950E-01

9.260E-01

1.061E+00

1.199E+00

1.340E+00

1.481E+00
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④ R.W. Dayton(1964)

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

macroscopic neutron absorption cross section : 6.4×10
-3
 cm

-1

melting point : 2200 ℃ (dissociates)

crystal structure : Hexagonal

Young's Modulus : 68.5×10
6
 psi

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Temperature (℃) Thermal Expansivity (×10
-6
/℃)

0 ～ 1000

1000 ～ 1800

4.8

10.2
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⑤ Advanced Materials Co.

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

crystal structure : FCC (face-centered cubic β-phase)

sublimation temperature : ～2700 ℃

grain size: 5 ㎛

density : 3.21 g/cm
3

chemical purity : ≥ 99.9995 % SiC

Poisson's ratio : 0.21

Data Characterization ······································································································

recommendable value used up to a temperature of 1500 ℃ (Above 1800 ℃, 

there is an onset of phase change from cubic phase to hexagonal α-phase)

Bibliography ························································································································

institution: Advanced Materials Co., University of Dayton Research Institute, 

Thermophysical Properties Research Laboratory at Purdue University

title: Temperature Dependence of Important Mechanical, Electrical, and Thermal 

Properties of CVD SILICON CARBIDE

Result ·····································································································································

Temperature (K) Thermal expansivity (×10
-6
/K)

133.15

173.15

273.15

473.15

773.15

973.15

1273.15

1473.15

0.4

0.8

1.9

3.7

4.6

4.9

5.0

5.1
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(3) Heat capacity

① Koshchenko V.I.(1985)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

chemical composition [mole(s)]: SiC 1.0000

physical state: solid

microstructure: polycrystalline - single phase

notes: beta-phase

molecular mass: 40.1 g

Measurement Technique ································································································

property meas. method: adiabatic calorimeter

Data Characterization ······································································································

classification: smoothed curve (through measured values)

remarks: Data determined from experimental values of the heat capacity 

(5-300K) and results of calculation for temperature above 300 K.

Bibliography ························································································································

author: Koshchenko V.I., Grinberg Ya.Kh., Koshchenko R.V.

institution: D.I.Mendeleev Moscow Chemical Technology Institute, Moscow, 

UdSSR

title: Thermodynamic functions of B6As (5-600 K), beta-SiC (5-2500 K), and 

Si3N4 (5-4000 K).

source: Izv. Akad. Nauk SSSR, Neorg.Mater. 21(1985), 197-201

year of publ.: 1985
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Result ·····································································································································

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

Temperature

(K)

Heat

Capacity

(J/kg K)

5.000E+00

5.000E+01

1.000E+02

1.500E+02

2.000E+02

2.981E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

6.360E-04

4.900E-01

4.250E+00

9.970E+00

1.625E+01

2.684E+01

2.704E+01

3.421E+01

3.840E+01

4.130E+01

7.000E+02

8.000E+02

9.000E+02

1.000E+03

1.100E+03

1.200E+03

1.300E+03

1.400E+03

1.500E+03

1.600E+03

4.350E+01

4.520E+01

4.670E+01

4.780E+01

4.880E+01

4.960E+01

5.020E+01

5.080E+01

5.120E+01

5.150E+01

1.700E+03

1.800E+03

1.900E+03

2.000E+03

2.100E+03

2.200E+03

2.300E+03

2.400E+03

2.500E+03

5.180E+01

5.200E+01

5.220E+01

5.230E+01

5.250E+01

5.260E+01

5.280E+01

5.290E+01

5.310E+01
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(2) Walker,  B.E.(1962)

Material Description ········································································································

material name: silicon carbide

chemical formula: SiC

chemical composition [wt%]: SiC 96.5000

Si 2.5000 impurity

C 0.4000 impurity

Al 0.4000 impurity

Fe 0.2000 impurity

physical state: solid

microstructure: polycrystalline - single phase

material preparation: hot pressed

molecular mass: 40.1 g

Measurement Technique ································································································

property meas. method:  drop calorimeter

remarks:  The calorimeter operating temperature: 30 ℃.

Data Characterization ······································································································

accuracy: 3.0 %

classification: smoothed curve (through measured values)

remarks: Values are derived from the enthalpy data.

Bibliography ························································································································

author: Walker, B.E., Ewing C.T., Miller R.R. 

institution: US Naval Res. Lab., Washington 25, D.C., USA

title: Specific heat of some high temperature materials

source: J. Chem. Eng. Data 7(1962), 595-597

year of publ.: 1962
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Result ·····································································································································

Temperature (K) Heat Capacity (J/kg K)

3.03E+02

3.73E+02

4.73E+02

5.73E+02

6.73E+02

7.73E+02

8.73E+02

9.73E+02

1.07E+03

6.82E+02

8.20E+02

9.37E+02

1.01E+03

1.07E+03

1.12E+03

1.16E+03

1.20E+03

1.23E+03
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③ Advanced Materials Co.

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

crystal structure : FCC (face-centered cubic β-phase)

sublimation temperature : ～2700 ℃

grain size: 5 ㎛

density : 3.21 g/cm
3

chemical purity : ≥ 99.9995 % SiC

Poisson's ratio : 0.21

Data Characterization ······································································································

recommendable value used up to a temperature of 1500 ℃ (Above 1800 ℃, 

there is an onset of phase change from cubic phase to hexagonal α-phase)

Bibliography ························································································································

institution: Advanced Materials Co., University of Dayton Research Institute, 

Thermophysical Properties Research Laboratory at Purdue University

title: Temperature Dependence of Important Mechanical, Electrical, and Thermal 

Properties of CVD SILICON CARBIDE

Result ·····································································································································

Temperature (K) Specific Heat (J/kg․K)

 133.15

 173.15

 273.15

 473.15

 773.15

 973.15

1273.15

1473.15

1773.15

 175

 301

 574

 952

1134

1189

1251

1295

1355
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(4) Density

① XU, S.

Material Description ········································································································

material name : Silicon Carbide

chemical formula : SiC

thickness : 35±4 ㎛

density : ≥3.18

SiC layer is coated at a temperature of 1450～1650 °C. Deposition of SiC 

coating was carried out in a 2" fluidized bed. methyltrichlorosilane (CH3SiCl3) is 

used as the source for Si and C. Ar and H2 are used as the dilute and carrying 

gas.

Particle loading 80 g

Ar / H2 ratio 1 : 1

MTS / H2 ratio 1 : 50

Total gas flow rate 500 /h

Measurement Technique ································································································

To investigate the effect of deposition temperature on density, sample of SiC 

had been prepared at temperatures ranged from 1450 to 1650 ℃. The 

temperature increment was 50 ℃

Bibliography ························································································································

author: XU, S.

institution: IAEA, Vienna

title: Fuel performance and fission product behaviour in gas cooled reactors

source: IAEA-TECDOC-978 (1997), 417-44

year of publ.: 1997
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Result ·····································································································································

『Effect of deposition temperature on density』

Discussion ····························································································································

One can see from the result that the trend of the density curve is abnormal. 

From SEM observations and common knowledge, the density of SiC deposited 

at 1450 ℃ should be lower than the one deposited at 1500 ℃. The density 

measurement was repeated three times, the result remained the same. The 

reason for this abnormal phenomenon is not clearly known yet. One explanation 

is that the density was measured by titration method; the SiC has a porous 

structure, the pores are interconnected and open to the outside; the titration 

liquid penetrates the pores; therefore, instead of the apparent density, the true 

density is measured, the apparent density of the SiC is actually lower than the 

one deposited at 1500 ℃.
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② R. J.  PRICE (1973)

Material Description ···············································································································

material name : Silcon Carbide

chemical formula: β-SiC

Measurement Technique ·······································································································

Silicon carbide was deposited on graphite discs, measuring 10 mm diameter 

by 1 mm thick, levitated in a fluidized bed of 500 ㎛ diameter 

pyrocarbon-coated uranium carbide particles in a 38 mm diameter graphite tube. 

The coating gas was a hydrogen-methyl-trichlorosilane mixture flowing at 10 

liters/minute, with 10% of the hydrogen passing through a methyl-trichlorosilane 

bubbler. The bed temperature was 1800°C. The silicon carbide had a density of 

3.208 g/cm
3
 and a grain width (measured parallel to the deposition plane) of 5 

㎛. The silicon carbide coatings were removed from the graphite discs and 

diamond-lapped to produce parallel-faced discs measuring 3 mm diameter by 25 

to 40 ㎛ thick. About 15 discs were irradiated in graphite crucibles in each of 

four cells of a capsule irradiated in the I- 12 position of the Engineering Test 

Reactor (Idaho Falls, Idaho, USA).

The irradiation conditions are summarized in table . Following irradiation, the 

sample densities were measured to an accuracy off 0.002 g/cm
3
 by flotation in 

methylene iodide-benzene mixtures. 

The disc samples were thinned for examination by transmission electron 

microscopy by ion sputtering in a Commonwealth Scientific Corporation ion 

micromilling instrument, using a 50 /LA beam current of argon ions and a 6 kV 

accelerating voltage.
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Capsule No.
Cell 

No.

Total

fast neutron

fluence (× 10-21)

(n/㎠, E ＞ 0.18 MeV)

Mean

irradiation

temperature

(℃)

Extremes of

temperature

fluctuation

during irradiation

(℃)

GEH-13-421  1  0.6  625 ± 75

GEH-13-422  1  0.6  625 ±125

GEH-13-421  2  1.4  875 ± 75

GEH-13-422  2  2.4  900 ±100

GEH-13-421  6  4.3 1250 ±175

GEH-13-422  6  7.4 1275 ±175

GEH-13-421 13  5.2 1500 ±100

GEH-13-422 13  8.8 1500 ±100

P-13-J  3  3.8 1050 ±100a)

P-21  2 12.4 1000 ±100
a)

『Table 1 Irradiation conditions for silicon carbide samples.』

a) In addition to the random temperature fluctuation, steep temperature 

gradients in capsules P-13-J and P-20 created an uncertainty of ± 100 ℃ in 

the mean sample temperature.

Bibliography ················································································································

author: K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber

institution: KFA Jülich GmbH, Institut fur Reaktorwerkstoffe, Jülich, 

Federal Republic of Germany

title: The brittle ring test: A method for measuring strength and young's 

modulus on coatings of HTR fuel particles

source: Journal of nuclear materials 62 (1976) 123-137

year of publ.: 1976

Result ············································································································································

■  Transmission electron microscopy

Figs_‘'3 and 4 show typical regions in samples irradiated at 1250℃ and 150

0℃, respectively. Stereo micrographs showed that most voids were tetrahedra 

bounded by (111) planes which appear triangular in projection. Some of the 

large voids were truncated across the corners and their projected shape was 

hexagonal  The distribution of the voids was somewhat heterogeneous in the 

samples irradiated at 1500°C, with some regions containing a high density of 
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small voids and other regions containing fewer larger voids (figs. 2). Grain 

boundary zones were depleted of voids for distances between 100 and 500 Å 

(figs. 1). There was and occasional tendency in the samples irradiated at 1500°C 

for the voids to form planar clusters parallel to (111) planes, suggesting 

preferential nucleation on stacking faults (see fig. 2b). 

『Transmission electron micrographs of irradiation-induced voids in silicon carbide 

irradiated at 1250°C to 1275°C. (a) Fluencec 4.3 X lo*’' n/cm*;(b) Fluence = 7.4 X lo*’' 

n/cm* (E > 0.18 Mew.』

『Transmission electron micrographs of irradiation-induced voids in silicon carbide 

irradiated at 1500°C. (a) Fluence =5.2 x lo*’' n/cm*;(b) Fluence = 8.8 X lo*’' n/cm* (E 

> 0.18 MeV)』

The densities of voids were measured by counting the number of visible 

voids in regions of the foil whose thickness could be measured by stereo 

techniques or from the projected width of stacking faults. The measurements 
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showed considerable scatter due to the heterogeneous distribution of voids and 

the difficulty of measuring the foil thickness with sufficient accuracy. The data 

are listed in table 2, together with the mean void volumes calculated by 

assuming the voids to be perfect tetrahedra with volumes 0.118 times the cube 

of the corner-to-corner width. Volume fractions calculated from the void 

densities and the volumes of individual voids are also listed. The calculated void 

volume fractions are lower than the measured bulk sample expansions by a 

factor of about 10 for the samples irradiated at 1250℃ to 4.3×10
21
 n/cm

2
, 

decreasing to a factor of 2 for the samples irradiated at 1500℃ to 8.8×10
21
 

n/cm
2
.

Irradiation

temperature

Fast neutron 

fluence 

(×10-21)(n/㎠, 

E＞0.18MeV)

Mean void

concentration

(×10
-16
)(cm

-3
)

Mean void 

volume 

(×10
21
)(㎤)

Calculated void 

volume 

fraction (× 10
3
)

Volume 

expansion 

from density 

measurements 

(× 103)

1250 4.3  14 ± 5   5.9 0.8 ± 0.3  8 ± 1

1275 7.4  20 ± 8  13.4 0.7 ± 1.0 13 ± 2

1500 5.2 2.4 ± 1.1  58 1.4 ± 0.6  9 ± 1

1500 8.8 3.8 ± 1.2 133 5.1 ± 1.6 11 ± 1

『Void densities and void volumes in irradiated silicon carbide.』

Measurements of the corner to corner length of several thousand tetrahedral 

voids per sample are plotted in the form of histograms in fig. 3. Voids smaller 

than 30 to 40Å cannot be reliably resolved and measured, and the counts of the 

smallest voids are subject to a large error. For similar fluences, irradiation at 

1500℃ results in voids whose mean and maximum sizes are about twice the 

void sizes in samples irradiated at 1250°C. Increasing the fluence at a given 

temperature increases the mean void size slightly, but the most noticeable effect 

is to extend the high void-size ‘'tails’' of the histograms
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『Histograms of corner-to-corner void widths in silicon carbide irradiated at 1250°C and 

1500°C』

■ Annealing experiments

Irradiated silicon carbide samples were annealed for 1 h at temperatures 

increasing in 100°C steps between 1500°C and 2100℃. After each anneal the 

sample densities were re-measured. It is well known that irradiation-induced 

expansion in silicon carbide irradiated below -1000 ℃ starts to anneal out at the 

irradiation temperature and annealing of the dimensional changes is complete by 

1500℃ 
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『Recovery of the density of irradiated silicon carbide during l-hour post-irradiation 

anneals, as a function of annealing temperature. (a) Irradiation temperature = 1250°C; (b) 

Irradiation temperature = 1500°C. (Residual density change = (original density - annealed 

density)/(original density - irradiated density)』

The voids in the samples irradiated at 1250°C and 1500°C were quite resistant 

to annealing. The density of the annealed samples is plotted as a function of 

annealing temperature in fig. 4. Recovery of the density was first seen at 
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1700°C for the samples irradiated at 1250°C and at 1800°C for material irradiated 

at 1500°C. Recovery of the density was almost complete by 2100°C in the 

material irradiated at the lower temperature. However, in the samples irradiated 

at 1500°C recovery was incomplete at 2100°C, particularly in the samples 

irradiated to the highest fluence

.

Discussion ···································································································································

The Brittle Ring Test was developed for the measurement of strength and 

Young's modulus of SiC. A characteristic feature of this test is that samples of 

the material taken from the coated particle it self rather than strips from disks 

are used for the measurement. Strength and Young's modulus were measured 

for several types of SiC. The fact is confirmed by coated particle irradiation 

experiments where, in several cases, SiC layer alone retained the fission gas 

pressure, which implies that the strength of the material must lie in the order of 

magnitude measured on the rings. The strength of the SiC depend on its 

deposition temperature. In the range between 1400-1700℃ it goes up with 

decreasing deposition temperature by about 50％. The strength seemed to be 

dependent on the grain size, increasing with decreasing grain size.

○ Young's modulus

• Rings: The formula for Young's modulus for a cylindrical ring is :

  
     


 




 


 

  

 
    

 
 

with F: load, x: direction, u: Poisson's ratio, h: thickness of the ring, e: distance of the 

neutral  axis from the centroid of  the cross section, b: width of the ring, r: mean 

radius(to the centroid of the cross section)

• Half rings
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In this calculation it was assumed: 

(1) that in the combined layers rupture started in the SiC. From measurements 

performed so far it follows that Young's modulus for SiC is an order of magnitude 

higher than that PyC.

(2) that Young's modulus of SiC is not affected by the presence of adjacent PyC 

layers.

(3) that the deformation of the combined ring measured in the test at the outer 

surface of the ring can be regarded as equal to that of the SiC component.

(4) that the influence of the neighbouring layers on the stress distribution in the 

SiC  rings during deformation can be neglected because of the relatively small Young's 

modulus of the PyC.
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(5) Strength

① XU, S.(1997)

Material Description ········································································································

material name : Silicon Carbide

chemical formula : SiC

thickness : 35±4 ㎛

density : ≥3.18

SiC layer is coated at a temperature of 1450～1650 °C. Deposition of SiC 

coating was carried out in a 2" fluidized bed. methyltrichlorosilane (CH3SiCl3) is 

used as the source for Si and C. Ar and H2 are used as the dilute and carrying 

gas.

Particle loading 80 g

Ar / H2 ratio 1 : 1

MTS / H2 ratio 1 : 50

Total gas flow rate 500 /h

Measurement Technique ································································································

To investigate the effect of deposition temperature on strength, sample of 

SiC had been prepared at temperatures ranged from 1450 to 1650 ℃. The 

temperature increment was 50 ℃

Bibliography ························································································································

author: XU, S.

institution: IAEA, Vienna

title: Fuel performance and fission product behaviour in gas cooled reactors

source: IAEA-TECDOC-978 (1997), 417-44

year of publ.: 1997
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Result ·····································································································································

Strength [MPa]
Temperaure (℃)

1450 1500 1550 1600 1650

Average, σ 670 1285 1447 736 693

Standard deviation, s 146 223 269 153 214

s / σ (％) 22 17 19 21 31

Wibull parameter, m 5.4 6.4 6.6 5.8 4.1

『Effect of deposition temperature on strength』

Discussion ····························································································································

To maximize strength, the deposition temperature should be kept in the 

range between 1500 and 1550 ℃.
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② K. BONGARTZ(1976)

Material Description ···············································································································

material name : Silcon Carbide

chemical formula: SiC

A variety of different SIC coatings were chosen which had been fabricated 

under different deposition conditions in the fluidized bed. The following 

deposition parameters had been varied systematically:

- deposition temperature : 1200, 1400, 1500, 1600, 1700℃

- CH3SiCl3 concentration : 1, 2, 4, V/o

Measurement Technique ·······································································································

SiC ring in the disk is separated after removing the two PyC layers by 

chemical etching. In order to determine the strength and Young's modulus for 

entire rings or half rings they are pressed diametrically between two sapphire 

plates as is shown schematically in figure. The specimens are pressed until they 

break. Load F, deflection x, and load at rupture FZ are measured

『Deformation of an entire ring (a) and a half ring (b) in the Brittle Ring test』
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Bibliography ·······························································································································

author: K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber

institution: KFA Jülich GmbH, Institut fur Reaktorwerkstoffe, Jülich, Federal 

Republic of Germany

title: The brittle ring test: A method for measuring strength and young's 

modulus on coatings of HTR fuel particles

source: Journal of nuclear materials 62 (1976) 123-137

year of publ.: 1976

Result ············································································································································

Particle
N0.

Deposition 
temperare 
[℃]

Median strength measured 
on rings σ R/0.5 inner surface 
outer surface [MN/㎡]

Equivalent strength of the shell accoridng to 
Weibull

median σ S/0.5 [MN/㎡] for one particle in 
10000 σ S/10

-4 [MN/㎡]

1 1650 366000 450 100

577000 490 110

2 1400 35000 750 290

440000 560 160

3 1500 609000 640 120

770000 1150 230

4 1500 352000 670 180

436000 540 180

5 1500 196000 740 250

368000 580 120

6 1600 359000 580 150

500000 440 70

7 1650 401000 580 130

523000 440 50

8 1700 346000 630 210

480000 500 110

9 1400 467000 970 320

566000 750 280

10 1400 14000 20 2

11 1500 370000 490 120

510000 580 150

12 1500 13000 40 4

15000 70 10

13 1600 368000 490 90

496000 780 280

14 1600 1200 10 1

- - -

15 1700 425000 390 60

499000 540 120

16 1700 1900 1 0

- - -

17 1200 326000 360 60

495000 390 20

『Fabrication data for SiC and values for the measured strength 』
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Discussion ···································································································································

The Brittle Ring Test was developed for the measurement of strength and 

Young's modulus of SiC. A characteristic feature of this test is that samples of 

the material taken from the coated particle it self rather than strips from disks 

are used for the measurement. Strength and Young's modulus were measured 

for several types of SiC. The fact is confirmed by coated particle irradiation 

experiments where, in several cases, SiC layer alone retained the fission gas 

pressure, which implies that the strength of the material must lie in the order of 

magnitude measured on the rings. The strength of the SiC depend on its 

deposition temperature. In the range between 1400-1700℃ it goes up with 

decreasing deposition temperature by about 50％. The strength seemed to be 

dependent on the grain size, increasing with decreasing grain size.

○ Strength 

․,Rings:

    
  

with h: thickness of the ring, e: distance of the neutral  axis from the centroid of  the 

cross 

section,

    
 

 

b: width of the ring, r: mean radius(to the centroid of the cross section), M: moment in 

the cros section of the ring through the point  of contact to the sapphire plate,

 

 

FZ: breaking load. σR is the maximum tensile stress appearing in a ring at points A in 

the figure

․Half rings: 
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with h: thickness of the ring, e: distance of the neutral  axis from the centroid of  the 

cross 

section,

    
 

 

b: width of the ring, r: mean radius(to the centroid of the cross section), M: moment in 

the cros section of the ring through the point  of contact to the sapphire plate,

   

○ Application of Weibull statistics

According to Weibull cumulative probability W for a ring to break at a stress σ can be 

written

   

   ············································································· (1)

σ(φ) is the stress over azimuthal angle φ of the ring, m is the so-called Weibull 

parameter, K and m are material constants. It has been shown for SiC and it is 

probable for PyC that the rupture stress of the material is a property of the surface. 

Therefore, the above integral will be taken over the surface. In eq. (1) we can put

  ··········································································································· (2)

f(φ) is the form factor which gives the stress over the angle φ under load applied. We 

have for a ring in the test:

  

 ···································································································· (3)

for a half ring in the test :

   ··············································································································· (4)

for the spherical coating shell on the fuel particle:

    ····································································································· (5)

from the eqs. (1) and (2) it can ben seen that in brittle fracture the strength is not a 

unique material constant but depends on geometry and stress on the specimen under the 
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respective load. With (1) and (2) we can write:

     




  ·········································································· (6)

a strength σR of a ring in the test using eq. (6) and (3)

     






 





 ··················································· (7)

a strength σR at a half ring in the test using (6) and (4)

     






  ······························································ (8)

a strength σS at the spherical shell on the fuel particle in the reactor using (6) and (5)

   
  ······················································································ (9)

with (9) and (7) we get the median strength of the coating shell on the particle σS/0.5 

from that measured on rings σR/0.5 by equalizing the probabilities WR= WS=0.5

   
 





 

 



 ···················································· (10)

σS/0.5 can also be calculalted from σR/0.5 measured on half rings using (9) and (8)

  
 





   ·································································· (11)
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③ A.G. Evans (1973)

Material Description ········································································································

Material name: Silicon carbide

Chemical formula: SiC

Physical state: solid

Material preparation: Pyrolytic SiC

Measurement Technique ································································································

Property measurement method: biaxial flexural tests of hemispherical coatings

Sample dimension: 900㎛ I.D. 35㎛ thick shell

Data Characterization ······································································································

Graphical data 

Bibliography ························································································································

author: A. G. EVANS, C. PADGETT, AND R.W. DAVIDGE

institution: Materials Development Division, Atomic Energy Reasearch 

Establishment, Harwell, Didcot, Berkshire, England

title: Strength of Pyrolytic SiC coating of Fuel Particles for High- Temperature 

Gas-Cooled Reactors

source: Journal of The American Ceramic Society. 1973, Vol.56, pp. 36-41 

year of publ.: 1973
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Result ·····································································································································

『Inner - and outer- surface flexural strengths of standard and smooth coatings』
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④ J. L.  KAAE(1971)

Material Description ········································································································

Material name: Isotropic pyrolytic carbon

Chemical formula: PyC

Physical state: solid

Material preparation: deposited in a bed of particles fluidized by a flow of 

propane mixed with helium at temperatures less than 1600℃

Molecular mass: 12

Bulk density: 1.3 ~ 1.9  g/cm
3

Measurement Technique ································································································

Property measurement method: three-point bending test Sample dimensions: 

strips 0.1 cm wide and 0.006 cm thick

Data Characterization ······································································································

Graphical data with interpolations 

Bibliography ························································································································

author: J. L. KAAE

institution: Gulf General Atomic Incorporated, John Jay Hopkins Laboratory for 

Pure and Applied Science, San Diego, California 92112, USA

title: Structure and Mechanical Properties of Isotropic Pyrolytic Carbons 

Deposited Below 1600℃

source: Journal of Nuclear Materials 38 (1971) 42-50.

year of publ.: 1971
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Result ·····································································································································

『Fracture stress, Young's modulus, and strain energy to fracture of carbon as a 

function of deposition temperature at 40 vol % propane in fluidizing gas』
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⑤ Advanced Materials Co.

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

crystal structure : FCC (face-centered cubic β-phase)

sublimation temperature : ～2700 ℃

grain size: 5 ㎛

density : 3.21 g/cm
3

chemical purity : ≥ 99.9995 % SiC

Poisson's ratio : 0.21

Data Characterization ······································································································

recommendable value used up to a temperature of 1500 ℃ (Above 1800 ℃, 

there is an onset of phase change from cubic phase to hexagonal α-phase)

Bibliography ························································································································

institution: Advanced Materials Co., University of Dayton Research Institute, 

Thermophysical Properties Research Laboratory at Purdue University

title: Temperature Dependence of Important Mechanical, Electrical, and Thermal 

Properties of CVD SILICON CARBIDE

Result ·····································································································································

Temperature (K) Flexural Strength (MPa)

133.15

173.15

273.15

473.15

773.15

973.15

1273.15

1473.15

1773.15

460

465

470

480

500

515

540

555

575
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(6) Elastic modulus

① C. Bellan (2004)

Material Description ···············································································································

material name : Silicon carbide

chemical formula: β-SiC

thickness : 15～60㎛

density : 3.2 g/cm (99％ theoretical density)

For SiC coating, reagent gas was propylen (C3H6) and temperature 1600℃

Test Size(L×ι×e) mm Nature of the substrate

Silicon carbide Nanoindentation 23×17×1.5 α-sintered-SiC

Acoustic Microscopy 20×20×1.5 α-sintered-SiC

Impulse excitation 45×6×1.5 graphite POCO

Data Characterization ············································································································

The tests could not give the true Young modulus, due to the lack of rigidity of 

the bend test which generated too great uncertainties on parameters.

Bibliography ·······························································································································

author: C. Bellan, J. Dhers

institution: CEA Valrho DEN/DTEC/SEPE B.P.111, 26702 Pierrelatte, France

title: Evaluation of Young modulus of CVD coatings by different techniques

source: Thin Solid Films 469-470 (2004) 214-220

year of publ.: 2004
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Result ············································································································································

temperature Nanoindentation Impulse excitation Acoustic microscopy

S i l i c on 

Carbide

20℃ 354±30 360～425 434±19

1600 ℃ 354±30
Done but 

not analysed
434±19

『Young modulus values (GPa) for the various techniques』

Discussion ····························································································································

Nanoindentation, for the h SiC coating, always gives a lower Young modulus, 

compared to the results obtained with Impulse excitation technique or acoustic 

microscopy. Many hypotheses are proposed: either, device has a low 

straightness, regarding SiC Young modulus, and corrections are not suitable, or 

the superimposed sinusoidal loading results in an underestimated E value. 

Further on, nanoindentation, even if the test is repeated many times, only 

concerned a small volume of some cubic micrometers, and we know that 

microstructure is locally heterogeneous. Besides, nanoindentation is not a pure 

elastic test, and with acoustic microscopy we are working on a more narrow 

part of the r(e) elastic curve, in comparison with nanoindentation nanoindentation 

exhibits a good reproducibility, apparently better than bending tests, it may be 

the more practical test. Acoustic microscopy gives a more precise value, but this 

technique is not universal: no result on pyrolytic carbon because of porosity. 

Even if this technique may be used at high temperature, it is a too-restrictive 

method for our application. Finally, the impulse excitation tests have shown that 

this technique may give good and accurate values from a very simple test, but 

requiring analytical or finite elements calculations after. Actually, this method 

needs to be performing the knowledge of the exact profile of coating thickness.
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② XU, S.(1997)

Material Description ········································································································

material name : Silicon Carbide

chemical formula : SiC

thickness : 35±4 ㎛

density : ≥3.18

SiC layer is coated at a temperature of 1450～1650 °C. Deposition of SiC 

coating was carried out in a 2" fluidized bed. methyltrichlorosilane (CH3SiCl3) is 

used as the source for Si and C. Ar and H2 are used as the dilute and carrying 

gas.

Particle loading 80 g

Ar / H2 ratio 1 : 1

MTS / H2 ratio 1 : 50

Total gas flow rate 500 /h

Measurement Technique ································································································

To investigate the effect of deposition temperature on Young's modulus, 

sample of SiC had been prepared at temperatures ranged from 1450 to 1650 ℃. 

The temperature increment was 50 ℃

Bibliography ························································································································

author: XU, S.

institution: IAEA, Vienna

title: Fuel performance and fission product behaviour in gas cooled reactors

source: IAEA-TECDOC-978 (1997), 417-44

year of publ.: 1997
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Result ·····································································································································

Young's modulus (GPa)
Temperaure [℃]

1450 1500 1550 1600 1650

Average, E 392 455 422 330 330

Standard deviation, s 188 107 111 172 118

s/ E (％) 48 24 26 52 36

『Effect of deposition temperature on Young's modulus』

Discussion ····························································································································

To maximize Young's modulus, the deposition temperature should be kept in 

the range between 1500 and 1550 ℃.
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③ K. BONGARTZ (1976)

Material Description ···············································································································

material name : Silcon Carbide

chemical formula: SiC

A variety of different SIC coatings were chosen which had been fabricated 

under different deposition conditions in the fluidized bed. The following 

deposition parameters had been varied systematically:

- deposition temperature : 1200, 1400, 1500, 1600, 1700℃

- CH3SiCl3 concentration : 1, 2, 4, V/o

Measurement Technique ·······································································································

SiC ring in the disk is separated after removing the two PyC layers by 

chemical etching. In order to determine the strength and Young's modulus for 

entire rings or half rings they are pressed diametrically between two sapphire 

plates as is shown schematically in figure. The specimens are pressed until they 

break. Load F, deflection x, and load at rupture FZ are measured

『Deformation of an entire ring (a) and a half ring (b) in the Brittle Ring test』
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Bibliography ·······························································································································

author: K. Bongartz, E. Gyarmati, H. Schuster, K. Täuber

institution: KFA Jülich GmbH, Institut fur Reaktorwerkstoffe, Jülich, Federal 

Republic of Germany

title: The brittle ring test: A method for measuring strength and young's 

modulus on coatings of HTR fuel particles

source: Journal of nuclear materials 62 (1976) 123-137

year of publ.: 1976

Result ············································································································································

Particle

N0.
Deposition temperare [℃]

Number of specimens 

entire rings half rings
Young's modulus E [MN/㎡]

1 1650 45 366000

35 577000

2 1400 43 350000

53 440000

3 1500 46 609000

44 770000

4 1500 53 352000

76 436000

5 1500 52 196000

48 368000

6 1600 94 359000

43 500000

7 1650 92 401000

35 523000

8 1700 58 346000

34 480000

9 1400 98 467000

76 566000

10 1400 33 14000

- -

11 1500 50 370000

52 510000

12 1500 49 13000

47 15000

13 1600 52 368000

50 496000

14 1600 48 1200

- -

15 1700 50 425000

47 499000

16 1700 52 1900

- -

17 1200 52 326000

41 495000

『Fabrication data for SiC and values for the measured Young's modulus』
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Discussion ···································································································································

The Brittle Ring Test was developed for the measurement of strength and 

Young's modulus of SiC. A characteristic feature of this test is that samples of 

the material taken from the coated particle it self rather than strips from disks 

are used for the measurement. Strength and Young's modulus were measured 

for several types of SiC. The fact is confirmed by coated particle irradiation 

experiments where, in several cases, SiC layer alone retained the fission gas 

pressure, which implies that the strength of the material must lie in the order of 

magnitude measured on the rings. The strength of the SiC depend on its 

deposition temperature. In the range between 1400-1700℃ it goes up with 

decreasing deposition temperature by about 50％. The strength seemed to be 

dependent on the grain size, increasing with decreasing grain size.

○ Young's modulus

• Rings: The formula for Young's modulus for a cylindrical ring is :

  
     


 




 


 

  

 
    

 
 

with F: load, x: direction, u: Poisson's ratio, h: thickness of the ring, e: distance of the 

neutral  axis from the centroid of  the cross section, b: width of the ring, r: mean 

radius(to the centroid of the cross section)

• Half rings

  




 

In this calculation it was assumed: 

(1) that in the combined layers rupture started in the SiC. From measurements 

performed so far it follows that Young's modulus for SiC is an order of magnitude 

higher than that PyC.

(2) that Young's modulus of SiC is not affected by the presence of adjacent PyC 

layers.
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(3) that the deformation of the combined ring measured in the test at the outer 

surface of the ring can be regarded as equal to that of the SiC component.

(4) that the influence of the neighbouring layers on the stress distribution in the 

SiC  rings during deformation can be neglected because of the relatively small Young's 

modulus of the PyC.
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④ Advanced Materials Co.

Material Description ········································································································

material name : Silicon Carbide

chemical formula: SiC

crystal structure : FCC (face-centered cubic β-phase)

sublimation temperature : ～2700 ℃

grain size: 5 ㎛

density: 3.21 g/cm
3

chemical purity: ≥ 99.9995 % SiC

Poisson's ratio: 0.21

Data Characterization ······································································································

recommendable value used up to a temperature of 1500 ℃ (Above 1800 ℃, there 

is an onset of phase change from cubic phase to hexagonal α-phase)

Bibliography ························································································································

institution: Advanced Materials Co., University of Dayton Research Institute, 

Thermophysical Properties Research Laboratory at Purdue University

title: Temperature Dependence of Important Mechanical, Electrical, and Thermal 

Properties of CVD SILICON CARBIDE

Result ·····································································································································

Temperature (K) Elastic modulus (GPa)

273.15

473.15

773.15

973.15

1273.15

1473.15

1773.15

460

457

450

440

435

422

415
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Coating Layers: ZrC

(1) Thermal Conductivity (3)

(2) Thermal Expansion Coefficient (3)
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(1) Thermal conductivity

① J.  F.  Shackelford(2000)

Material Description ········································································································

material name: Zirconium Carbide

chemical formula: ZrC

Bibliography ························································································································

author: J. F. Shackelford

source: CRC materials and Science and engineering hand book Third Edition

year of publ.: 2000

Result ·····································································································································

Temperature (℃) Thermal conductivity (cal cm
-1
sec

-1
K

-1
)

R.T 0.049

50 0.098

150 0.069

188 0.065

288 0.061

600 0.080

1000 0.086

1200 0.089

1400 0.092

1600 0.096

1800 0.099

2000 0.103

2200 0.105

『Thermal conductivity of ZrC with temperature』
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② V.S. Neshpor(1965)

Material Description ········································································································

material name: Zirconium Carbide

chemical formula: ZrC

Bibliography ························································································································

author: V.S. Neshpor

institution: NASA

title: Compositional Dependence of Thermal conductivity and Electrical 

Resistivity in ZrC(pressed and sintered) at 298 K

source: NASA TTF-9350, 1-15, 1965

year of publ.: 1965

Result ·····································································································································

C content (wt.%) Thermal Conductivity (W/m K)

10.606 11.6

9.725 10.3

9.035 11.0

8.639 9.4

7.644 8.2

『Compositional dependence of thermal conductivity』
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③ R.W. Dayton(1964)

Material Description ········································································································

material name : Zirconium Carbide

chemical formula: ZrC

macroscopic neutron absorption cross section : 7.2×10
-3
 cm

-1

melting point : 3530 ℃

crystal structure : Cubic (NaCl)

Data Characterization ······································································································

representative properties of potentially useful coated-particle materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Temperature (℃) Thermal Conductivity (W/cm℃)

0

2000

0.25

0.42

Temperature (℃) Thermal Expansivity (10
-6
/℃)

20 ～ 600 6.7
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(2) Thermal expansion coefficient

① J.  F.  Shackelford(2000)

Material Description ········································································································

material name: Zirconium Carbide

chemical formula: ZrC

Bibliography ························································································································

author: J. F. Shackelford

source: CRC materials and Science and engineering hand book Third Edition

year of publ.: 2000

Result ·····································································································································

Temperature Range (℃) Thermal Expansivity (𝗑10
-6
/℃)

25 - 500 6.10

25 - 800 6.65

25 - 1000 6.56

25 - 1500 7.06

25 - 650 7.65

25 - 750 6.10 - 6.73

0 - 750 6.32

0 - 100 6.46 - 6.66

0 - 1275 6.68

0 - 1525 6.83

0 - 1775 6.98

1000 - 2000 9.0
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② Touloukian Y.S.(1977)

Material Description ········································································································

material name: zirconium carbide

chemical formula: ZrC

chemical composition [mole(s)]: ZrC 1.0000 high purity / chemically pure / 

analytical / reagent gra

physical state: solid

crystal structure: cubic (face centered)

molecular mass: 103.2 g

bulk density: 6.730 g/cm
3

heat melting-temperature: 3107.00 K

Data Characterization ······································································································

accuracy: 10.0 %

classification: estimated from various literature data

valuation: TPRC recommended data

remarks: Values are obtained from selected exp. data and by differentiating the 

equations LEX(110)= -0.080 + 1.280×10
-4
× T + 5.372×10

-7
× T

2
-

1.392×10
-10

× T
3
(293 < T < 1500 K) LEX(110) = -0.358 + 7.355×10

-4
× T +

4.859×10
-8
× T

2
- 6.327×10

-13
× T

3
(1500 < T < 3000K)

Bibliography ························································································································

author: Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R.

institution: Thermophysical Properties Research Center (TPRC), Purdue Univ., 

Lafayette, USA

title: Thermophysical Properties of Matter. Vol. 13: Thermal Expansion - 

Nonmetallic Solids.

source: IFI/Plenum, New York-Washington (1977).

year of publ.: 1977

Result ·····································································································································
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Temperature (K) Thermal expansivity (×10
-6
/K)

2.930E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

7.000E+02

8.000E+02

9.000E+02

1.000E+03

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

2.800E+03

3.000E+03

4.000E+00

4.000E+00

5.000E+00

5.600E+00

6.200E+00

6.700E+00

7.100E+00

7.400E+00

7.600E+00

8.100E+00

8.500E+00

8.800E+00

9.000E+00

9.300E+00

9.500E+00

9.700E+00

9.900E+00

1.020E+01

1.020E+01
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③ Touloukian Y.S.(1977)

material name: zirconium carbide

chemical formula: ZrC

chemical composition [mole(s)]: ZrC 1.0000 high purity / chemically pure / 

analytical / reagent gra

physical state: solid

crystal structure: cubic (face centered)

molecular mass: 103.2 g

bulk density: 6.730 g/cm
3

heat melting-temperature: 3107.00 K

Data Characterization ······································································································

accuracy: 10.0 %

classification: estimated from various literature data

valuation: TPRC recommended data

remarks: Values can be approximated by: LEX(110)= -0.080 + 1.280×10
-4
× T +

5.372×10
-7
× T

2
- 1.392×10

-10
× T

3
(293 < T < 1500 K) LEX(110)= -0.358 +

7.355×10
-4
× T + 4.859×10

-8
× T

2
- 6.327×10

-13
× T

3
(1500 < T < 3000 K) 

Accuracy: 5 % below 2200K and 10% above. Values above 2200K are 

provisional.

Bibliography ························································································································

author: Touloukian Y.S., Kirby R.K., Taylor R.E., Lee T.Y.R.

institution: Thermophysical Properties Research Center (TPRC), Purdue Univ., 

Lafayette, USA

title: Thermophysical Properties of Matter. Vol.13: Thermal Expansion - 

Nonmetallic Solids.

source: IFI/Plenum, New York-Washington (1977).

year of publ.: 1977
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Result ·····································································································································

Temperature (K) Thermal expansivity (×10
-6
/K)

2.930E+02

3.000E+02

4.000E+02

5.000E+02

6.000E+02

7.000E+02

8.000E+02

9.000E+02

1.000E+03

1.200E+03

1.400E+03

1.600E+03

1.800E+03

2.000E+03

2.200E+03

2.400E+03

2.600E+03

2.800E+03

3.000E+03

0.000E+00

3.000E-03

4.900E-02

1.010E-01

1.610E-01

2.250E-01

2.950E-01

3.690E-01

4.460E-01

6.070E-01

7.710E-01

9.410E-01

1.120E+00

1.302E+00

1.488E+00

1.678E+00

1.872E+00

2.068E+00

2.269E+00
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Fuel: Particle

(1) Strength (1)
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(1) Strength

① Kazuo Minato(1983)

Material Description ········································································································

Material name: SiC based TRISO particle fuel

Physical state: solid

Material preparation: particles coated by propane-derived PyC and 

propylene-derived PyC.

Measurement Technique ································································································

Property measurement method: three-point bending test Sample dimensions: 

strips 0.1 cm wide and 0.006 cm thick

Property measurement method: compression of a partide between two quenched 

steel plates until the breakage of the particle fuel. Sample dimensions: 

UO2 Kernel ( ~500 , 95%TD, 8~12% enrichment) 

buffer( ~40 , ~1.1 g/cm3) 

IPyC (~30 , ~ 1.8 g/cm3) 

SiC (~28 , ~ 3.2 g/cm3)

OPyC (~46 , ~ 1.82 g/cm3)

Data Characterization ······································································································

Graphical data with interpolations 

Remark ···································································································································

Irradiation effects on the crushing load are discussed in the paper

Bibliography ························································································································

author: Kazuo MINATO and Kousaku FUKUDA, Katsuichi IKAWA, Hideo 

MATSUSHIMA and Shiro KUROBANE

institution: Fuel Irradiation and Analysis Laboratory, Division of Nuclear Fuel 

Research, Japan Atomic Energy Research Institute, Tokai-mura, 

Ibaraki-ken, Japan
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title: Crushing Strength of Irradiated TRISO Coated Fuel Particles

source: Journal of Nuclear Materials 119 (1983) 326-332

year of publ.: 1983

Result ·····································································································································

『Crushing strength of unirradiated and irradiated P-2 and P-7 cotead particle』
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Fuel: Element

(1) Thermal Conductivity (1)

(2) Thermal Expansion Coefficient (2)

(3) Density (1)

(4) Strength (2)
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(1) Thermal conductivity

① J.R. Moore(1978)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (dispersed)

○ Coated particle

Carbon kernel with densities of 1.4 g/cm
3 
(and nominal diameters of 470 μm) 

were used instead of UO2 kernel. These carbon kernels were heat treated at 

2100 K and inner ad outer pyrolytic carbon coatings with densities of 1 and 2 

g/cm
3
 and thickness of 73 and 94 μm, respectively, were then applied. These 

coated particles were then heat treated at 2100 K for 600 s prior to bonding into 

fuel rods. 

○ Fuel rod

The matrix of each specimen formed by slug injection
①
 consisted of 28.5 

wt.% graphite filler in pitch. All slug injection simulated fuel elements were heat 

treated at 2100 K for 1.8 ks which yielded a final matrix density of 0.6 g/cm
3
. 

(58 vol.% particle loadings) Simulated fuel rods with nominal vol.% particle 

loadings of 0, 13, 22, and 24 were fabricated by the extrusion
②
 process. After 

heat treating at 2100 K in argon for 1.8 ks, the matrix densities were nominally 

1.75, 1.68, 1.63, and 1.62 g/cm
3
 for the extruded specimens with vol.% particle 

loadings of 0, 13, 22, and 35, respectively. All specimens were right-circular 

cylinders with nominal o.d., I.d., and length of 10.16 mm, 3.175 mm and 50.8 

mm, respectively.

note
①
: Slug injection technique involves pouring coated fuel particles into a mold 

and then injecting a paste containing graphite flake into the voids 

between particles. Total particle loading for this case is between 58 and 

60 vol.%. This fabrication technique produces fuel elements with matrix 

densities of 0.6 - 0.7 g/cm
3
.
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note
②
: In the extrusion technique, coated fuel particles are mixed in a paste and 

extruded through a die. This technique has flexibility for varying the 

particle loading from 0 to nearly 45 vol.%, and yields a matrix density 

near 1.6 g/cm
3
.

Measurement Technique ································································································

All values above 390 K were measured by a technique where heat was  

constrained to flow along the axis of a specimen in the shape of a right circular 

cylinder. For historical reasons this technique is called toe high-temperature 

longitudinal (HTL) method. 

One way to determine the influence of irradiation on a specific property of a 

material is to measure the property in the unirradiated state, irradiate the same 

specimen to a known fluence, and then repeat the property measurement.

The properties of some specimens were measured in the unirradiated 

condition and the remaining specimens were irradiated in HFIR at a nominal 

temperature of 1220 K. The actual fluence value given for each specimen in 

table 1 and 2 is for E>28.8 fJ. 

Data Characterization ······································································································

HTL method has uncertainties in this case of ±5%. These errors are larger 

than normally experienced with this technique because the specimens were 

abnormally short and because the thermocouples had to be pressed into sensor 

holes rather than the usual (and more precise) spot welding into place. Some 

measurements were made in a low-temperature system (LTL) and these 

measurements had uncertainties less than 10 %.

Bibliography ························································································································
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source: Journal of Nuclear Materials 78 (1978) 131-142

year of publ.: 1978

Result ·····································································································································

Vol.%

particles

Neutron

Fluence

×10-25(n/m2)

Thermal conductivity (W/m・K)

400 500 600 700 800 900 1000

0 0 47.5 47.2 46.2 44.6 42.1 39.0 35.3

0 2.02 40.4 42.3 43.3 43.3 42.4 40.6 38.0

0 4.03 38.6 39.2 39.1 38.4 37.0 35.3 -

0 8.05 19.9 21.2 21.9 22.0 21.7 20.9 20.0

0 12.09 9.6 10.1 10.5 10.6 10.6 10.6 10.5

13 0 33.0 34.6 35.2 34.9 34.0 32.2 30.6

13 2.02 32.8 34.1 34.5 34.2 33.6 32.3 30.4

13 4.03 29.2 29.7 29.9 29.7 29.3 28.8 28.0

13 8.05 18.8 19.8 20.5 21.0 21.0 20.6 19.7

13 12.09 11.2 12.0 12.5 12.7 12.5 12.0 11.0

22 0.0 29.5 30.0 30.2 30.4 30.2 29.6 29.2

22 2.26 28.6 30.0 30.8 30.5 29.6 28.1 26.0

22 4.50 28.1 28.7 28.8 28.6 28.0 27.1 26.0

22 9.0 18.0 18.8 19.2 19.2 18.9 18.3 17.6

22 13.5 - - - - - - -

35 0 24.2 24.6 24.7 24.2 23.3 22.0 -

35 2.26 27.6 29.0 30.0 30.2 29.6 28.0 26.0

35 4.50 22.2 24.0 25.6 26.7 27.8 28.5 28.5

35 9.0 12.5 13.4 14.2 14.4 14.0 13.0 11.5

35 13.5 - - - - - - -

58 0 10.2 10.8 11.2 11.3 11.2 10.8 10.4

58 2.34 11.8 12.0 - - - - -

58 8.6 5 5 archive specimen with 20.2% shim

35 0 39.3 37.4 35.3
unirradiated specimen 
graphitized at 2900K

『Smoothed values for the thermal conductivity of simulated fuel rods with nominal 

particle loadings of 0, 13, 22, 35 and 58 vol.%』
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① unirradiated specimens

『The λ of unirradiated simulated-fuel rods versus temperature for five loadings.

High temperature data from Johnson are shown for comparison.』

『Thermal (at 400 K) and electrical conductivities (at 300 K) of unirradiated simulated 

fuel rods showing the smooth decrease with particle loading and the similar behavior of 

σ and λ.』
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② irradiated specimens

『Thermal conductivity of extruded and slug-injected fuel rods after one cycle in HFIR 

(~2×1025 n/m2) showing the low λ of the specimen containing 58 vol.% particles and the 

λ agreement of the 23 and 35 vol.% specimens.』

『The λ at 400 K versus fluence showing the initial increases in λ of the extruded 

specimen with 35 vol.% particle and the slug-injected specimen. The high fluence 

decrease in λ of all specimen is also shown.』
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Discussion ····························································································································

① unirradiated specimens

The matrix material of the extruded specimens had the highest λ. Fig. 4 also 

shows data obtained by Johnson on two slug-injected specimens. Johnson's data 

are in general agreement with the extrapolation of the present results on an 

unirradiated slug-injected specimen.

② irradiated specimens

The irradiated specimen fabricated using the slug-injection process still had 

the lowest λ but it is about 10% higher than data obtained on the unirradiated 

specimen.
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(2) Thermal expansion coefficient

① INET(1997)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (dispersed)

diameter : 60 mm

uranium load : 5.0 ± 0.1 g/fuel element

density of graphite matrix : 1.75 ± 0.02 g/㎤

anisotropy (a⊥/ a∥) : ≤ 1.3

Manufacture of the HTGR fuel element includes kernel preparation, coating 

applying and spherical fuel element fabrication.

○ Coated Particle Fuel

The kernel is prepared by modified external gelation method. The kernel 

obtained classified nad inspected according to the specification set, then released 

for coating. Coating is carried out in a 2 inch fluidized bed (a 6 inch fluidized 

bed will be used for production). The coated fuel particles are first classified 

and inspected before being released for spherical fuel element fabrication.

○ Spherical Fuel Element

The spherical fuel element is formed in a rubber mould, i.e. under 

quasi-isostatical pressing condition. The forming pressure for the fuel zone 

pre-pressing is 30 MPa. For spherical fuel element final pressing, the forming 

pressure is 300 MPa. After forming, the spherical fuel element is first carbonized 

at a temperature of 800 °C, then is heat-treated at 1950 °C to improve the 

corrosion resistant performance during the service. The uranium load per 

element is actually controlled by the coating and over-coating process.



Fuel Element-Thermal Expansion

- 264 -

Data Characterization ······································································································

representative properties of Chinese spherical fuel elements

Bibliography ························································································································

institution: INET, Tsinghua University

source: IAEA-TECDOC-978, p 11-17

year of publ.: 1997

Result ·····································································································································

Design value Experimental value

Thermal conductivity of matrix

( W/m°K at 1273 °K )
≥ 25 ≤ 30

『Thermal conductivity of the HTR-10 fuel element at room temperature』
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② J.R. Moore(1978)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (dispersed)

○ Coated particle

Carbon kernel with densities of 1.4 g/cm
3 
(and nominal diameters of 470 μm) 

were used instead of UO2 kernel. These carbon kernels were heat treated at 

2100 K and inner ad outer pyrolytic carbon coatings with densities of 1 and 2 

g/cm
3
 and thickness of 73 and 94 μm, respectively, were then applied. These 

coated particles were then heat treated at 2100 K for 600 s prior to bonding into 

fuel rods. 

○ Fuel rod

The matrix of each specimen formed by slug injection
①
 consisted of 28.5 

wt.% graphite filler in pitch. All slug injection simulated fuel elements were heat 

treated at 2100 K for 1.8 ks which yielded a final matrix density of 0.6 g/cm
3
. 

(58 vol.% particle loadings) Simulated fuel rods with nominal vol.% particle 

loadings of 0, 13, 22, and 24 were fabricated by the extrusion
②
 process. After 

heat treating at 2100 K in argon for 1.8 ks, the matrix densities were nominally 

1.75, 1.68, 1.63, and 1.62 g/cm
3
 for the extruded specimens with vol.% particle 

loadings of 0, 13, 22, and 35, respectively. All specimens were right-circular 

cylinders with nominal o.d., I.d., and length of 10.16 mm, 3.175 mm and 50.8 

mm, respectively. 

note
①
:Slug injection technique involves pouring coated fuel particles into a mold 

and then injecting a paste containing graphite flake into the voids between 

particles. Total particle loading for this case is between 58 and 60 vol.%. 

This fabrication technique produces fuel elements with matrix densities of 

0.6 - 0.7 g/cm
3
.

note
②
:In the extrusion technique, coated fuel particles are mixed in a paste and 

extruded through a die. This technique has flexibility for varying the 
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particle loading from 0 to nearly 45 vol.%, and yields a matrix density 

near 1.6 g/cm
3
.

Measurement Technique ································································································

All values above 390 K were measured by a technique where heat was  

constrained to flow along the axis of a specimen in the shape of a right circular 

cylinder. For historical reasons this technique is called toe high-temperature 

longitudinal (HTL) method. 

One way to determine the influence of irradiation on a specific property of a 

material is to measure the property in the unirradiated state, irradiate the same 

specimen to a known fluence, and then repeat the property measurement.

The properties of some specimens were measured in the unirradiated 

condition and the remaining specimens were irradiated in HFIR [15] at a 

nominal temperature of 1220 K. The actual fluence value given for each 

specimen in table 1 and 2 is for E>28.8 fJ. 

Data Characterization ······································································································

HTL method has uncertainties in this case of ±5%. These errors are larger 

than normally experienced with this technique because the specimens were 

abnormally short and because the thermocouples had to be pressed into sensor 

holes rather than the usual (and more precise) spot welding into place. 
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Vol.%

particles

Neutron 

fluence

(×1025 n/m2)

CTE (×10-6K-1) = A+BT+CT2 CTE (×10-6K-1)

A B C×106 at 298K at 973K

0 0 0.272 0.00628 -2.58 1.92 3.95

0 2.02 -0.012 0.00545 -1.41 1.48 3.95

0 4.03 0.029 0.00502 -0.78 1.45 4.17

0 8.05 -0.545 0.00790 -3.36 1.51 3.96

0 12.1 -0.221 0.00744 -3.31 1.70 3.88

13 0 0.746 0.00627 -2.59 2.38 4.39

13 2.02 -0.152 0.00670 -2.46 1.63 4.04

13 4.03 0.076 0.00502 -0.96 1.49 4.00

13 8.05 -0.549 0.00736 -2.97 1.38 3.80

13 12.1 -0.573 0.00763 -3.43 1.40 3.60

22 0 0.761 0.00736 -3.41 2.66 4.69

22 2.26 0.451 0.00496 -1.34 1.81 4.01

22 4.5 -0.387 0.00675 -2.60 1.39 3.72

22 9.0 -0.687 0.00704 -2.70 1.17 3.60

35 0 1.188 0.00708 -3.11 3.02 5.13

35 2.26 0.155 0.00650 -2.66 1.86 3.96

35 4.5 0.145 0.00469 -0.96 1.46 3.81

58 0 2.038 0.00657 -2.94 3.74 5.66

『Coefficient of thermal expansion of simulated fuel rods』

① unirradiated specimens
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『The CTE of unirradiated simulated fuel rods as function』

『The CTE versus vol.% particle loading at 298 and 973 K

showing the uniform increase with particle loading』

② irradiated specimens
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『The CTE of extruded and slug-injected specimens versus fluence showing the relative 

insensitivity to particle loading and neutron fluence after one cycle. Solid lines connect 

data for the rod which contained 0 vol.% particles.』

Discussion ····························································································································

① unirradiated specimens

Since porosity variation alone will not change the CTE, the large density 

differences between the slug-injected and extruded materials had no effect on 

the CTE. Since the particles in the specimen with 58 vol.% loading were in a 

random close-packed array, the observed thermal expansion was essentially that 

of the particles and was only slightly affected by the matrix. Therefore, a 

significant conclusion drawn from the 58 vol.% sample data is that the apparent 

room temperature CTE of these coated particles was less than 4×10
-6
 /K.
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(3) Density

① R.W. Dayton(1964)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (mixed)

Fuel element was fabricated by pelletizing methods. The pelletizing method 

consists of pacing the coated particles in a slowly rotating and gently heated 

drum and spraying them intermittently with a slip of the matrix materials. Each 

period of spraying is followed by a period of drying. The process is continued 

until particles are coated with a sufficient quantity of the matrix material to 

give the proper over-all composition. These pellets are pressed in a die in the 

usual way(gentler fabrication).

Data Characterization ······································································································

representative properties of potentially useful fuel element materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Room-temperature

molding pressure (psi)

Density, after pressure baking (g per cm3)

Fueled (composite) Unfueled

10000 2.18 1.79

20000 2.23 1.87

40000 2.20 1.92

『Density of fueled and unfueled graphite compacts』
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(4) Strength

① INET(1997)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (dispersed)

diameter : 60 mm

uranium load : 5.0 ± 0.1 g/fuel element

density of graphite matrix : 1.75 ± 0.02 g/㎤

anisotropy (a⊥/ a∥) : ≤ 1.3

Manufacture of the HTGR fuel element includes kernel preparation, coating 

applying and spherical fuel element fabrication.

○ Coated Particle Fuel

The kernel is prepared by modified external gelation method. The kernel 

obtained classified nad inspected according to the specification set, then released 

for coating. Coating is carried out in a 2 inch fluidized bed (a 6 inch fluidized 

bed will be used for production). The coated fuel particles are first classified 

and inspected before being released for spherical fuel element fabrication.

○ Spherical Fuel Element

The spherical fuel element is formed in a rubber mould, i.e. under 

quasi-isostatical pressing condition. The forming pressure for the fuel zone 

pre-pressing is 30 MPa. For spherical fuel element final pressing, the forming 

pressure is 300 MPa. After forming, the spherical fuel element is first carbonized 

at a temperature of 800 °C, then is heat-treated at 1950 °C to improve the 

corrosion resistant performance during the service. The uranium load per 

element is actually controlled by the coating and over-coating process.
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Data Characterization ······································································································

representative properties of Chinese spherical fuel elements

Bibliography ························································································································

institution: INET, Tsinghua University

source: IAEA-TECDOC-978, p 11-17

year of publ.: 1997

Result ·····································································································································

Design value Experimental value

Crushing strength [kN)] ≥18 18.8

Drop strength [times, 4 m, pebble bed] ≥50 440-739

『Strength of the HTR-10 fuel element』



Fuel Element-Strength

- 273 -

② R.W. Dayton(1964)

Material Description ········································································································

material name : Fuel Element

composition : Graphite Matrix / Coated particle fuels (dispersed)

Fuel element was fabricated by pelletizing methods. The pelletizing method 

consists of pacing the coated particles in a slowly rotating and gently heated 

drum and spraying them intermittently with a slip of the matrix materials. Each 

period of spraying is followed by a period of drying. The process is continued 

until particles are coated with a sufficient quantity of the matrix material to 

give the proper over-all composition. These pellets are pressed in a die in the 

usual way(gentler fabrication).

Measurement Technique ································································································

The tensile stress was determined from diametral compression tests of 

specimens 0.25 inches in diameter by 0.22 to 0.12 inches long. Crushing strength 

of specimens was 0.25 inches in diameter by 0.25 inches long.
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Result ·····································································································································

Room-temperature

molding pressure (psi)

Tensile strength (psi) Crushing strength (psi)

Fueled Unfueled Fueled Unfueled

10000 2320 2400 13200 14300

20000 2590 2570 13600 15300

40000 2700 2920 14900 16200

『Strength of fueled and unfueled graphite compacts』

Discussion ····························································································································

Since the use of the pelletizing procedure avoids particle contact which occurs 

in random mixtures of coated particles, it eliminates the problem of crushing one 

coated particle against another and allows higher pressing pressures to be used. 

When the volume loading of coated particles is high or when the compacting 

pressure is high, particle coating crack and allow the UO2 to oxidize. In 

contrast, the same materials when pelletized can be pressed at 40000 psi without 

any evidence of particle coating failure. The ability to use a higher pressure 

improves the properties of the ceramic matrix (higher matrix density and high 

strength).
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Graphite: Low density

(1) Thermal Conductivity (3)

(2) Thermal Expansion Coefficient (2)

(3) Heat Capacity (1)

(4) Density (1)

(5) Strength (1)

(6) Elastic Modulus (1)
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(1) Thermal conductivity

① Dzeik R.(1995)

Material Description ········································································································

material name: graphite

chemical formula: C

physical state: solid

material preparation: pyrolysis

bulk density: 1.575 g/cm
3

porosity: 1.3 % open

remarks: Prepared by pyrolysis of specimens made from polymer resin XP-60.

Measurement Technique ································································································

property meas. method: periodic heat flow (heating through light)

temperature meas. method: (optical) pyrometer

sample dimensions: disc; dia = 8 mm, l = 1 mm

ambient atmosphere: total pressure 0.10×10
-4
 Torr of gas vacuum

measuring procedure: sample P-5

remarks: Sample was coated with liquid platinum.

Data Characterization ······································································································

classification: calculated from other (meas.) properties

remarks: Data calculated from thermal diffusivity (data-set E0007523)
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Result ·····································································································································

Temperature (K) Thermal conductivity (W/cm K)

4.770E+02

5.970E+02

7.480E+02

8.980E+02

9.980E+02

7.510E+02

6.020E+02

4.770E+02

2.729E+00

3.165E+00

3.582E+00

3.764E+00

3.891E+00

3.505E+00

3.191E+00

2.764E+00
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② H. Matsuo(1991)

Material Description ········································································································

material name: graphite

chemical formula: C

Boronated graphite which is a mixture of B4C granules and graphite matrix 

has been used for neutron absorbing material in fission reactors.

Measurement Technique ································································································

Samples were baked at 2000 ℃ for two hours in vacuum after dispersing 

B4C granules in the graphite matrix and shaping by either hot-pressing or 

cold-pressing. Boron carbide granules were done to be homogeneously dispersed 

in the graphite matrix. Specimens were taken from the same block for both 

longitudinal (L) direction and radial (R)direction. Boron contents were either 3 

wt%. or 30 wt%. The samples used in the present experiment are tabulated 

below.

Neutron irradiation was carried out in the JMTR (Japan Materials Testing 

Reactor) to a maximum fast neutron fluence of 2×10
25
 n/m

2
(E > 29 fJ) at 

temperatures 550-1070 ℃ by using two irradiation capsules.

A laser pulse technique was applied to the measurement of thermal 

conductivity. Specimen size was 10 mm in diameter and about 1.5 mm in 

thickness. A ruby laser was used and the rear face temperature rise of the 

specimen was measured by a remote sensor, In-Sb detector. Thermal diffusivity 

was obtained from the following formula.

α = 0.13881 / T1/2

where α is thermal diffusivity (cm
2
/s),  specimen thickness (cm), T1/2 half time 

to reach maximum temperature rise.

In order to resolve finite pulse-width effect some corrections were given 

using the center of gravity of laser pulse. Thermal conductivity was obtained 

from the measured thermal diffusivity, bulk density and specific heat capacity 
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which was deduced from the literature values of specific heat capacity of B4C 

and graphite, and their content ratios.

Forming method Hot-pressing Cold-pressing

Boron content (wt%) 3 30 3 30

Bulk density (g/cm3) 1.79 1.93 1.78 1.90

CTE (20-400 ℃)

L direction 8.22 5.07 7.01 5.53

R direction 3.03 4.00 4.32

Thermal conductivity

at 20 ℃ (W/mK)

L direction 18 21 30 24

R direction 28 28

『Samples used in the present experiment』
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Result ·····································································································································

(a) Boron content 3 wt%

(b) Boron content 30 wt%

『Thermal conductivity of unirradiated hot-pressed boronated graphites』
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(a) Boron content 3 wt%

(b) Boron content 30 wt%

『Thermal conductivity of unirradiated cold-pressed boronated graphites』
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(a) Hot-pressed samples

(b) Cold-pressed sample

『Temperature dependence of thermal conductivity of unirradiated and irradiated 

boronated graphites containing boron 3 wt%』
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(a) L direction

(b) R direction

『Temperature dependence of thermal conductivity of unirradiated and irradiated 

hot-pressed boronated graphites containing 

boron 3 wt% or 30 wt%』
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(a) L direction

(b) R direction

『Temperature dependence of thermal conductivity of unirradiated and irradiated 

cold-pressed boronated graphites containing boron 3 wt% or 30 wt%』
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Discussion ····························································································································

Neutron irradiation causes a decrease in thermal conductivity and changes in 

its temperature dependence. The peak of thermal conductivity shifts to higher 

temperatures by irradiation.
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③ M. R. Everett(1971)

Material Description ········································································································

Material name: Graphite

Chemical formula: C

Physical state: solid

Material preparation: extruded and pressed Gilsocarbon graphite

Molecular mass: 12

Bulk density: 1.74 ～ 1.88g/㎤

Measurement Technique ································································································

Sample dimension: rods 6.35mm diameter, 66.7mm long in Dragon and usually 

25mm long in HFR squre bars of 6.35mm section and length varying between 

6.35mm and 76.25mm

Data Characterization ······································································································

Graphical data with interpolations 

Remark ···································································································································

Irradiation effects on the crushing load are discussed in the paper
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Result/Property Data ·······································································································

No. Base material Method of Forming
(a)

ρ

(b)

Le

(c)

C.T.E

(d)

E.R.

(e)

Y.M.

1 Gilsocarbon Pressed 1.79 317
5.0 0.96 1.08 ∥

4.8 0.91 1.17 ⊥

95 Gilsocarbon Pressed 1.83 400
4.6 0.91 1.25 ∥

4.5 0.90 1.25 ⊥

5 Gilsocarbon Extruded 1.88 359
4.5 0.81 1.80 ∥

4.7 0.84 1.78 ⊥

16 Gilsocarbon Extruded 1.80 397
4.0 0.75 1.40 ∥

4.5 0.79 1.25 ⊥

71 Gilsocarbon Extruded 1.66 295
4.2 0.88 1.33 ∥

1.74 0.99 1.11 ⊥

60
Reground French 

nuclear graphite
Extruded 1.74 382

2.0 1.02 1.50 ∥

1.80 1.68 1.18 ⊥

59/2 Petroleum Coke Extruded 1.78 ∼600
1.3 0.48 1.93 ∥

3.2 0.91 0.88 ⊥

SOG.1

Spherical 

agglomerates of 

matrix material

Extruded 1.80 - 3.44 1.89 0.88

『Summary of pre-irradiation properties and types of graphites』

(a) ρ = Bulk density (g cm-3
).

(b) Lc = Crystallite height (Å).

(c) C.T.E. = coefficient of thermal expansion (20∼400℃)(10-6C-1).

(d) E.R. = Electrical resistivity (mΩcm).

(e) Y.M. = Young's modulus (106psi)

Graphite
Neutron dose

10
21
ncm

-2
 Ni DIDO

cal cm-1℃-1s-1 at 40℃ after irradiation 

at 600,900 and 1200℃

600℃ 900℃ 1200℃

1 0 0.255 0.255 0.255

axial and 

radial direction

0.5 0.15 0.17 0.18

1.0 0.09 0.11 0.13

2.0 0.07 0.075 0.103

3.0 0.075 0.095

59/2 0 0.05 0.50 0.50

axial direction 

only

0.5 0.14 0.17 0.26

1.0 0.10 0.14 0.25

2.0 0.09 0.12 0.21

『Thermal conductivity changes of irradiated graphites』

The non-irradiated thermal conductivity values quoted were determined by 

Laboratoire Central, Sud-Aviation, Paris
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Neutron dose

1021ncm-2 Ni DIDO

thermal conductivity
cal cm-1℃-1s-1 measured or 

calculated for temperature ℃

50 200 400 600 900 1200 1400

0 0.275 0.20 0.16 0.13 0.10 0.09 0.09

0.2 0.09 0.08 0.085

0.5 0.07 0.07 0.08

1.0 0.055 0.065 0.075

2.0 0.5 0.06 0.07

『Thermal conductivity of graphite 95 at the given irradiation temperature』
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(2) Thermal expansion coefficient

① H. Matsuo(1991)

Material Description ········································································································

material name: graphite

chemical formula: C

Boronated graphite which is a mixture of B4C granules and graphite matrix 

has been used for neutron absorbing material in fission reactors.

Measurement Technique ································································································

Samples were baked at 2000 ℃ for two hours in vacuum after dispersing 

B4C granules in the graphite matrix and shaping by either hot-pressing or 

cold-pressing. Boron carbide granules were done to be homogeneously dispersed 

in the graphite matrix. Specimens were taken from the same block for both 

longitudinal (L) direction and radial (R)direction. Boron contents were either 3  

wt%. or 30 wt%.

Neutron irradiation was carried out in the JMTR (Japan Materials Testing 

Reactor) to a maximum fast neutron fluence of 2×10
25
 n/m

2
(E > 29 fJ) at 

temperatures 550-1070 ℃ by using two irradiation capsules.

A dilatometer was used for the measurement of thermal expansivity using a 

quartz as a standard sample, where the samples was heated at a rate of 5 ℃

/min from room temperature to high temperature which is equal to irradiation 

temperature of each specimen. The thermal expansivity was expressed using a 

fourth or fifth order polynominal expression, where each coefficient was 

determined by least-square method.

Forming method Hot-pressing Cold-pressing

Boron content (wt%) 3 30 3 30

Bulk density (g/cm3) 1.79 1.93 1.78 1.90

CTE (20-400 ℃)
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L direction 8.22 5.07 7.01 5.53

R direction 3.03 4.00 4.32

Thermal conductivity

at 20 ℃ (W/mK)

L direction 18 21 30 24

R direction 28 28

『Samples used in the present experiment』
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Result ·····································································································································

『Thermal expansivity of unirradiated hot-pressed boronated graphites』



Graphite low density-Thermal Expansion

- 291 -

『Thermal expansivity of unirradiated cold-pressed boronated graphites』

(a) Boron content 3 wt%
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(b) Boron content 30 wt%

『Thermal conductivity of unirradiated cold-pressed boronated graphites』

(a) Irradiated at 580-800 ℃



Graphite low density-Thermal Expansion

- 293 -

(b) Irradiated at 800-1070 ℃

『Changes in thermal expansion coefficient of hot-pressed boronated graphites containing 

boron 3 wt% or 30 wt%』

(a) Irradiated at 560-800 ℃
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(b) Irradiated at 800-1070 ℃

『Changes in thermal expansion coefficient of cold-pressed boronated graphites 

containing boron 3 wt% or 30 wt%』

Discussion ····························································································································

The magnitude of expansion or contraction in either perpendicular or parallel 

to the forming direction for the hotpressed samples are similar to those of the 

cold-pressed samples having similar anisotropy ratio of CTE. Changes in 

thermal expansion coefficient depend on fabrication method. The hot-pressed 

sample showed increase and the cold-pressed samples hardly showed the 

changes by irradiation.
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② M. R. Everett(1971)

Material Description ········································································································

Material name: Graphite

Chemical formula: C

Physical state: solid

Material preparation: extruded and pressed Gilsocarbon graphite

Molecular mass: 12

Bulk density: 1.74 ～ 1.88g/㎤

Measurement Technique ································································································

Sample dimension: rods 6.35mm diameter, 66.7mm long in Dragon and usually 

25mm long in HFR squre bars of 6.35mm section and length varying between 

6.35mm and 76.25mm

Data Characterization ······································································································

Graphical data with interpolations 

Remark ···································································································································

Irradiation effects on the crushing load are discussed in the paper
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Result/Property Data ·······································································································

No. Base material Method of Forming
(a)

ρ

(b)

Le

(c)

C.T.E

(d)

E.R.

(e)

Y.M.

1 Gilsocarbon Pressed 1.79 317
5.0 0.96 1.08 ∥

4.8 0.91 1.17 ⊥

95 Gilsocarbon Pressed 1.83 400
4.6 0.91 1.25 ∥

4.5 0.90 1.25 ⊥

5 Gilsocarbon Extruded 1.88 359
4.5 0.81 1.80 ∥

4.7 0.84 1.78 ⊥

16 Gilsocarbon Extruded 1.80 397
4.0 0.75 1.40 ∥

4.5 0.79 1.25 ⊥

71 Gilsocarbon Extruded 1.66 295
4.2 0.88 1.33 ∥

1.74 0.99 1.11 ⊥

60
Reground French 

nuclear graphite
Extruded 1.74 382

2.0 1.02 1.50 ∥

1.80 1.68 1.18 ⊥

59/2 Petroleum Coke Extruded 1.78 ∼600
1.3 0.48 1.93 ∥

3.2 0.91 0.88 ⊥

SOG.1

Spherical 

agglomerates of 

matrix material

Extruded 1.80 - 3.44 1.89 0.88

『Summary of pre-irradiation properties and types of graphites』

(a) ρ = Bulk density (g cm-3).

(b) Lc = Crystallite height (Å).

(c) C.T.E. = coefficient of thermal expansion (20∼400℃)(10-6C-1).

(d) E.R. = Electrical resistivity (mΩcm).

(e) Y.M. = Young's modulus (10
6
psi)
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『Dimensional changes of IG graphite(16)』

『Dimensional changes of PGA (GOO) graphite (59/2)』

『Dimensional changes of G5 graphite (60)』
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『Dimensional changes of extruded isotropic gilsocarbon graphite』
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『Volume changes of graphite irradiated at 600℃, 900℃ and 1200℃』



Graphite low density-Thermal Expansion

- 300 -

Neutron dose
600℃

10-6C-1

900℃

10-6C-1

1200℃

10-6C-1

Graphite 10
21
ncm

-2
 Ni DIDO ∥ ⊥ ∥ ⊥ ∥ ⊥

16

0 4.5 5.0 4.5 5.0 4.5 5.0

1 5.2 4.9 5.3 5.3

2 5.1 4.5 4.8 5.2

3 5.0 4.0 4.0 4.0

4 3.0 2.9 3.2

60

0 1.5 3.5 1.5 3.5 1.5 3.5

1 1.8 4.0 1.5 3.6 1.7 4.1

2 1.8 4.0 1.6 3.7 1.7 4.1

3 1.9 3.9 1.7 3.8 1.7 3.8

4 1.7 4.0

『Changes of coefficient of thermal expansion (20-400℃)』

『Dimensional change of matrix material (SOG.1)』
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『Comparison of radial dimensional changes of compacts and fuel tube materials for a 

typical service condition.』
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(3) Heat capacity

① Buravoi S.E.(1966)

Material Description ········································································································

material name: graphite

chemical formula: C

chemical composition [mole(s)]: C 1.0000

physical state: solid

molecular mass: 12.0 g

bulk density: 1.800 g/cm
3

Measurement Technique ································································································

property meas. method: cooling curve method

temperature meas. method: (optical) pyrometer

sample dimensions: rod, dia = 5 mm, l = 50 mm

Data Characterization ······································································································

classification: smoothed curve (through measured values)

bit-pad uncertainty: 0.82×10
1
 J/kg K

Bibliography ························································································································

author: Buravoi S.E., Platunov E.S.

institution: Leningrad Institute of Precision Mechanics and Optics, USSR

title: Device for measuring the true specific heat of heat-resistant materials 

under cooling conditions

source: High.Temp. 4(1966),438-440

year of publ.: 1966
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Result ·····································································································································

Temperature (K) Heat Capacity (J/kg K)

1.202E+03

1.249E+03

1.311E+03

1.383E+03

1.454E+03

1.533E+03

1.593E+03

1.657E+03

1.706E+03

1.766E+03

1.830E+03

1.888E+03

1.932E+03

1.985E+03

2.056E+03

1.871E+03

1.908E+03

1.954E+03

2.003E+03

2.045E+03

2.088E+03

2.110E+03

2.144E+03

2.165E+03

2.189E+03

2.213E+03

2.230E+03

2.240E+03

2.253E+03

2.267E+03
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(4) Density

① R. W Dayton(1964)

Material Description ········································································································

material name : Matrix Graphite

chemical formula: C

Matrix graphite was made by gentler fabrication methods (pressing, 

Extrusion). Pressings were made at 3500 psi and extrusions were made at about 

4500 to 5000 psi pressure without damage to the particles, on the basis of 

microscopic examinations. The pressings or extrusions were then baked at 

temperatures of 2000 ℃ after baking slowly to 850 ℃.

Data Characterization ······································································································

representative properties of potentially useful graphite matrix materials

Bibliography ························································································································

author: R. W Dayton, J.H. Oxley, C.W. Townley

institution: Battelle Memorial Institute, Columbus, Ohio, USA

title: Ceramic coated particle Nuclear fuels

source: Journal of Nuclear Materials 11, 1 (1964) 1-31

year of publ.: 1964

Result ·····································································································································

Coated particle

content (v/o)

Matrix density (g/cm3)

Pressings Extrusions

15

30

50

1.74

1.68

1.53

-

1.78

1.75

『Effects of coated particle content and fabrication method

on graphite matrix density』
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Discussion ····························································································································

The matrix density achieved depended on the volume fraction of coated 

particles and on the method of fabrication as seen in the results. The fact that 

the extrusions had a higher matrix density than the pressings is attributed to 

the fact that pressings expanded during baking whereas the extrusions shrank.
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(5) Strength

① R. W Dayton(1964)

Material Description ········································································································

material name : Matrix Graphite

chemical formula: C

density: 1.90～1.95 g/cm
3

electrical resistivity: 3.5 × 10
-3
 ohm․cm

permeability (He at 1 atm): 2 × 10
-3
 cm

2
/sec

pore structure: > 1 % of porosity due to pores > 1μ in diameter

radiation stability: > 0.1 % of contraction after 6×1019 fissions/cm3 at 1100～1500 ℃

The fuel compacts were baked under pressure in a heated die. The die is 

filled cold, using a pressure of 1000 psi, and then heated under this pressure 

until the temperature reaches 250 ℃. Then, pressure is increased to 4500 psi 

and maintained there during the time for the temperature to increase to 750 ℃. 

The material is finally baked at 1800 ℃.

Data Characterization ······································································································

representative properties of potentially useful graphite matrix materials
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Crushing strength

Transverse 8500 psi

Longitudinal 7500 psi

『Crushing strength of graphite matrix fuel compacts』
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(6) Elastic Modulus

① M. R. Everett(1971)

Material Description ········································································································

Material name: Graphite

Chemical formula: C

Physical state: solid

Material preparation: extruded and pressed Gilsocarbon graphite

Molecular mass: 12

Bulk density: 1.74 ～ 1.88g/㎤

Measurement Technique ································································································

Sample dimension: rods 6.35mm diameter, 66.7mm long in Dragon and usually 

25mm long in HFR squre bars of 6.35mm section and length varying between 

6.35mm and 76.25mm

Data Characterization ······································································································

Graphical data with interpolations 

Remark ···································································································································

Irradiation effects on the crushing load are discussed in the paper
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Result/Property Data ·······································································································

No. Base material Method of Forming
(a)

ρ

(b)

Le

(c)

C.T.E

(d)

E.R.

(e)

Y.M.

1 Gilsocarbon Pressed 1.79 317
5.0 0.96 1.08 ∥

4.8 0.91 1.17 ⊥

95 Gilsocarbon Pressed 1.83 400
4.6 0.91 1.25 ∥

4.5 0.90 1.25 ⊥

5 Gilsocarbon Extruded 1.88 359
4.5 0.81 1.80 ∥

4.7 0.84 1.78 ⊥

16 Gilsocarbon Extruded 1.80 397
4.0 0.75 1.40 ∥

4.5 0.79 1.25 ⊥

71 Gilsocarbon Extruded 1.66 295
4.2 0.88 1.33 ∥

1.74 0.99 1.11 ⊥

60
Reground French 

nuclear graphite
Extruded 1.74 382

2.0 1.02 1.50 ∥

1.80 1.68 1.18 ⊥

59/2 Petroleum Coke Extruded 1.78 ∼600
1.3 0.48 1.93 ∥

3.2 0.91 0.88 ⊥

SOG.1

Spherical 

agglomerates of 

matrix material

Extruded 1.80 - 3.44 1.89 0.88

『Summary of pre-irradiation properties and types of graphites』

(a) ρ = Bulk density (g cm-3).

(b) Lc = Crystallite height (Å).

(c) C.T.E. = coefficient of thermal expansion (20∼400℃)(10
-6
C

-1
).

(d) E.R. = Electrical resistivity (mΩcm).

(e) Y.M. = Young's modulus (106psi)
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『Fractional changes in Young's Modulus』
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Graphite: high density

(1) Thermal Conductivity (2)

(2) Thermal Expansion Coefficient (2)

(3) Heat Capacity (1)

(4) Density (1)

(5) Strength (3)

(6) Elastic Modulus (2)

(7) Poisson' Ratio (1)
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(1) Thermal conductivity

① S. Sato(1991)

Material Description ········································································································

The graphite samples discussed in this report encompass eight brands of 

isostatically molded isotropic graphites including IG-110 and a high-strength 

fine-grain mesophase quasi-isotropic graphite HCB-18. For comparison, it also 

includes C/C-B, a brand of felt carbon fiber reinforced C/C carbon composite.

Brand Maker Main application

IG-110 Toyo Tanso nuclear, metallurgy

IG-430u Toyo Tanso fusion reactors

IG-720u Toyo Tanso metallurgy

IG-12 Toyo Tanso metallurgy, rocket nozzle

IG-15 Toyo Tanso metallurgy, rocket nozzle

ETP-10 Ibiden metallurgy, fusion reactor

ST-60 Ibiden metallurgy

HCB-18 Hitachi Chemical machine parts

PD-330S Hitachi Chemical fusion reactors

C/C-B Showa Denko fusion reactors

『.Main applications of compared graphites』

Data Characterization ······································································································

These data are catalogue values by makers.

Bibliography ························································································································
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Result ·····································································································································

Material Maker Thermal conductivity, k (W/mK)

IG-110

Toyo Tanso

(116)

IG-430u (139)

IG-720u (105)

IG-12 (104)

IG-15 (139)

ETP-10
Ibiden

(104)

ST-60 (151)

HCB-18
Hitachi Chemical

(125)

PD-330S (150)

C/C-B Showa Denko (150)//

『Values in parentheses are catalogue values by makers』

Discussion ····························································································································

ST-60 and C/C-B (in the direction parallel to accumulated layer surface) 

show high values of thermal conductivity. This is followed by 1G-430U, IG-15, 

and PD-330S. ETP-10, IG-12 and IG-720u have relatively low k values.
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② A. I.  Lutcov(1970)

Material Description ········································································································

material name : Matrix Graphite

chemical formula: C

The graphite with the density of 1.9 g/cm
3
 was fabricated by the usual 

electrode technique. The raw materials are petroleum coke and coalar pitch: the 

heattreatment temperature was 3000 ℃. The graphite with the density 2.0 g/cm
3 

was manufactured by heat-treatment under pressure at the temperature of 2400 

℃. The raw materials were the same. By adding to the initial mixture some 

metal catalysts at the same temperature (2400 ℃) a graphite with the density of 

2.1 g/cm
3
 was obtained.

Measurement Technique ································································································

The thermal conductivity was measured in the temperature range 80 °K ～ 350 

°K by the axial steady-state heat flow method and at the room temperature-by 

the comparison method. The samples were 0.6 cm in diameter and about 8 cm 

long, and 1.5 cm in diameter and 1.5 cm long respectively. In the temperature 

range from 400 °K to 1300 °K the Kohlrausch method was used; in this case 

the samples were of 1.5 cm in diameter and 35 cm long. The same samples 

were used for measurements over the range from 1300 °K ～ 2700 °K. In this 

last range we employed the Powell and Schofield method. Additional 

measurements were made by the radical steady-steate flow method over the 

temperature interval 600 °K to 2000 °K, the samples being 5 cm diameter and 

30 cm long.

Data Characterization ······································································································

The measurement errors in the thermal conductivity range 80 °K ～ 350 °K 

is 5 percent, at room temperature-10 percent, and between 1300 °K to 2700 °K 

is 13 percent. At first large samples were measured, then small samples were 

cut from them. So all measurements were performed on the same material.
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Bibliography ························································································································
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title: Thermal Conductivity, Electric Resistivity and Specific Heat of Dense 

Graphites
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year of publ.: 1970

Result ·····································································································································

Sample
micro

structure

Thermal conductivity

Kmax (w/m°K) Tmax (°K)

Graphite with density of 1.9g/㎤

(HTT 3000°C)

parallel

perpendicular

140

225

230

200

Graphite with density of 2.0g/㎤

(HTT 2400°C)

parallel

perpendicular

75

240

300

200

Graphite with density of 2.1g/㎤

(HTT 2400°C, catalyst)

parallel

perpendicular

150

680

210

175

『The values extremal thermal conductivities, electric resistivities and its positions』

『The temperature dependence of thermal conductivity of graphites

with densities of 1.0 g/cm
3
 and 1.9 g/cm

3
 (HTT 3000 ℃)』

1-Perpendicular graphite with density of 1.9 g/cm
3,
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2-Parallel graphite with density of 1.9 g/cm
3

3-Graphite with density of 1.0 g/cm
3

『The temperature dependence of thermal conductivity of graphites

with densities of 2.0 g/cm3 and 2.1 g/cm3 (both HTT 2400°C)

(1- 2.1 g/cm
3
, perpendicular, 2- 2.0 g/cm

3
, perpendicular

3- 2.1 g/cm3, parallel, 4- 2.0 g/cm3, parallel)』

Discussion ····························································································································

In the results, one can see the temperature dependence of the thermal 

conductivity. It is found that the increase in the sample density is accompanied 

not only by an increase of the thermal conductivity, But also by a shift of the 

maximum towards lower temperature. The results show that the graphite with 

density of 2.1 g/cm
3
 manufactured by heattreatment at the temperature go 2400 

℃ using the pressure and metal catalysts is more perfect than the graphite with 

density of 1.9 g/cm
3
 heattreated at the temperature of 3000°C. In our opinion in 
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case of the graphite density approaching the maximum one, the preferred 

orientation of crystallites also increases the condition which is necessary for 

their growth during the graphitization process.
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(2) Thermal expansion coefficient

① S. Sato(1991)

Material Description ········································································································

The graphite samples discussed in this report encompass eight brands of 

isostatically molded isotropic graphites including IG-110 and a high-strength 

fine-grain mesophase quasi-isotropic graphite HCB-18. For comparison, it also 

includes C/C-B, a brand of felt carbon fiber reinforced C/C carbon composite.

Brand Maker Main application

IG-110 Toyo Tanso nuclear, metallurgy

IG-430u Toyo Tanso fusion reactors

IG-720u Toyo Tanso metallurgy

IG-12 Toyo Tanso metallurgy, rocket nozzle

IG-15 Toyo Tanso metallurgy, rocket nozzle

ETP-10 Ibiden metallurgy, fusion reactor

ST-60 Ibiden metallurgy

HCB-18 Hitachi Chemical machine parts

PD-330S Hitachi Chemical fusion reactors

C/C-B Showa Denko fusion reactors

『Main applications of compared graphites』

Data Characterization ······································································································

These data are catalogue values by makers.
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author: S. Sato, K. Kawamata, A. Kurumada, A. Chiba
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② R. W Dayton(1964)

Material Description ········································································································

material name : Matrix Graphite

chemical formula: C

density: 1.90～1.95 g/cm
3

electrical resistivity: 3.5 × 10
-3
 ohm․cm

permeability (He at 1 atm): 2 × 10
-3
 cm

2
/sec

pore structure: > 1 % of porosity due to pores > 1μ in diameter

radiation stability: > 0.1 % of contraction after 6×10
19
 fissions/cm

3
 at 1100～1500 

℃

The fuel compacts were baked under pressure in a heated die. The die is 

filled cold, using a pressure of 1000 psi, and then heated under this pressure 

until the temperature reaches 250 ℃. Then, pressure is increased to 4500 psi 

and maintained there during the time for the temperature to increase to 750 ℃. 

The material is finally baked at 1800 ℃.

Data Characterization ······································································································

representative properties of potentially useful graphite matrix materials
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Result ·····································································································································

Thermal expansion (to 1000 ℃)

Transverse

Longitudinal

7.5  × 10-6 /℃

2.25 × 10
-6
 /℃

Thermal conductivity (at 2000 ℃)

Radial 0.3 W/cm․℃

『Thermal properties of graphite matrix fuel compacts』
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(3) Heat capacity

① A. I.  Lutcov(1970)

Material Description ········································································································

material name : Matrix Graphite

chemical formula: C

The graphite with the density of 1.9 g/cm
3
 was fabricated by the usual 

electrode technique. The raw materials are petroleum coke and coalar pitch: the 

heat treatment temperature was 3000 ℃. The graphite with the density 2.0 

g/cm
3 
was manufactured by heat-treatment under pressure at the temperature of 

2400 ℃. The raw materials were the same. By adding to the initial mixture 

some metal catalysts at the same temperature (2400 ℃) a graphite with the 

density of 2.1 g/cm
3
 was obtained.

Measurement Technique ································································································

The specific heat was measured using an adiabatic calorimeter.

Data Characterization ······································································································

The accuracy was 0.3 ～ 0.7 percent.
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Result ·····································································································································

Sample Temperature (°K) Expression (cal/mole°K)

Baked carbon
52-242

242-302

4.874×10-4T1.483

1.15×10-3T1.327

Graphite with density

of 1.9g/cm3

57-180

180-320

2.786×10-4T1.587

-0.6724+4.7365×10-3T

Graphite with density

of 2.0g/cm
3
 and 2.1g/cm

3

53-82

82-180

180-315

9.698×10
-4
T

1.818

2.858×10
-4
T

1.573

8.883×10
-4
T

1.357

『Analytical expressions for temperature dependence of specific heat』
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Temperature (°K) specific heat (cal/mole°K)

Baked carbon

100.00

150.00

200.00

250.00

298.15

300.00

0.451

0.823

1.259

1.751

2.211

2.228

Graphite with density of 1.9g/cm3

100.00

150.00

200.00

250.00

298.15

300.00

0.416

0.792

1.218

1.691

2.146

2.163

Graphite with density of 2.0g/cm3

100.00

150.00

200.00

250.00

298.15

300.00

0.400

0.757

1.178

1.595

2.025

2.041

『Values of specific heat of the investigated samples』

Discussion ····························································································································

The analytic expressions for the temperature dependence of specific heat of 

the investigated graphites are given in the results. In addition, we studied baked 

carbon. It is found that perfection of crystal structure is accompanied by the 

gradual decrease of the values of the specific heat functions. The baked carbon 

has the largest values of the functions.
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(4) Density

① S. Sato(1991)

Material Description ········································································································

The graphite samples discussed in this report encompass eight brands of 

isostatically molded isotropic graphites including IG-110 and a high-strength 

fine-grain mesophase quasi-isotropic graphite HCB-18. For comparison, it also 

includes C/C-B, a brand of felt carbon fiber reinforced C/C carbon composite.

Brand Maker Main application

IG-110 Toyo Tanso nuclear, metallurgy

IG-430u Toyo Tanso fusion reactors

IG-720u Toyo Tanso metallurgy

IG-12 Toyo Tanso metallurgy, rocket nozzle

IG-15 Toyo Tanso metallurgy, rocket nozzle

ETP-10 Ibiden metallurgy, fusion reactor

ST-60 Ibiden metallurgy

HCB-18 Hitachi Chemical machine parts

PD-330S Hitachi Chemical fusion reactors

C/C-B Showa Denko fusion reactors

『Main applications of compared graphites』

Data Characterization ······································································································

These data are mean experimental results of bulk density of compared 

graphites and values in parentheses are catalogue values by makers.
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title: Mechanical Properties and Thermal Shock Resistances of Recently 

Developed High Performance Graphite

source: IAEA-TECDOC-690 (1991), 140-146

year of publ.: 1991

Result ·····································································································································

Material Maker Bulk density (g/cm3)

IG-110

Toyo Tanso

1.75 (1.78)

IG-430u 1.85 (1.84)

IG-720u 1.81 (1.82)

IG-12 1.75 (1.78)

IG-15 1.90 (1.90)

ETP-10
Ibiden

1.72 (1.75)

ST-60 1.84 (1.88)

HCB-18
Hitachi Chemical

2.00 (1.98)

PD-330S - (1.82)

C/C-B Showa Denko 1.77 (1.75)

『Mean experimental results of bulk density of compared graphites

(Values in parentheses are catalogue values by makers)』

Discussion ····························································································································

Bulk density of all the graphites was found to exceed 1.75 g/cm
3
 indicating 

high density and fineness. Especially, mesophase pitch carbon HCB-18 showed 

the highest density.
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Result ·····································································································································

Material Maker Thermal expansivity, ρ (×10-3/K)

IG-110

Toyo Tanso

(4.5)

IG-430u (5.2)

IG-720u (5.4)

IG-12 (4.7)

IG-15 (4.8)

ETP-10
Ibiden

(3.8)

ST-60 (3.0)

HCB-18
Hitachi Chemical

(5.0)

PD-330S (4.8)

C/C-B Showa Denko (1.0)//

『Values in parentheses are catalogue values by makers』

Discussion ····························································································································

The α value for C/C-B (in the direction parallel to accumulated laver surface) 

is extremely low. Among the isostatically molded graphites, ST-60 has the 

smallest value of α. This can be considered as one of the reasons for the 

significantly large thermal shock resistance of C/C-B and ST-60. Those which 

have relatively large a values include IG-720u, IG-430u and HCB-18.
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(5) Strength

① T. Oku(1995)

Material Description ········································································································

material name: graphite

chemical formula: C

graphite grade: IG-430

bulk density: 1820 kg/m
3

Young's modulus: 10.8 GPa

tensile strength: 37.2 MPa

compressive strength: 85.3 MPa

bending strength: 53.9 MPa

A fine-grained isotropic graphite for fusion plasma components, IG-430 for, 

made by Toyo Tanso Co. Ltd. were used as a test material. There specimen 

geometry was 10 mm in diameter and 20 mm in height.

Measurement Technique ································································································

The compressive load was applied at a crosshead speed of 0.l mm/min by 

using a universal testing machine of the maximum load capacity of 98 kN. 

Polyethylene sheet was used to reduce the frictional resistance between the edge 

surface of the specimen and the pressure block. The compressive prestress of 90 

% (5.537 kN) of the average compressive strength at room temperature was 

applied using results of the compressive tests at room temperature before 

prestressing. At 2000 ℃, the compressive prestress of 95 % of the average 

compressive strength at room temperature was applied to the specimen.

The specimen size was 10 mm in diameter and 6 mm in length. An arc type 

indentor with inner diameter of 11.5 mm was used. The test was performed at 

a cross-head speed of 0.5 mm/min.



Graphite high density-Strength

- 328 -

Bibliography ························································································································

author: T. Oku, S. Ota, M. Shiraishi, M. Eto, Y. Gotoh

institution: Ibaraki University, National Institute for pollution and Resources, 

Japan Atomic Energy Research Institute, Ibaraki, Hitachi Research 

Laboratory, Hitachi, Japan

title: EFFECT OF COMPRESSIVE PRESTRESS ON THE YOUNG'S 

MODULUS AND STRENGTH OF ISOTROPIC GRAPHITE

source: IAEA-TECDOC-901 (1995), 275-285

year of publ.: 1995

Result ·····································································································································

Material Disk Diametral Fracture Strength, σp (MPa)

Virgin 29.8 ± 1.2

Prestressed 0.6 σf at RT 30.1 ± 0.7

Prestressed 0.7 σf at RT 29.1 ± 0.7

Prestressed 0.9 σf at RT 28.2 ± 2.2

Prestressed 0.9 σf at HT 31.0 ± 0.5

『Effects of compressive prestresses on disk diametral fracture strength. σp

shows the average ± standard deviation』

Discussion ····························································································································

The average compressive fracture stress was 77.5 MPa (average fracture load 

was 633 kg) from the result of compressive tests (nine specimens) conducted at 

room temperature. The compressive prestress which corresponds to about 90 % 

(565 kg) of the average fracture stress at room temperature was applied to the 

specimens. At about 2000 ℃ the compressive prestress which corresponds to 

about 95 % (600 kg) of the average fracture stress at room temperature was 

applied to the specimen. Even if an applied prestress is small when it is applied 

to the polycrystalline graphite, after removing stress the dimension of the 

specimen does not completely recover and the residual strain produces. In this 

case the residual strain is compressive and the specimen elongates to the 
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perpendicular direction to the applied stress. The residual strain of the material 

prestressed up to 69.8 MPa (0.9 σf) at room temperature was only 0.16 %. In 

contrast to this, the residual strain of 8.1 % was observed for the material 

prestressed up to 73.6 MPa (0.9 σf) at high temperature. Although increase in 

apparent density was hardly seen for the material prestressed at room 

temperature, the density increase of 0.3 % was observed for the material 

prestressed at high temperature. It is considered that the residual strain of 

compressive prestressed materials consists of deformation of crystal grain, 

formation of cracks and so on. When the compressive prestresses are applied at 

room temperature, the strength in the perpendicular direction to the applied 

stress change little with compared to that before prestressing. The strength 

increases when the prestress is applied at about 2000 ℃.
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② H. Ugachi(1991)

Material Description ········································································································

material name: graphite

chemical formula: C

The graphite materials used in this experiment are petroleum coke, 

fine-grained isostatically pressed unpurified graphite grade IG-11 manufactured 

by Toyo Tanso Co., Ltd. and petroleum coke, medium-grained molded 

near-isotropic graphite grade PGX manufactured by UCAR.

Bulk density

(g/cm3)

Tensile

strength

(MPa)

Compressive

strength

(MPa)

Bending

strength

(MPa)

Young's

modulus

(GPa)

IG-11 1.78 25.3 76.8 37.2 10.2

PGX (X)

     (Z)

1.73  7.8

 7.3

33.6

30.4

14.9

15.6

 6.6

 8.2

『Typical properties of IG-11 and PGX graphites.』

Measurement Technique ································································································

Three types of testing machines were employed in this impact load test. 

Instron-typed material testing machine (maximum loading capacity of lOO kN)  

MODEL TOM 1000 made by Shinko company, was used for compressive 

strength test in low-strain rate range, servo-hydraulic fatigue machine 

(maximum loading capacity of lOO kN) model 5041 made by MTS company, 

was used for the impact compressive strength test in medium-strain rate range 

and hydraulic impact testing machined (maximum loading capacity of lOO kN 

and maximum accelerated speed of 15 m/s) made by MTS company, was used 

for impact compressive strength test in high-strain rate range.

The change in load in elapsed time of impact test was measured by 

piezo-electric load sensor (maximum loading capacity and correspond frequency 

of 12.2 x lO °N and 55 kHz), and dual mode amplifier, MODEL 5004 made by 
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KISTLER company.
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『Typical changes of compressive Impact load and longitudinal strain to the time for 

small size specimens (ϕ 12.5 × 25 mm) of IG-11 graphite』
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『Compressive stress vs longitudinal strain curves of IG-11 and PGX graphites

in various strain rate ranges』

『Compressive stress vs circumferential strain curves of IG-11 graphite

in various strain rate ranges.』
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『The change in compressive strength of IG-11 and PGX graphites

as a function of strain rate』

Discussion ····························································································································

- Compressive strength of both IG-11 and PGX graphites increased with 

increasing strain rate up to 100 (1/S), and then decreased rapidly with 

increasing strain rate over 100 (1/S).

- Increment of Compressive strength to strain rate can be well expressed as 

following equation:

  


where σc, ε are compressive strength and strain rate and A, B is constant 

and B was obtained about 0.01 for both IG-11 and PGX graphites.

- Fracture strain does not change at high strain rate over 100 (l/s).

- Effect of strain rate on specimen volume change can not be found in the 

impact loading tests.

- Specimen volume effect on deformation behavior and compressive strength of 

graphites can not be found in impact loading tests.
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③ S. Sato(1991)

Material Description ········································································································

The graphite samples discussed in this report encompass eight brands of 

isostatically molded isotropic graphites including IG-110 and a high-strength 

fine-grain mesophase quasi-isotropic graphite HCB-18. For comparison, it also 

includes C/C-B, a brand of felt carbon fiber reinforced C/C carbon composite.

Brand Maker Main application

IG-110 Toyo Tanso nuclear, metallurgy

IG-430u Toyo Tanso fusion reactors

IG-720u Toyo Tanso metallurgy

IG-12 Toyo Tanso metallurgy, rocket nozzle

IG-15 Toyo Tanso metallurgy, rocket nozzle

ETP-10 Ibiden metallurgy, fusion reactor

ST-60 Ibiden metallurgy

HCB-18 Hitachi Chemical machine parts

PD-330S Hitachi Chemical fusion reactors

C/C-B Showa Denko fusion reactors

『Main applications of compared graphites』

Measurement Technique ································································································

For comparison of mechanical strength, tests should be carried out under the 

conditions of fixing, as close as possible, the shape and dimension of the test 

specimens. Bending strength was measured with a circular disk of 30mm 

diameter and 3mm thickness by a ball indenter. Diametral compressive strength 

was measured with a disk of 6mm thickness by arc-shaped anvils. Compressive 

strength was measured with a circular cylinder of diameter 10mm and length 

25mm.
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Data Characterization ······································································································

These data are mean experimental results of mechanical strength of compared 

graphites and values in parentheses are catalogue values by makers.
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Result ·····································································································································

Material Maker
Bending strength, 

σb (GPa)

Compressive 

strength,

σc (GPa)

Diametral 

compressive 

strength,

σb (GPa)

IG-110

Toyo 

Tanso

48.6 (41.2) 70.5 (78.4) 14.9

IG-430u 80.8 (56.8) - (83.3) 19.4

IG-720u 71.2 (55.9) - (113.0) 23.0

IG-12 46.3 (46.1) 84.2 (88.2) 16.3

IG-15 71.6 (49.0) 117.7 (103.0) 21.5

ETP-10
Ibiden

62.3 (58.8) - (98) 18.0

ST-60 70.4 (62.7) - (94.1) -

HCB-18 Hitachi 

Chemical

78.4 (88.2) 192.1 (176.0) 37.1

PD-330S 56.5 (46.0) - (-) 16.6

C/C-B
Showa 

Denko
96.9(//) (90.0)// 66.3 (88.0)// -

『Mean experimental results of mechanical strength of compared graphites

(Values in parentheses are catalogue values by makers)』
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Discussion ····························································································································

There are considerable difference in bending strength among the individual 

brand of graphites. Both C/C-B and HCB-110 have large bending strength, 

reflecting their high values of Young's modulus. IG-110 shows a relatively low 

value, which ST-60 and ETP-10 show comparatively large values of bending 

strength.

The compressive strength, a*, of HCB-18 is extremely high, more than twice 

the value for IG-110. IG-720U, IG-15, 1G-430U and ETP-1U also show 

relatively -high strength. However, IG-110 and C/C-B have low a values.

HCB-18 shows exceedingly high value of a diametral compressive strength. It 

was not possible to measure the diametral compressive strength value for 

C/C-B due to fracture occurence at the edge in contact with the anvil during 

diametral compressive strength tests. IG-110 was found to have the lowest 

value of diametral compressive strength.
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(6) Elastic Modulus

① T. Oku(1995)

Material Description ········································································································

material name: graphite

chemical formula: C

graphite grade: IG-430

bulk density: 1820 kg/m
3

Young's modulus: 10.8 GPa

tensile strength: 37.2 MPa

compressive strength: 85.3 MPa

bending strength: 53.9 MPa

A fine-grained isotropic graphite for fusion plasma components, IG-430 for, 

made by Toyo Tanso Co. Ltd. were used as a test material. The specimen 

geometry was 10 mm in diameter and 20 mm in height.

Measurement Technique ································································································

The compressive load was applied at a crosshead speed of O.l mm/min by 

using a universal testing machine of the maximum load capacity of 98 kN. 

Polyethylene sheet was used to reduce the frictional resistance between the edge 

surface of the specimen and the pressure block. The compressive prestress of 90 

% (5.537 kN) of the average compressive strength at room temperature was 

applied using results of the compressive tests at room temperature before 

prestressing. At 2000 ℃, the compressive prestress of 95 % of the average 

compressive strength at room temperature was applied to the specimen.

Young's modulus, E was determined from the ultrasonic wave propagation 

velocity, v using the ultrasonic detector (FD-1800, Mitsubishi Electric Co.) with 

2 MHz ultrasonic vibrator and receiver before and after applying prestresses, 

and the following equation: 

  

where ρ is the apparent density of the material.
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Result ·····································································································································

Property

Length

Change

Young's Modulus

E (GPa)

△L/L (%) Axial △E/E (%) Radial △E/E (%)

No Loading 0 11.0 0 11.7 0

RT C-Loading -0.16 0 -6.4 - -1.8

HT C-Loading -8.1 0 -56 - -23

『Changes in length, Young's modulus  due to compressive prestressing.』

Discussion ····························································································································

Young's modulus of graphite decreases with increasing applied compressive 

stress levels. The Young's modulus of the specimen prestressed up to 69.6 MPa 

(=0.9 σf) at room temperature decreased 6.4 % in the direction of applied stress. 

In contrast with this the decrease of 56 % was seen for the Young's modulus 

of the specimen prestressed up to 73.6 MPa (=0.95 σf) at high temperature. 

Decrease in Young's modulus of the specimen prestressed at high temperature 

is extremely large as compared with that of the specimen prestressed at room 

temperature, as well as the case of residual strain. There is a correlation 

between Young's modulus and residual strain of the graphite prestressed at 

room temperature, that is, Young's modulus ratio (E/E0) before and after 

compressive prestressing decreases with increasing longitudinal residual strain.
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② S. Sato(1991)

Material Description ········································································································

The graphite samples discussed in this report encompass eight brands of 

isostatically molded isotropic graphites including IG-110 and a high-strength 

fine-grain mesophase quasi-isotropic graphite HCB-18. For comparison, it also 

includes C/C-B, a brand of felt carbon fiber reinforced C/C carbon composite.

Brand Maker Main application

IG-110 Toyo Tanso nuclear, metallurgy

IG-430u Toyo Tanso fusion reactors

IG-720u Toyo Tanso metallurgy

IG-12 Toyo Tanso metallurgy, rocket nozzle

IG-15 Toyo Tanso metallurgy, rocket nozzle

ETP-10 Ibiden metallurgy, fusion reactor

ST-60 Ibiden metallurgy

HCB-18 Hitachi Chemical machine parts

PD-330S Hitachi Chemical fusion reactors

C/C-B Showa Denko fusion reactors

『Main applications of compared graphites』

Data Characterization ······································································································

These data are mean experimental results of Young's modulus of compared 

graphites and values in parentheses are catalogue values by makers.
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Result ·····································································································································

Material Maker Young's modulus, E (GPa)

IG-110

Toyo Tanso

9.6 (9.8)

IG-430u 10.9 (10.8)

IG-720u 10.1 (9.9)

IG-12 7.9 (10.8)

IG-15 9.1 (11.8)

ETP-10
Ibiden

10.7 (10.8)

ST-60 10.4 (11.8)

HCB-18
Hitachi Chemical

13.7 (15.7)

PD-330S - (11.0)

C/C-B Showa Denko 26.3(//) (26.0)//

『Mean experimental results of Young's modulus of compared graphites

(Values in parentheses are catalogue values by makers)』

Discussion ····························································································································

Young's modulus was found to be about 10 GPa for all the graphites. 

However, felt-like carbon fiber reinforced C/C-B showed the largest value of 

about 26 GPa in the direction of accumulated layer surface. This is followed by 

HCB-18, while has also a significantly high E value of 15.7 GPa. IG-110 has 

relatively low value of Young's modulus.
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(7) Poisson's ratio

① H. Ugachi

Material Description ········································································································

material name: graphite

The graphite materials used in this experiment are petroleum coke, fine-grained

isostatically pressed unpurified graphite grade IG-11 manufactured by Toyo 

Tanso Co., Ltd. 

Bulk density

(g/cm
3
)

Tensile

strength

(MPa)

Compressive

strength

(MPa)

Bending

strength

(MPa)

Young's

modulus

(GPa)

IG-11 1.78 25.3 76.8 37.2 10.2

『Typical properties of IG-11』

Measurement Technique ································································································

Instron-typed material testing machine  was used for compressive strength test 

in low-strain rate range, servo-hydraulic fatigue machine was used for the 

impact compressive strength test in medium-strain rate range and hydraulic 

impact testing machined was used for impact compressive strength test in 

high-strain rate range.

The change of longitudinal and circumferential strain was measured by strain 

gages, 3 mm and 5 mm in gage length, which were used for small and large 

size specimens respectively. Strain output was amplified by signal conditioner 

model CDV

Poisson's ratio was obtained by the ratio of circumferential strain to longitudinal 

strain data.
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Result ·····································································································································

『The change in Poisson's ratio of IG-11 graphite

as a function of compressive strength.』

Discussion ····························································································································

Poisson's ratio of IG-11 graphite changes from 0.15 to about 0.3 with 

increasing strain rate. It can be suggested from those result that graphite 

specimen behaves more elastically as increasing strain rate, so impact energy 

accumulated in the specimen as elastic deformation energy during impact loading 

increases as increasing of strain rate.
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(1) Cladding Corrosion (8)

(2) Fission Product behavior (24)

(3) Kernel Migration (3)

(4) Dimensional Change (21)

(5) Fission gas and CO release (9)

(6) OPyC-Matrix interaction (1)
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Title:
A thermodynamic approach for advanced fuels of 
gas-cooled reactors

Primary Author(yr): C. Gue´neau (2005)

Abstract

For both high temperature reactor (HTR) and gas cooled fast reactor 

(GFR) systems, the high operating temperature n normal and accidental 

conditions necessitates the assessment of the thermodynamic data and 

associated phase diagrams for the complex system constituted of the fuel 

kernel, the inert materials and the fission products. A classical CALPHAD 

approach, coupling experiments and thermodynamic calculations, is roposed. 

Some examples of studies are presented leading with the CO and CO2 gas 

formation during the chemical interaction of [UO2±x/C] in the HTR 

particle, and the chemical compatibility of the couples [UN/SiC], [(U, 

Pu)N/SiC], [(U,Pu)N/TiN] for the GFR system. A project of constitution of 

a thermodynamic database for advanced fuels of gas-cooled reactors is 

proposed.
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Title:
Advanced coatings for HTGR fuel particles against 
corrosion of SiC layer

Primary Author(yr): Kazuo Minato (1997)

Abstract

For fuel particles of the high-temperature gas-cooled reactors, three 

types of new combinations of the coating layers were invented to prevent 

the corrosion of the SiC layer by fission products. The idea was that a 

layer to trap fission products was added inside the SiC layer of the 

Triso-coating. Two kinds of materials of SiC and SiC with free carbon 

were selected as additional layers. The fuel particles with these advanced 

coatings were fabricated to test the effectiveness of the coatings in 

out-of-reactor and irradiation experiments. These experiments showed that 

the advanced coatings had good irradiation performance and functioned 

effectively against corrosion of the SiC layer, although further irradiation 

tests are needed to completely demonstrate the effectiveness of the 

advanced coatings. 
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Title:
Fission product behavior in Triso-coated UO2 fuel 
particles

Primary Author(yr): Kazuo Minato (1994)

Abstract

The behavior of fission products in irradiated Triso-coated UO, fuel 

particles was examined by electron probe microscopy, and the 

thermodynamic analysis was carried out on the fission products-UO,-C 

system to understand the fission product behavior in the coated particles. 

In the UO, kernels the precipitates of MO, Pd-Te and Pd-Mo-Sn were 

observed besides the Mo-Tc-Ru-Rh-Pd alloy. In the coating layers 

palladium, tellurium, cerium and barium were often observed. The chemical 

form of barium and cerium was oxide, while the probable form of 

tellurium was elemental tellurium. The calculated vapor pressure of CeO, 

was the highest of the species containing the rare earth elements, and the 

calculated main Ba-containing gaseous species was BaO. The intercalation 

compound C,Cs was thermodynamically predicted to exist as a dominant 

chemical form of cesium at high temperatures instead of Cs2MoO4.
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Title:
Fission production palladium-silicon interaction in 
HTGR fuel particles

Primary Author(yr): Kazuo Minato (1990)

Abstract

Interaction of fission product palladium (Pd) with the silicon carbide 

(SiC) layer was observed in irradiated Triso-coated uranium dioxide 

particles for high temperature gas-cooled reactors (HTGR) with an optical 

microscope and electron probe micro-analyzers. The Sic layers were 

attacked locally or the reaction product formed nodules at the attack site. 

Although the main element concerned with the reaction was palladium, 

rhodium and ruthenium were also detected at the corroded areas in some 

particles. Palladium was detected on both the hot and cold sides of the 

particles, but the corroded areas and the palladium accumulations were 

distributed particularly on the cold side of the particles. The observed 

Pd-SiC reaction depths were analyzed on the assumption that the release 

of palladium from the fuel kernel controls the whole Pd-SiC reaction.
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Title:
Metallic impurities-silicon carbide interaction in 
HTGR fuel particles

Primary Author(yr): Kazuo Minato (1990)

Abstract

Corrosion of the coating layers of silicon carbide (SiC) by metallic 

impurities was observed in irradiated Triso-coated uranium dioxide 

particles for high temperature gas-cooled reactors with an optical 

microscope and an electron probe micro-analyzer. The SiC layers were 

attacked from the outside of the particles. The main element observed in 

the corroded areas was iron, but sometimes iron and nickel were found. 

These elements must have been contained as impurities in the graphite 

matrix in which the coated particles were dispersed. Since these elements 

are more stable thermodynamically in the presence of SiC than in the 

presence of graphite at irradiation temperatures, they were transferred to 

the SiC layer to form more stable silicides. During fuel manufacturing 

processes, intensive care should be taken to prevent the fuel from being  

contaminated with those elements which react with SiC.
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Title:
Out-of-reactor studies of fission product-silicon 
carbide interactions in HTGR fuel particles

Primary Author(yr): R.J.  Lauf (1984)

Abstract

The interactions of several high-yield fission products with the SiC 

coating were studied in laboratory experiments by doping simulated fuel 

kernels with selected fission product elements before Triso coating. The 

resulting particles were annealed in a thermal gradient and SiC-fission 

product interactions were observed and quantified using metallography, 

radiography, scanning and transmission electron microscopy, and electron 

microprobe analysis. The results of these studies are discussed in terms of 

predicting SiC performance and fuel behavior during irradiation.
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Title:
A study of the reactions between ZrC and some 
metal oxides 

Primary Author(yr): T. Ogawa(1979)

Abstract

High temperature chemical reactions of ZrC coating on alumina spheres 

with CeO2, UO2 and SrO were studied. CeO2 reacts with ZrC at 1473-2073 

K to give Ce2O3 and Ce2Zr2O7. Virtually no reactions were observed in 

UO2-ZrC mixtures at 1673-1973 K. SrO reacts with ZrC above 1273 K to 

form SrZrO3, Sr vapor and, presumably, CO. The SrZrO3 formation on ZrC 

coated spheres contained in a bed of SrO powder was rapid at 1673 K. All 

particles suffered serious damages on the ZrC coatings by the reaction 

with SrO. Though the Sr connection in the ZrC was below the detection 

limit, Sr was found to be distributed within the alumina kernel.
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Title:
SiC-Fission Product Reactions in HTGR TRISO 
UC2 and UCxOy, Fissile Fuel:  I,  Kinetics of 
Reactions in a Thermal Gradient

Primary Author(yr): C. L.  SMITH (1979)

Abstract

The prototypical nuclear fuel of the New Production Modular High 

Temperature Gas-Cooled Reactor (NPMHTGR) consists of spherical 

TRISO-coated particles suspended in graphite cylinders. The coating layers

surrounding the fuel kernels in these particles consist of pyrolytic carbon 

layers and a silicon carbide layer. These coating layers act as a pressure 

vessel which retains fission product gases. In the operating conditions of 

the NP-MHTGR, a small percentage of these particles (pressure vessels) 

are expected to fail due to the pressure loading. The fuel particles of the 

NP-MHTGR deviate to some degree from a true spherical shape, which 

may have some effect on the failure percentages. A method is presented 

that treats the asphericity of the particles in predicting failure probabilities 

for particle samples. It utilizes a combination of finite element analysis and 

Monte Carlo sampling and is based on the Weibull statistical theory. The 

method is used here to assess the effects of asphericity in particles of two 

common geometric shapes, i.e. faceted particles and ellipsoidal particles. 

The method presented could be used to treat particle anomalies other than 

asphericity.
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Title:
The Behaviour of Fission Products in the HTGR 

Fuel Irradiated in the IVV-2M Reactor

Primary Author(yr): K. N. Koscheyev(2002)

Abstract

The results of the post-irradiation investigations of fission products 

behaviour in HTGR fuel and its main elements such as kernels, protective 

coatings and matrix graphite are considered. The dominating role of SiC 

layer in the protective coating of coated particles in the retention of the 

volatile and solid fission products, being of great radiological importance, is 

noticed. 
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Title:

Modeling of fuel performance and metallic fission 

product release behavior during HTTR normal 

operating conditions 
Primary Author(yr): K. Verfondern(2001)

Abstract

The computer codes PANAMA and FRESCO developed at the Research 

Center Jülich have been used for the prediction of fuel performance and 

fission product release behavior during the normal operation of the 

Japanese High-Temperature Engineering Test Reactor, HTTR. Basis for 

the calculations was the so-called ‘Standard HTTR Operation Plan’ with a 

nominal operation time of 660 efpd including a 110 efpd period with 

enhanced fuel temperatures. Fuel performance model calculations with the 

PANAMA code have shown that for the temperature distribution given, 

only a small additional failure fraction is expected. The diffusive release of 

metallic fission products from the fuel occurs mainly from the central core 

layers with the maximum temperatures whereas there is little contribution 

from the upper layer. Silver most easily escapes the fuel. The release data 

for strontium and cesium also reveal a significant fraction to originate 

from still intact particles. The comparison with the calculations obtained 

with the JAERI models has shown a good agreement for the release from 

the coated particles. 
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Title:

Retention of fission product caesium in ZrC-coated 

fuel particles for high-temperature gas-cooled 

reactors 
Primary Author(yr): Kazuo Minato(2000)

Abstract

The ZrC coating layer is a candidate to replace the SiC coating layer 

of the Triso-coated fuel particle for high-temperature gas-cooled reactors. 

To understand mechanisms of the good retention capabilities for fission 

product caesium of the ZrC Triso-coated fuel particles, the particles after 

post-irradiation heating tests were examined individually with X-ray 

microradiography and the caesium inventories of the fuel kernel and 

coating layers of each particle were measured with gamma-ray 

spectrometry. The fractional content of 
137
Cs in the fuel kernel was found 

to be different from particle to particle though 
137
Cs was not released from 

the particles practically. The particles, which showed relatively good 

retention of 
137
Cs in the fuel kernels, had radially broken inner pyrolytic 

carbon layers and deformed fuel kernels. The ZrC layer developed the 

caesium retention capabilities of the fuel kernel through interaction of ZrC 

with the fuel kernel. 
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Title:
Concentration profiles of fission products in the 

coating layers of irradiated fuel particles 

Primary Author(yr): K. Fukuda(1977)

Abstract

The distributions of 
137
Cs, 

90
Sr and 

144
Ce in the coating layers of several 

kinds of TRISO coated fuel particles for HTGR were determined by 

method of removing the coating layers stepwise after irradiation. The 

distributions in SiC coating layer are influenced by its density and 

irradiation temperature. High dense SiC coating layer showed good 

retention of the fission products at such high irradiation temperature as 

1530°C, while the retention of low dense one would change at 1300°C; 

above the temperature, it would be lost. There are several patterns of the 

distribution in outer PyC coating layer such as high accumulation of the 

fission products in a certain position of the layer, outerward rises in the 

concentrations and high concentrations in the layer than those in some 

positions of SiC coating layer. The post irradiation annealing was also 

carried out for one kind of the particle. 
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Title:
Analytical method of fractional release of fission 

products from fuel elements of HTTR

Primary Author(yr): Sawa, K.(1990)

Abstract

Japan Atomic Energy Research Institute (JAERI) is now proceeding 

with the construction of the HTTR (High Temperature Engineering Test 

Reactor). A fuel assembly of the HTTR is made up of fuel rods and an 

hexagonal graphite block. The fuel consists of microspheres of 

low-enriched UO2 with the TRISO coating. The TRISO coatings consist 

of a porous pyrolytic carbon (PyC) buffer layer followed by an isotropic 

PyC layer, a SiC layer and a final (outer) PyC coating. The coated fuel 

particles are incorporated into fuel compacts with a matrix consisting of 

binder and graphitic filler. The fuel rod, which is composed of fuel 

compacts and a graphite sleeve, is contained within vertical holes of a 

graphite block. In order to evaluate the amount of fission products released 

from the HTTR fuel elements during normal operation, analytical models 

to calculate fractional releases of noble gases, iodines and metallic fission 

products have been developed. Fractional releases of noble gases and 

iodines are calculated based on the release data, (R/B) of 88Kr which are 

obtained from the sweep-gas capsule irradiation tests. The transport of 

metallic fission products through the kernel, coatings, fuel compact matrix 

and graphite sleeve is modeled as a transient diffusion process. The 

sorption of metallic fission products on the fuel compact matrix and the 

graphite sleeve is also modeled. These analytical models have been verified 

by comparison with measured fractional releases in the Oarai Gas Loop-1 

fuel irradiation test etc. at Japan Materials Testing Reactor and have been 

concluded to be applicable to the safety design of the HTTR. The paper 

summarizes the analytical models to calculate fractional releases of fission 

products and introduced the major results of the verification
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Title:
Internal release of metallic fission products in (Th, 

U)O2 coated particle fuel

Primary Author(yr): Mitsuo Akabori(1990)

Abstract

The release behavior of metallic fission products from lightly-irradiated 

(Th, U)O2 was studied in post-irradiation annealing experiments by using 

the TRISO-coated fuel particles. The internal release of Cs, Ba, Te and I 

from the (Th, U)O2 kernel into the coatings was found to be similar and 

showed a strong grain size dependence. The soluble fission products Zr 

and Ce were found to be completely retained in the (Th, U)O2 kernel, the 

internal release being independent of grain size and annealing temperature. 
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Title:
Release behavior of metallic fission products from 

fuel for HTTR

Primary Author(yr): Hayashi,  K.(1990)

Abstract

Model fuel assemblies of High Temperature Engineering Test Reactor 

(HTTR) were irradiated in an in-pile gas loop, OGL-1, and axial and 

radial distributions of metallic fission products were measured by gamma 

spectrometry. The in-pile diffusion coefficient of Cs determined from its 

radial profiles in the graphite sleeve was significantly smaller than that for 

the un-irradiated graphite, IG-110. Rapid release of Cs was observed for 

heating of irradiated TRISO particles at 2200 and 2300 deg. C, due to 

thermal deterioration of the SiC coating layer. Release experiments with 

BISO particles led to decision of the rate-determining steps in the release 

of metallic fission products, and to determination of their diffusion 

coefficients in the fuel kernel and pyrocarbon layer. These results have 

been reflected in the HTTR design analyses on the release under normal 

operating and accident conditions. 
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Title:

In-pile release behavior of metallic fission 

products in graphite serials of an HTGR fuel 

assembly
Primary Author(yr): K. HAYASHI, F.(1987)

Abstract

Distribution of metalhc fission products in the graphite sleeve and block 

of the fifth OGL-1 fuel assembly was measured by gamma spectrometry 

with lathe sectioning. Considerably large release fractions of long-lived 

fission products with smooth axial profiles were observed in the sleeve 

due to a large failure fraction of coated fuel particles accompanied with 

failed silicon carbide layers. Nevertheless, a key nuclide 
110m

Ag whose large 

release is suspected at increased bumups for low-enriched uranium fuels, 

was effectively retained within the graphite sleeve. The retention was also 

observed for 
125
Sb, 

154
Eu and 

155
Eu up to a bumup of 3.2% fission per 

initial metal atom, but was limited for 
134
Cs and 

137
Cs at high 

sleeve-temperatures above 900℃. In-pile diffusion coefficients in IG-110 

graphite have been evaluated for Cs, Ag and Sb; those for Cs are in 

reasonable agreement with available in-pile data.
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Title:

Distribution of fission products in irradiated 

graphite materials of HTGR fuel assemblies: Third 

and fourth OGL-1 fuels 
Primary Author(yr): K. Hayashi(1985)

Abstract

Axial, circumferential and radial distributions of fission products in the 

graphite sleeve, inner-tube and block of irradiated high temperature 

gas-cooled reactor (HTGR) fuel assemblies were measured by gamma 

spectrometry, lathe sectioning and beta counting with ion-exchange 

separation. Some distinctive peaks of 
144
Ce and 

125
Sb in their axial profiles, 

together with the very high activity level of fission products are ascribed 

to the failure of coated fuel particles. The effective retention capability of 

the graphite sleeve was observed for 
90
Sr, 

106
Ru, 

125
Sb, 

144
Ce and 

155
Eu; 

whereas not for 
134
Cs and 

137
Cs. Silver-110m was detected in graphite 

materials of the fourth OGL-1 fuel assembly with an increased burnup of 

1.96% fissions per initial metal atom (FIMA). Effective in-pile diffusion 

coefficients of 
90
Sr, 

125
Sb and 

144
Ce in the graphite sleeves have been 

estimated using the Fickian diffusion theory. 
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Title:
Fission product diffusion in fuel element materials 

for HTGR

Primary Author(yr): Chernikov, A.S.(1985)

Abstract

Diffusion characteristics of radioactive noble gases and of some solid 

fission products in fuel element materials of HTGR were researched. 

Values of diffusion coefficients of fission gas products in UO2 kernel at 

1450-2000 K in pyrocarbon with density of 1.6-1.8 g/cm
3
 (1300-1900 K) 

and in matrix graphite with density of 1.82-1.84 g/cm
3
 (1200-1700 K) and 

also diffusion coefficients of silver, barium, cerium in pyrocarbon, silicon 

carbide, zirconium carbide and promethium in zirconium carbide and 

uranium dioxide in a wide temperature range were obtained. It was shown 

that before loss of fuel particle, sealing radioactive noble gas release from 

a fuel element is determined by technological contamination of matrix 

graphite with fission material. It's noted that while estimating total fission 

product release from fuel particles, it is necessary to take into 

consideration their transport along short-circuit diffusion paths.
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Title:
In-pile tests of HTGR fuel particles and fuel 

elements

Primary Author(yr): Chernikov, A.S.(1985)

Abstract

Main types of in-pile tests for specimen tightness control at the initial 

step, research of fuel particle radiation stability and also study of fission 

product release from fuel elements during irradiation are described in this 

paper. Schemes and main characteristics of devices used for these tests 

are also given. Principal results of fission gas product release 

measurements satisfying HTGR demands are illustrated on the example of 

fuel elements, manufactured by powder metallurgy methods and having 

TRISO fuel particles on high temperature pyrocarbon and silicon carbide 

base. 
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Title:
Release of metal fission products from UO2 kernel 

of  coated fuel particle 

Primary Author(yr): T. Ogawa(1985)

Abstract

Release behaviors of Cs
137
, Cs

134
, Sb

125
, Ce

144
, Ru

106
 and Ag

110m
 during 

irradiation from the high-density UO2 kernel of Triso-coated fuel particle 

were studied. The intact coated fuel particles were carefully cracked after 

irradiation; the amounts of fission products remaining in the UO2 and their 

partition between the UO2 and the coating were measured by gamma-ray 

spectrometry. The results are discussed in view of the high-temperature 

chemistry of the fission products within the coated fuel particles. 
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Title:
Research on in-pile release of fission products 

from coated particle fuels

Primary Author(yr): Fukuda, K.(1985)

Abstract

Coated particle fuels fabricated in accordance with VHTR (Very High 

Temperature gas-cooled Reactor) fuel design have been irradiated by both 

capsules and an in-pile gas loop (OGL-1), and data on the fission products 

release under irradiation were obtained for loose coated particles, fuel 

compacts and fuel rods in the temperature range between 800 deg. C and 

1600 deg. C. For the fission gases, temperature- and time dependences of 

the fractional release(R/B) were measured. Relation between release and 

failure fraction of the coated particles was elucidated on the VHTR 

reference fuels. Also measured was tritium concentration in the helium 

coolant of OGL-1. In-pile release behavior of the metallic fission products 

was studied by measuring the activities of the fission products adsorbed in 

the graphite sleeves of the OGL-1 fuel rods and the graphite fuel 

container of the sweep gas capsules in the PIE. Investigation on palladium 

interaction with SiC coating layer was included. 
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Title:
The release of iodine from HTR fuel under 

steady-state and transient conditions

Primary Author(yr): Christ,  A.(1985)

Abstract

Knowledge of the iodine inventory of the primary coolant and the 

release mechanisms from the fuel element during normal operation and 

transients is essential in HTR safety analysis. Under normal operating 

conditions the steady state release of the noble gases obeys a Booth type 

diffusion model. It has been shown that iodine release also follows this 

model. The experimental verification has been carried out by measurement 

of the iodine release of irradiation tests in MTR's and by comparison of 

the plate out experiments with the gas inventory in the AVR. Over a wide 

range an identical behaviour has been found except at low fractional 

releases. Here the iodine release is reduced significantly, presumably by 

adsorption. Measurements of gas release during temperature excursions in 

irradiation experiments indicated burst-like contributions not explicable by 

simple diffusion alone. It was supposed that similar bursts may dominate 

the transient release of iodine. First experimental results were obtained 

recently by on line detection of the iodine release from irradiation fuel in a 

special KFA hot cell facility. The released species were condensed on a 

cold plate that can be replaced during operation allowing monitoring of 

differential release. Several experiments used defective fuel in the range 

from normal operating temperatures to 1700 deg. C. Below 1300 deg. C the 

fractional release remained in the region of the recoil fraction from the 

kernel surface. Above this temperature there was a steep increase of the 

release up to 100% at about 1600 deg. C within 20 hours. The results 

clearly show non diffusional behaviour and were analysed with a 

phenomenological model including traps in the kernel material. A testing 

program has been carried out on iodine release from failed HTR-fuel. 

Release rates under both steady state and transient release were 

determined. The results of these investigations were evaluated with 

previously developed models. The quality of the fit is satisfactory. 
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Title:
The study of metallic fission product release from 

the VHTR core under power operating condition

Primary Author(yr): Okamoto, F.(1985)

Abstract

The experimental VHTR (Very High Temperature Reactor), being 

developed in Japan Atomic Energy Research Institute, is to be designed to 

produce the reactor outlet gas temperature of 950 deg. C. It is necessary 

to investigate more in detail the fission product release characteristics in 

high temperature range, because the fuel temperature of the VHTR 

becomes higher than those of HTGRs for steam cycle application. 

FORNAX code has been developed to investigate the release characteristics 

of volatile metallic fission products from the core under power operating 

condition. This code calculates the diffusion of metallic fission products 

based on the Fick's law of diffusion and can evaluate fission product 

transport behaviour in the coated fuel particle(cfp), matrix and graphite 

sleeve. This code can also take into account the distribution of the power, 

temperature and coating failure in the core and their time history. Several 

calculations have been carried out to study the metallic fission product 

release characteristic from the cfp and the core for VHTR configuration 

(Detailed Design Stage I). In this study the following conclusions are 

obtained: (1) The contribution of the release by diffusion through an intact 

TRISO coating to the release from the core becomes larger at higher core 

temperature. (2) The release by diffusion through an intact TRISO coating 

depends on not only the diffusion coefficient in the SiC layer but also that 

in the kernel. 
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Title:
Fission product release characteristics of  the 

experimental VHTR core

Primary Author(yr): Mitake, S.(1983)

Abstract

Fission product release characteristics of the experimental VHTR core 

is analyzed. The reactor is equipped with a loop type plant for process 

heat application test, and is designed to generate high temperature coolant 

of 950 deg C. Plateout activities and circulating activities in the primary 

cooling system are calculated for various core conditions, and operator dose 

in maintenance work and offsite public dose during normal operation of the 

reactor are evaluated. The result shows that fission product retention in 

the graphite matrix and the fuel sleeve is degraded at high temperature 

condition in the VHTR core, and that high radiation dose in the 

maintenance work is caused by cesium isotopes, and it is also indicated 

that development of coated fuel particle with higher performance or any 

means for plateout fission product will be required for a HTR plant with 

higher outlet temperature. 
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Title:
Operational requirements of spherical HTR fuel 

elements and their performance

Primary Author(yr): Roellig,  K.(1983)

Abstract

The German development of spherical fuel elements with coated fuel 

particles led to a product design which fulfills the operational requirements 

for all HTR applications with mean gas exit temperatures from 700 deg C 

(electricity and steam generation) up to 950 deg C (supply of nuclear 

process heat). In spite of this relatively wide span for a parameter with 

strong impact on fuel element behaviour, almost identical fuel specifications 

can be used for the different reactor purposes. For pebble bed reactors 

with relatively low gas exit temperatures of 700 deg C, the ample design 

margins of the fuel elements offer the possibility to enlarge the scope of 

their in-service duties and, simultaneously, to improve fuel cycle 

economics. This is demonstrated for the HTR-500, an electricity and steam 

generating 500 Mweleq plant presently proposed as follow-up project to the 

THTR-300. Due to the low operating temperatures of the HTR-500 core, 

the fuel can be concentrated in about 70% of the pebbles of the core thus 

saving fuel cycle costs. Under all design accident conditions fuel 

temperatures are maintained below 1250 deg C. This allows a significant 

reduction in the engineered activity barriers outside the primary circuit, in 

particular for the loss of coolant accident. Furthermore, access to major 

primary circuit components and the reuse of the fuel elements after any 

design accident are possible. 
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Title:
Post-irradiation examination of HTR-fuel at the 

Austrian Research Centre Seibersdorf Ltd

Primary Author(yr): Reitsamer, G.(1983)

Abstract

Austrian R and D activities in the HTR-field reach back almost to the 

beginning of this advanced reactor line. For more than 20 years 

post-irradiation examination (PIE) of HTR-fuel has been performed at the 

laboratories of the Austrian Research Centre Seibersdorf Ltd. (OEFZS) 

(formerly OESGAE) and a high degree of qualification has been achieved 

in the course of that time. Most of the PIE-work has been carried out by 

international cooperation on contract basis with the 

OECD-DRAGON-project and with KFA-Juelich (FRG). There has also 

been some collaboration with GA (USA), Belgonucleaire and others in the 

past. HTR-fuel elements contain the fissile and fertile materials in form of 

coated particles (CPs) which are embedded in a graphite matrix. Because 

of this special design it has been necessary from the very beginning of 

the PIE work up to now to develop new methods (i.e. fuel element 

disintegration methods, chlorine gas leach, single particle examination 

techniques...) as well as to adapt and improve already existing methods 

(i.e. gamma spectrometry, mass-spectrometry, optical methods...). The main 

interests on PIE-work at Seibersdorf are concentrated on particle 

performance, fission product distribution and the 'free' Uranium content 

(contamination and broken particles) of the fuel elements (fuel spheres or 

cylindrical compacts). A short compilation of the applied methods and of 

available instrumental facilities is given as follows: deconsolidation of fuel 

elements. Equipment for electrochemical deconsolidation. Examinations and 

measurements of graphite and electrolyte samples. Examination of coated 

particles. Single particle examinations.
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Title: Research on irradiation behavior of  VHTR fuel

Primary Author(yr): Ikawa, K.(1983)

Abstract

The multipurpose VHTR being developed by JAERI will use 

TRISO-coated low enriched UO2 particles in the form of hollow cylinder 

called fuel compact. The dimension of the particle and the compact are 

shown in Table 1. Compacts are encased in a graphite sleeve to complete 

a fuel rod. Design target conditions for the fuel are 1350 deg. C, 2% FIMA 

and 7x1020 n/cm
2
 (E > 0.18MeV). Irradiation tests of the fuel have been 

performed in JMTR using a gas loop, sweep-gas capsules and closed 

capsules. The purpose of the present paper is to review the current status 

of these irradiation tests 
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Title:
Fission product diffusion in ZrC coated fuel 

particles 

Primary Author(yr): Kousaku Fukuda(1979)

Abstract

The diffusion behavior of 
137
Cs, 

90
Sr and 

144
Ce in CVD-ZrC was studied 

by measuring concentration profiles in ZrC and inner PyC layers of the 

coated particles, and the release from the particles during post-irradiation 

annealing. 
90
Sr diffusion in ZrC is found to be controlled by a volume 

diffusion mechanism at 1600°C; this is found also for 
137
Cs although it is 

influenced by micro-pores. The diffusion coefficient of 
137
Cs obtained from 

the analysis of the concentration profiles in ZrC1.3 is D = 2.3 × 10
−3
exp(−

3.18 × 10
5
/RT) (cm

2
/s), where D is the diffusion coefficient, R the gas 

constant (8.314 J/mol · K) and T the temperature (K). In case of 
144
Ce, 

the volume diffusion is not so remarkable as 
90
Sr. 

Bibliography

Author: Kousaku Fukuda, Katuichi Ikawa and Kazumi Iwamoto 

Institution: 
Division of Nuclear Fuel Research, Japan Atomic Energy 

Research Institute, Tokai-mura, Ibaraki-ken, Japan 

Title: Fission product diffusion in ZrC coated fuel particles 

Source:
ournal of Nuclear Materials 

Volume 87, Issues 2-3, 1 December 1979, Pages 367-374  

year of publ: 1979



Fission Procut Behavior

- 377 -

Title:
Metal fission product behaviour in high

temperature reactors -UO2 coated particle fuel 

Primary Author(yr): P.  E. Brown(1976)

Abstract

The migrational behaviour of a number of metallic fission products in 

the coated UO2 particle fuel, proposed for High Temperature Reactors, is 

described. The derivation of parameters enabling calculations to be made of 

the release of selected important isotopes is also discussed, particularly 

with reference to ‘Triso’ coated particles in which the silicon carbide layer 

is either defective or absent. 
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Title:

The release of caesium and xenon from the 

uranium dioxide kernels of irradiated HTR fuel 

particles
Primary Author(yr): C. A. Friskney(1975)

Abstract

The residual xenon and caesium in the kernels of irradiated UO2 HTR 

fuel particles have been measured quantitatively by electron probe 

microanalysis. The particles had reached burnups of up to 11% heavy 

atom fissions at kernel temperatures of 1100～1700°C. Point analyses for 

xenon and caesium were made consecutively in the same places to allow a 

meaningful comparison of their fractional releases from the fuel. The 

results have been interpreted in terms of volume diffusion in spherical 

grains and plotted in the form of log D (effective diffusion coefficient) 

against 1/T°K. The points do not form a straight line and a change in the 

rate-controlling step in the release is suggested at ≃1400 °C. All the 

results show that caesium is transported more slowly than xenon in UO2. 
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Title:

A study of the shell  thermal stress distribution in 

a loose kernel type of spherical fuel element for a 

pebble bed reactor
Primary Author(yr): J.  F.  Whatham(1972)

Abstract

The results are given of a study of the temperature and stress 

distributions on the surface of a spherical fuel element consisting of a 

beryllium oxide shell with a detached heat-generating kernel lying 

eccentrically (under gravity) on the shell wall and with carbon dioxide in 

the clearance space.

In the first part of the work cooling of the outer surface of the shell is 

assumed to be uniform and the effects of variations in fuel element 

dimensions, material properties and cooling rate are examined.

Subsequently the effects of a non-uniform distribution of surface heat 

transfer coefficient are investigated, the distribution having axial symmetry 

about the common centre line of kernel and shell.

Eccentricity of the kernel with respect to the shell substantially 

increases the maximum shell stress compared with that produced by a 

concentric kernel. However, the loose kernel fuel element compares 

favourably with one having the shell (or coat) bonded to the kernel.

Nevertheless it is likely that in a pebble bed reactor the influence of 

other balls in contact on the variation of surface heat transfer coefficient 

would have an overriding effect on the shell stresses. 
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Title:

Determination of the distribution of fission 

products in fuel particle coatings by the sputtering 

technique
Primary Author(yr): G. BETZ, R.(1971)

Abstract

For the retainment of fission products, high temperature fuel particles 

normally are coated with pyrolytic carbon and silicon carbide layers. The 

knowledge of the distribution of the fission products in these coatings for 

a given history of irradiation is very important for the prediction of the 

lifetime of fuel particles and for the improvement of the retainment factor. 

Due to their chemical resistivity and porous structure, the peeling off of 

the coating layers by chemical or mechanical methods is very difficult and 

only rough steps of peeling off have been achieved  up to now.

In this paper a new method is investigated: peeling off by sputtering, 

using an Ar+ ion beam of 40 keV energy. The sputtered material is 

condensed on collecting foils and the fission products are determined by 

Ge(Li)-y-spectrometry. The method and the experimental set up are 

described and first results on the fission product distribution in PyC and 

PyC-Sic-PyC-coatings are given.
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Title:
An analytical model for the Amoeba effect in UO2 
fuel pellets

Primary Author(yr): Yong Choi(2006)

Abstract

Significant temperature gradients are present across the fuel particles 

when a nuclear reactor is producing power. If local temperatures are 

sufficiently high, nuclear fuel kernels can migrate up the thermal gradient. 

During this process, the barrier retaining fission product is progressively 

damaged, and the damage can lead to complete failure of the coating 

system. This phenomenon is called the Amoeba effect. In this model, the 

Amoeba effect is analyzed in terms of an interactive transport phenomenon 

between the solid-state diffusion of oxygen ions in a UO2 kernel and the 

flow of CO gas molecules through the pyrocarbon buffer layer surrounding 

the kernel. For mathematical simplicity, a cylindrically-shaped kernel is 

assumed. The results show that not only a concentration gradient in 

oxygen ions but also a temperature gradient with a negative heat of 

transport for oxygen ions can cause the Amoeba effect in UO2 fuel 

particles. 
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Title:
Safety requirements and research and development 
on HTTR fuel

Primary Author(yr): Saito,  S.;  Shiozawa, S.  (1990)

Abstract

Japan Atomic Energy Research Institute (JAERI) is now proceeding 

with the construction of the HTTR (High Temperature Engineering Test 

Reactor) to achieve its first criticality in FY 1995. The HTTR is designed 

to produce thermal power of 30MW and reactor outlet coolant temperature 

of 950 deg. C using pin-in-block type fuel rod assemblies. The TRISO 

coated fuel particles of 920㎛ in outer diameter will be used as the HTTR 

fuel. The major requirements to the HTTR fuels from a safety point of 

view are formulated. JAERI has performed extensive design efforts and R 

＆ D to meet the above requirements. The items for the HTTR fuel R ＆ 

D are divided into three categories: fuel fabrication, irradiation behaviour of 

HTTR fuel under normal operating condition and safety related research 

under accident conditions. Substantial results have been obtained through 

the R ＆ D to guarantee the fuel to fulfill its function. 
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Title:
Behaviour of HTGR coated fuel particles at 
high-temperature tests

Primary Author(yr): Chernikov, A.S.(1989)

Abstract

At the temperature range 1200-2600℃ prereactor tests of TRISO fuel 

particles on the base of UO2, UCxOy and U02+2Al2O3,.SiO2 kernels, and also 

fuel particle models with ZrC kernels were performed. Isothermal 

annealings carried out at temperatures of 1400-2600 ℃, thermo-gradient 

ones – at 1200-2200 ℃ (A T = 200-1200 ℃/cm). It is shown that at 

heating to 2200 ℃ integrity of fuel particles is limited by different thermal 

expansion of PyC and SiC coatings, and also by thermal dissociation of 

Sic. At higher temperatures the failure is caused by development of high 

pressures within weakened fuel particles. It is found that uranium 

migration from alloyed fuel (UCxOy, U02+2A12O3.Si02) in the process of 

annealing is higher than that from UO2.
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Title: An evaluation of the effects of SiC layer thinning 
on failure of TRISO-coated fuel particles 

Primary Author(yr): Gregory K. Miller  (2006)

Abstract

The fundamental design for a gas-cooled reactor relies on the behavior 

of the coated particle fuel. The coating layers surrounding the fuel kernels 

in these spherical particles, consisting of pyrolytic carbon and silicon 

carbide layers, act as a pressure vessel that retains fission products. Many 

more fuel particles have failed in US irradiations than would be expected 

when only one-dimensional pressure vessel failures are considered. Several 

multi-dimensional failure mechanisms that may have contributed to these 

failures have been previously studied, such as (1) irradiation-induced 

shrinkage cracks in the inner pyrocarbon (IPyC) layer, (2) partial 

debonding between the IPyC and SiC layers, and (3) deviations from a 

perfectly spherical shape. A further phenomenon that could lead to particle 

failures is thinning of the SiC layer caused by either thermal 

decomposition or interaction with fission products. Results of a study of 

the effects of SiC thinning and criteria for evaluating this behavior in a 

fuel performance code are presented transient.
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Title:
Current status of development of coated particle 

performance code GOLT

Primary Author(yr): Igor Golubev

Abstract

The coated particles (CP) performance computer code GOLT (Russian 

abbreviation of Gas-Cooled Fuel) is under development at the A. A. 

Bochvar All-Russia Research Institute of Inorganic Materials. The main 

goal of the code is supporting development of fuel for the Gas-Turbine 

Modular Helium Reactor (GT-MHR). The first version GOLT-v1 has 

capable to calculate temperature distribution along particle radius, fuel 

kernel swelling, history of internal pressure under coating due to formation 

of gaseous fission products and CO, history of stresses and deformation in 

each coating layer. For TRISO-type particles special probabilistic failure 

model was developed. According to the failure model integrated probability 

of silicon carbide layer failure depends on probability of each dense 

pyrocarbon layer failure. 

In the paper short description of capabilities of last versions of the code 

is presented. Deterministic version GOLT-v2 takes into account possibility 

of gap formation between  buffer and inner dense pyrocarbon layer or 

between kernel and buffer that influences on maximal fuel temperature. 

More detail model of buffer performance at irradiation was developed and 

included in the code. List of probable coating failure mechanisms was 

extended. The ability of coating failure due to Kernel-Coating Mechanical 

Interaction (KCMI) was included. The model of failure due to kernel 

migration was added too. 
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First estimations of GT-MHR fuel performance at accidents have been 

fulfilled by the version GOLT-v2.1. Thermo-dynamical code ASTRA is 

used in some tasks as supporting tool for calculating internal pressure and 

chemical interaction between SiC coating and fission products as well as 

CO. The version GOLT-v3 has accumulated all capabilities of previous 

versions and included Monte-Carlo analysis for estimation of fraction of 

failed particles with account of statistical spread of structural, materials 

and operating parameters. The code is taking part in Benchmarking of fuel 

performance codes in frame of the IAEA 6th Coordinated Research Project 

(CRP-6). The first version GOLT-v1 has been used to calculate Cases 1 

to 8 and GOLT-v3 to calculate Cases 9-14 of the developed calculate 

matrix.

The code has module structure that gives ability to replace and attach 

different models and algorithms. For calculate investigations of 

non-sphericity problems of CP special Finite Element (FE) code is used 

now. Attaching of the FE code to the code GOLT as additional 

thermomechanical module is planning in future version.
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Title:
Lifetime evaluation of graphite components for 
HTGRs

Primary Author(yr): Tatsuo Oku (2004)

Abstract

The lifetime of material and/or components has been discussed 

individually from different concepts, and sometimes gives confusion to 

material researchers as well as designers. The lifetime of materials is 

determined based on the dimensional changes due to neutron irradiation, at 

which they return to their original dimensions after initially contracting. On 

the other hand, the lifetime of components for HTGRs is defined based on 

a margin of the specified minimum ultimate strengths of the graphite to 

the stresses induced in the components. As an example, the stresses 

induced in the graphite block for the HTTR were, then, compared with the 

limited stress value determined from the specified minimum ultimate 

strength, and the lifetime of the component was evaluated and compared 

with that defined as dimensional changes. As a result, it was found that 

the lifetime of components for HTGRs should be determined as the shorter 

one in the two lifetimes defined by the stress-strength relationship and by 

the dimensional changes
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Title: Consideration of the effects of partial debonding of 
the IPyC and particle asphericity on TRISO-coated 
fuel behavior 

Primary Author(yr): Gregory K. Miller  (2004)

Abstract

The fundamental design for a gas-cooled reactor relies on the behavior 

of the coated particle fuel. The coating layers surrounding the fuel kernels 

in these spherical particles, consisting of pyrolytic carbon and silicon 

carbide layers, act as a pressure vessel that retains fission product gases. 

Many more fuel particles have failed in US irradiations than would be 

expected when only one-dimensional pressure vessel failures are 

considered. Post-irradiation examinations indicate that multi-dimensional 

effects may have contributed to these failures, such as (1) 

irradiation-induced shrinkage cracks in the inner pyrocarbon (IPyC) layer, 

(2) partial debonding between the IPyC and SiC layers, and (3) deviations 

from a perfectly spherical shape. An approach that was used previously to 

evaluate the effects of irradiation-induced shrinkage cracks is used herein 

to assess the effects of partial debonding and asphericity. Results of this 

investigation serve to identify circumstances where these mechanisms may 

contribute to particle failures
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Title:
Statistical approach and benchmarking for 
modeling of multi-dimensional behavior in 
TRISO-coated fuel particles

Primary Author(yr): Gregory K. Miller(2003)

Abstract

The fundamental design for a gas-cooled reactor relies on the behavior 

of the coated particle fuel. The coating layers, termed the TRISO coating, 

act as a mini-pressure vessel that retains fission products. Results of US 

irradiation experiments show that many more fuel particles have failed 

than can be attributed to one-dimensional pressure vessel failures alone. 

Post-irradiation examinations indicate that multi-dimensional effects, such 

as the presence of irradiation-induced shrinkage cracks in the inner 

pyrolytic carbon layer, contribute to these failures. To address these 

effects, the methods of prior one-dimensional models are expanded to 

capture the stress intensification associated with multi-dimensional 

behavior. An approximation of the stress levels enables the treatment of 

statistical variations in numerous design parameters and Monte Carlo 

sampling over a large number of particles. The approach is shown to 

make reasonable predictions when used to calculate failure probabilities for 

irradiation experiments of the New Production – Modular High 

Temperature Gas Cooled Reactor Program.
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Title:
Considerations pertaining to the achievement of 
high burn-ups in HTR fuel 

Primary Author(yr): David G. Martin (2002)

Abstract

The satisfactory irradiation performance of coated fuel particles up to 

burn-ups of, say 10%, has been demonstrated in the past. However, it is 

shown that some of the most important physical properties of their 

constituents, which determine this good performance, are only poorly 

known. This ignorance is likely to become more serious when particles are 

required to attain higher burn-up values. For example, neutron dose limits 

above which the anisotropy of the pyrocarbon layers become unacceptably 

high need to be established. Again, the particle must be designed with 

adequate voidage to accommodate the gas released by fission, and 

kernel-coating mechanical interaction must be avoided. Experiments are 

proposed, in addition to the irradiation and post irradiation examination of 

particles, which should address these issues. The way this new 

information can be used in fuel performance codes is discussed, thereby 

providing a scientific understanding of the behaviour of coated particles—

-as of interest to researchers, by industry, by utilities and, perhaps most 

importantly, by regulators. 
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Development of an Integrated Performance Model 
for TRISO-Coated Gas Reactor Particle Fuel

Primary Author(yr): Gregory K. Miller  (2002)

Abstract

The success of gas reactors depends upon the safety and quality of the 

coated particle fuel. The understanding and evaluation of this fuel requires 

development of an integrated mechanistic fuel performance model that fully 

describes the mechanical and physicochemical behavior of the fuel particle 

under irradiation. Such a model, called PARFUME (PARticle FUel ModEl), 

is being developed at the Idaho National Engineering and Environmental 

Laboratory. PARFUME is based on multi-dimensional finite element 

modeling of TRISO-coated gas reactor fuel. The goal is to represent all 

potential failure mechanisms and to incorporate the statistical nature of the 

fuel. The model is currently focused on carbide, oxide and oxycarbide 

uranium fuel kernels, while the coating layers are the classical 

IPyC/SiC/OPyC. This paper reviews the current status of the mechanical

aspects of the model and presents results of calculations for irradiations 

from the New Production Modular High Temperature Gas Reactor program
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Mathematical Model and Computer Code for Coated 
Particles Performance at normal operating 
conditions

Primary Author(yr): I. Golubev(2002)

Abstract

Computer modeling of thermo-mechanical behavior of coated particles 

during operating both at normal and off-normal conditions has a very 

significant role particularly on a stage of new reactors development. In 

Russia a big experience has been accumulated on fabrication and reactor 

tests of CP and fuel elements with UO2 kernels. However, this experience 

cannot be using in full volume for development of a new reactor 

installation GT-MHR. This is due to very deep burn-up of the fuel based 

on plutonium oxide (up to 70% fima). Therefore the mathematical modeling 

of CP thermal-mechanical behavior and failure prediction becomes 

particularly important. The authors have a clean understanding that 

serviceability of fuel with high burn-ups are defined not only by 

thermo-mechanics, but also by structured changes in coating materials, 

thermodynamics of chemical processes, “"amoeba-effect’', formation CO etc. 

in the report the first steps of development of integrate code for numerical 

modeling of coated particles behavior and some calculating results 

concerning the influence of various design parameters on fuel coated 

particles endurance for GT-MHR normal operating conditions are 

submitted. A failure model is developed to predict the fraction of 

TRISO-coated particles. In this model it is assumed that the failure of CP 

depends not only on probability of SiC-layer fracture but also on the 

PyC-layers damage. The coated particle is considered as a uniform design
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Title: Consideration of the effects on fuel particle 
behavior from shrinkage cracks in the inner 
pyrocarbon layer 

Primary Author(yr): Gregory K. Miller  (2001)

Abstract

The fundamental design for a gas-cooled pebble bed reactor relies on 

an understanding of the behavior of coated particle fuel. The coating layers 

surrounding the fuel kernels in these spherical particles consist of pyrolytic 

carbon layers and a silicon carbide (SiC) layer. These coating layers act 

as a pressure vessel that retains fission product gases. A small percentage 

of fuel particles may fail during irradiation in the mode of a traditional 

pressure vessel failure. Fuel performance models used to predict particle 

behavior have traditionally been one-dimensional models that focus on this 

failure mechanism. Results of irradiation experiments, however, show that 

many more fuel particles fail than would be predicted by this mechanism 

alone. Post-irradiation examinations indicate that multi-dimensional effects, 

such as the presence of shrinkage cracks in the inner pyrolytic carbon 

layer (IPyC), contribute to these unexplained failures. Results of a study 

performed to evaluate the significance of cracking in the IPyC layer on 

behavior of a fuel particle are presented herein, which indicate that 

shrinkage cracks could contribute significantly to fuel particle failures. 
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Stresses in a spherical pressure vessel undergoing 
creep and dimensional changes

Primary Author(yr): Gregory K. Miller(1995)

Abstract

solution is presented for stresses and displacements in a thick spherical 

shell subjected to internal and external pressure loads. In addition to 

elastic behavior, the shell material is assumed to undergo both creep and 

dimensional changes as the shell is pressurized. The dimensional changes 

considered are (1) anisotropic swelling or shrinkage induced by neutron 

irradiation of the shell, or (2) isotropic thermal expansion with a 

temperature gradient through the shell wall. This solution was developed 

for pressure vessel modeling of fuel and target particles of the New 

Production Modular High Temperature Gas-Cooled Reactor (NP-MHTGR), 

where it is used in predicting particle failure probabilities for large particle 

batches. It has the advantage that it is computationally much faster than 

finite element or finite difference approaches. The creep behavior is initially

represented with a Cparameter linear viscoelastic model to include transient 

and steady-state components, then is extended to more general linear 

viscoelastic models. The analytical approach, which is applied to a 

spherical geometry here, may be useful in solving for similar loadings on 

other vessel geometries.
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Treating asphericity in fuel particle pressure 
vessel modeling 

Primary Author(yr): Gregory K. Miller(1994)

Abstract

The prototypical nuclear fuel of the New Production Modular High 

Temperature Gas-Cooled Reactor (NPMHTGR) consists of spherical 

TRISO-coated particles suspended in graphite cylinders. The coating layers

surrounding the fuel kernels in these particles consist of pyrolytic carbon 

layers and a silicon carbide layer. These coating layers act as a pressure 

vessel which retains fission product gases. In the operating conditions of 

the NP-MHTGR, a small percentage of these particles (pressure vessels) 

are expected to fail due to the pressure loading. The fuel particles of the 

NP-MHTGR deviate to some degree from a true spherical shape, which 

may have some effect on the failure percentages. A method is presented 

that treats the asphericity of the particles in predicting failure probabilities 

for particle samples. It utilizes a combination of finite element analysis and 

Monte Carlo sampling and is based on the Weibull statistical theory. The 

method is used here to assess the effects of asphericity in particles of two 

common geometric shapes, i.e. faceted particles and ellipsoidal particles. 

The method presented could be used to treat particle anomalies other than 

asphericity.
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Analytical solution for stresses in TRISO-coated 
particles 

Primary Author(yr): Gregory K. Miller  (1993)

Abstract

A closed form solution is presented for stresses in a three-layer 

spherical pressure vessel representative of the TRISO-coated particles in a 

New Production Modular High Temperature Gas-Cooled Reactor. The inner 

and outer layers are pyrolytic carbons that undergo creep and anisotropic 

swelling behavior during neutron irradiation of the particle, while the 

central layer is a silicon carbide that is modeled as an isotropic elastic 

medium. The three-layer pressure vessel is loaded by an internal fission 

gas pressure that builds up during irradiation and by a constant external 

ambient pressure. The three-layer solution is also adapted to two-layer 

shells where either the inner or outer pyrolytic carbon layer is absent. The

closed form solution is well suited to determining particle failure 

probabilities using the Monte Carlo method because of its ease of 

programming and speed of execution versus finite difference or finite 

element method solutions.
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Irradiation experiments on high temperature 
gas-cooled reactor fuels and graphites at the high 
flux reactor petten

Primary Author(yr): J.  Ahlf (1990)

Abstract

Because of its favourable design and operational characteristics and the 

availability of dedicated experimental equipment the High Flux Reactor at 

Petten has been extensively used as a test bed for HTR fuel and graphite 

irradiations for more than 20 years. Earlier fuel testing programmes 

contributed to the development of the coated fuel particle concept by 

extended screening tests. Now these programmes concentrate on 

performance testing of reference coated fuel particles and reference fuel 

elements for the German HTR-Module, the HTR-500 and to a lesser 

extent for the US HTGR concepts. It is shown with representative 

examples that these fuels have excellent fission product retention 

capabilities under normal and anticipated off-normal operating conditions. 

Extended irradiation programmes in the HFR Petten have significantly 

contributed to the database for the design of HTR graphite structures. The 

programmes not only comprise radiation damage accumulation in the 

temperature range from 570 to 1570 K up to very high fast neutron 

fluences and its influence on technological properties, but also irradiations 

under specified load conditions to investigate the irradiation creep 

behaviour of various graphites in the temperature range 570 to 1170 K. 
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Title:
Irradiation creep properties of  a near isotropic 
graphite

Primary Author(yr): T. OKU (1988)

Abstract

Two irradiation creep tests on near-isotropic graphite (SM1-24) for 

HTGRs were performed at around 900℃ in the JMTR. Neutron fluences 

ranged from 5.50×1024 n/m2 (E>29 fJ) to 12.4×1024 n/m2 (E>29fJ), 

depending on the position of the specimen. Irradiation creep strain (ε0) was 

obtained from the equation ε0 = (σ/E0)[1-exp(-bφ)]+Kσφ, by measuring 

dimensional changes in unloaded and loaded tensile specimens before and 

after irradiation, where E0, is the Young’'s modulus before irradiation, K 

the creep coefficient, and b a constant. The value of K was estimated 

assuming that 1-exp(-bφ)≃ 1 over the range of neutron fluence tested 

here. Mercury porosimetry was employed to add consideration to the 

mechanism of irradiation creep using unloaded and loaded specimens. The 

irradiation creep strain is proportional to stress and to neutron fluence for 

larger fluences. The irradiation creep coefficient is in inverse proportion to 

Young’'s modulus before irradiation, KE0 = 0.247. From the values of the 

average Young's modulus before irradiation for two irradiation creep tests, 

the creep coefficient was estimated to be 3.03×10
-29
 (MPa/m

2
)
-1
 and 3.18 

×10
-29
 (MPa/m

2
)
-1 

,respectively. The mercury pore diameter distribution 

changes upon irradiation, that is pores smaller than 10 pm disappear 

partly, the total porosity decreases, and the stress tends to facilitate 

disappearance of the pores. The Young's modulus increases as a result of 

irradiation. The increase in Young’'s modulus after a creep tests is smaller 

than that after irradiation only. The experimental result obtained here is 

consistent with the explanation for the mechanism of irradiation creep in 

which two to six interstitial clusters as a pinning point to basal slip 

disappear during the irradiation creep test
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diluted thermosetting matrices

Primary Author(yr): R. E. Bullock (1977)

Abstract

Satisfactory irradiation performance of experimental thermosetting 

HTGR fuel rods whose injected matrices were properly diluted with a 

low-char-yield additive (fugitive) was demonstrated for a fast-neutron 

fluence of 5 × 10
21
 n/cm

2
 (E > 0.18 MeV) at a temperature of 1200°C. The 

addition of the fugitive introduced microporosity throughout the fired 

matrix; this reduced internal matrix shrinkage during irradiation by limiting 

the amount of binder char present, and it also reduced the strength and 

bond ability of the matrix. Sufficient fugitive had to be added to reduce 

the percentage of binder char (PBC) in the graphite-filled matrix to less 

than 32 wt.% in order to prevent pyrocarbon coatings on close-packed fuel 

particles from being damaged during irradiation by strong 

particle-to-matrix bonding in conjunction with large matrix shrinkage, as 

had previously occurred for undiluted thermosetting rods. At the same 

time, the PBC had to be maintained at or above 17 wt.% to give the rods 

strength enough for adequate particle retention. Within the window of 

acceptability defined above, thermosetting rods performed about as well 

under irradiation as did the standard pitch-based rod that was included for 

comparison. Moreover, such rods offer processing advantages over the 

thermoplastic standard used in the fabrication of fresh fuel in that they 

can be subjected to free-standing carbonization, and this might be 

particularly important in the remote fabrication of reprocessed fuel
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UKAEA Reactor group studies of irradiation - 

induced creep in graphite

Primary Author(yr): B.T. Kelly(1977)

Abstract

A review is presented of the experimental and theoretical studies of 

fast neutron irradiation creep in reactor graphite carried out by the 

UKAEA Reactor Group. The studies have covered the effect of varying 

graphite type, oxidation, stress level and boron doping. The results are 

shown to accord better with a dislocation pinning-unpinning model of 

dislocation glide, rather than the Cottrell model often assumed.
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Title:
Fast neutron induced creep in pyrocarbon under 
constant stress

Primary Author(yr): J.  E.  BROCKLEHURS(1976)

Abstract

Pyrocarbon is used as a coating material in the fuel of high-temperature 

nuclear reactors, and a thorough understanding of its irradiation behaviour 

includes a knowledge of its ability to creep under fast neutron irradiation. 

An experiment is described which demonstrates fast neutron-induced creep 

of a pyrolytic carbon under constant applied stress. This differs from 

previous work which has obtained creep ductility data from restrained 

shrinkage tests. The specimens were centreloaded discs freely supported at 

the rim, thus subjected to a constant biaxial bend stress. On each 

specimen, elastic and plastic strains were produced and measured using the 

same geometry and loading arrangement, to allow the creep strain to be 

expressed simply in terms of initial elastic strain units. Results were 

obtained on specimens of initial density 1.95 g/cm3 and 1.64 g/cm3 up to a 

fast neutron dose of 4×1020 n/cm2 (DNE) at a temperature of 1000°C. The 

low-density specimens showed both the greater shrinkage and the greater 

creep strain, and average creep rates were 0.5 and 1.0 elastic units per 1020 

n/cm2 (DNE) for the high and low-density specimens respectively. These 

constant-stress creep results are shown to be consistent with other data 

on pyrocarbon. They differ from graphite creep data in that the two 

pyrocarbons give creep strains per unit initial elastic strain which depend 

on their initial densities.
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An analytical method of calculating, to a 
reasonable accuracy, stresses in the coatings of 
HTRr fuel particles 

Primary Author(yr): David G. Martin (1973)

Abstract

An analytical model is developed which enables stresses in the layers of 

a triplex-coated particle, consisting of inner pyrocarbon, silicon carbide and 

outer pyrocarbon layers, to be calculated during the course of an 

isothermal irradiation in terms of the physical properties of the layers and 

the inner and outer pressures acting on the coatings. The principal 

simplifying assumption in the model is that no elastic or creep deformation 

occurs in the silicon carbide layer; this incurs errors in the results which 

are typically 1–2%. The model is able to deal quantitatively with 

situations in which the radiation-induced dimensional change rates of the 

pyrocarbon layers are anisotropic, when they are a function of neutron 

dose, and also when they are a function of radial position within a 

particular layer. The resulting analytical relations enable stresses to be 

calculated very easily by hand in practical situations. They also 

demonstrate very clearly the relative importance of the various input 

variables which are required in the calculation. 
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Title:
Dimensional and physical property changes of high 
temperature reactor

Primary Author(yr): M. R. EVERETT(1971)

Abstract

The 20 MW(th) experimental helium cooled reactor "Dragon” designed and

built by the OECD High Temperature Reactor Project at Winfrith, England 

uses an all graphite core with coated particle fuel embedded in a resin 

bonded graphite powder matrix. This paper describes the irradiation 

behaviour of the carbonaceous core components. Measurements have been 

carried out of the dimensional and physical property changes of extruded 

and pressed Gilsocarbon graphite, irradiated to fast neutron doses of up to 

5×10
21
 n/cm

-2
 Nii DID0 equivalent, and the results are compared with two

earlier nuclear graphites. Differences in the shrinkage rates of the various 

Gilsocarbon graphites are related to their initial Young's Modulus and 

strength. The results indicate that for a given basic type of graphite 

(gilsonite) a higher strength material will shrink faster than a comparable 

low strength material. Comparison of the volume changes of the graphites 

tested suggests that the expansion rate after the shrinkage maxima is 

more rapid for graphites irradiated at 900°C than at 1200°C. This rapid 

volume expansion at 900°C is accompanied by a loss of strength already 

shown by the fall in Young’s Modulus of an earlier fine grain nuclear 

graphite used in the Dragon Reactor. A range of pyrolytic carbon 

specimens having a range of densities was irradiated up to fast neutron 

doses of 3×10
21
 n/cm

-2
 Ni DID0 equivalent. The results show that the 

dimensional changes of these specimens depend primarily on their initial 

density. Measurements of the outer diameter and length changes of coated 

particle matrix type fuel compacts irradiated at temperatures between 900℃

-1200°C. to a maximum fast neutron dose of 1.7×10
21
 n/cm

-2
 Ni DID0 

equivalent. reveal a relatively isotropic behaviour of these composite bodies. 

However they shrink more rapidly than most nuclear graphites. The 

influence of materials selection on some reactor design problems is briefly 

discussed
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On irradiation - induced creep of pyrolytic carbon 

in a genergal state of stress

Primary Author(yr): J.  L.  KAAE (1970)

Abstract

In summary, it is possible to calculate creep poisson's ratio,   , a 

parameter necessary to describe isotropic irradiation-induced creep of 

pyrolytic carbon in a general state of stress. The value deviates from the 

usually assumed value of 0.5 and is equal to about 0.4 over a considerable 

range of the creep strain. It does not appear to depend on the temperature 

of irradiation or on the density of the pyrolytic carbon.
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Dimensional changes induced in pyrolytic carbon 
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Abstract

A variety of pyrolytic carbons with various densities, anisotropies, and 

microstructures, but with similar crystallite sizes, were irradiated at 600℃, 

1180℃, 1330℃ and 1650°C to fast neutron exposures of 1.9, 2.6, 3.1 and 3.3 

×1021 nvt (E>0.18 MeV), respectively. Changes in linear dimensions, 

density, apparent crystallite height, layer spacing, and anisotropy were 

measured. Significant changes in preferred orientation resulting from 

irradiation at temperatures above 1100°C were measured. The Bacon 

anisotropy factor for many specimens increased more than 20 per cent due 

to the irradiation. The kinetics of densification at 600°C were found to be 

first order with respect to the density defect and independent of the 

microstructural appearance of the carbon. At irradiation temperatures above

1100℃, the densities of the carbons with initial densities less than about 

2.06 g/cm3 were increased by the irradiation, but the densities of those 

with initial densities greater than this value were decreased. The crystallite 

dimensional changes, △Xc/Xc, and △Xa/Xa, produced by irradiation were 

derived from the measured dimensional changes parallel and perpendicular 

to the deposit and compared with the crystallite dimensional changes 

previously published for carbons and graphites with crystallite densities 

above 2.0 g/cm3. The data show no dependence on crystallite size below 

～500℃, where the mobility of radiation-induced point defects is low. 

Above ～500℃, where the mean diffusion distance of the displaced atoms 

is large compared with the crystallite size, dimensional change rates are 

higher for carbons with smaller crystallite sizes.
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Title:
Fuel irradiation of the first batches produced for 

the Chinese HTR-10 

Primary Author(yr): Chunhe Tanga(2006)

Abstract

An irradiation test of four spherical fuel elements (SFE) had been 

performed in the Russian reactor IVV-2M. The elements were sampled 

randomly from the first and second product batches which were 

manufactured for the 10 MW high-temperature gas-cooled test reactor 

(HTR-10). The maximum burnup of the irradiated fuel elements reached 

107,000 MWd/tU and the maximum fast neutron fluence was 1.31 × 10
25
 m

−2
. The release-to-birth rate ratio (R/B) did not increase significantly 

during irradiation. However, an in-pile heating-up test of element SFE 7 

in Capsule 5 led to a failure of approximately 6% of the coated particles. 

After the test it was estimated that the fuel temperature had very likely 

been much higher than the intended 1600 °C. 
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Abstract

For Very High Temperature Reactors (VHTR), one of Generation IV 

future systems, the high level operating temperature of the fuel materials 

in normal and accidental conditions requires to predict the possible 

chemical interactions between the fuel component (UO2) and the structural 

materials (C, SiC). Among the concerns of the TRISO particle 

thermo-mechanical behaviour, it is necessary to better understand the 

gaseous carbon oxides formation at the fuel-buffer interface that leads to 

the build up of the internal pressure. High equilibrium CO(g) pressures 

resulting of the UO2±x/C reaction are obtained using thermodynamic 

calculations. The kinetic mechanisms involved in this reaction that limit 

this pressure increase have to be determined by convenient experiments 

and associated models. Some of the reported data on the kinetic of CO(g) 

formation due to the UO2±x and graphite interaction have been reviewed. 

The discrepancies between the reaction mechanisms can be explained (i) 

by the different geometries and sample types and (ii) by the oxide 

stoichiometry and the flowing gas used during the experiments. Depending 

on these characteristics, the phenomena involved in CO(g) formation can 

be of three different kinds : Interface, Surface or Diffusion. Using High 

Temperature Mass Spectrometry (HTMS), kinetic measurements of the 

CO(g) and CO2(g) species due to the interaction between UO2±x and 

graphite were performed. The samples are pressed pellets constituted of a 

mixture of UO2±x and graphite powders with molar compositions C/UO2±x= 

3/5.

CO (g) is the major product above 1200 K. Rates of the CO(g) 

formation have been established taking into account the oxygen 

composition of the non-stoichiometric uranium dioxide and temperature. 

Results underline the upmost importance of kinetic factors for studying the 

CO(g) pressure variation inside the TRISO particle.
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Abstract

For both high temperature reactor (HTR) and gas cooled fast reactor 

(GFR) systems, the high operating temperature in normal and accidental 

conditions necessitates the assessment of the thermodynamic data and 

associated phase diagrams for the complex system constituted of the fuel 

kernel, the inert materials and the fission products. A classical CALPHAD 

approach, coupling experiments and thermodynamic calculations, is 

proposed. Some examples of studies are presented leading with the CO and 

CO2 gas formation during the chemical interaction of [UO2±x/C] in the 

HTR particle, and the chemical compatibility of the couples [UN/SiC], [(U, 

Pu)N/SiC], [(U, Pu)N/TiN] for the GFR system. A project of constitution 

of a thermodynamic database for advanced fuels of gas-cooled reactors is 

proposed. 
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Title:
Simulation of isothermal fission gas release

An analytical solution 

Primary Author(yr): Martín Maldován1(1999)

Abstract

An analytical version of a previous diffusion model representing fission 

gas release during isothermal irradiation of UO2 nuclear fuel is presented. 

The previous numerical version was successfully applied to a variety of 

experiments. The present model, although based on more restrictive 

assumptions, gives a quick but sufficiently accurate estimation, useful to 

predict experiments or more detailed calculations. The main new 

hypotheses are: constant fuel grain radius, constant gas generation rate 

and constant grain boundary gas content. The latter is met at the final 

stage of fuel irradiation, after grain boundary saturation, and partially met 

at the beginning of irradiation, when the grain boundary is nearly empty. 

Two analytical solutions are obtained and conveniently matched, yielding a 

unique solution representing the whole process. The difference between the 

analytical and numerical results for the fractional release is appreciable 

only near the matching. It is lower than 1% over 93% of the process 

duration for all the temperatures tested, ranging from 1250 to 2000 K and 

has no significant effect on the results at the end of life. 
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Title:
Behaviour of HTGR coated particles and fuel 

elements under normal and accident conditions

Primary Author(yr): Deryugin, A.I.(1990)

Abstract

Main results of testing HTGR coated particles and spheric fuel 

elements developed in Scientific and Industrial Association ''Lutch'' under 

conditions of higher level of energy release and temperature than those 

designed are given in the report. The summarized data on tightness and 

characteristic defects change, on gas and solid fission products release 

under model accident conditions before, during and after radiation are 

presented. 
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Title:
Carbon monoxide formation in UO2, kerneled HTR 

fuel particles containing oxygen getters

Primary Author(yr): E. PROKSCH(1986)

Abstract

Mass spectrometric measurements of CO in irradiated UO2 kemeled 

HTR fuel particles containing various oxygen getters are summarized and 

evaluated. 

Uranium carbide addition in the 3 to 15% range reduces the CO release 

by factors between 25 and 80, up to burn-up levels as high as 70% 

FIMA. Unintentional gettering by Sic in TRISO coated particles with failed 

inner pyrocarbon layers results in CO reduction factors between 15 and 

110. For ZrC, only somewhat ambiguous results have been obtained; most 

likely, ZrC results in CO reduction by a factor of about 40. 

Ce2O3 and La2O3 seem to be somewhat less effective than the three 

carbides; for Ce2O3, reduction factors between 3 and 15 have been found. 

However, these results are possibly incorrect due to premature oxidation of 

the getter already during fabrication. Addition of SiO2 + Al2O3 has no 

influence on CO release at all.
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Title:
HTR coated particle fuel: irradiation behaviour and 

performance prediction

Primary Author(yr): Burck, W.(1983)

Abstract

The spherical fuel element containing TRISO fuel particles has been 

successfully qualified. Many of these results are generic to the coating and 

fuel element design and will be used as base for the new reference fuel 

element. Post irradiation examination revealed no irradiation induced 

particle failures at simulated normal operation conditions. This is especially 

true for several thousand fuel elements irradiated in the AVR experimental 

test reactor. In the evolutionary process establishing fuel performance 

models for normal operation and accidents, practically all sub-models have 

been validated and provide a realistic base for prediction. Few data exist 

to verify the model predictions which combine all sub-models. 

Nevertheless, the presently available refined models are helpful in particle 

design should new requirements arrive, and in making predictions under 

conditions outside the experimental range 
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Title:
Production of carbon monoxide during burn-up of 

UO2 kerneled HTR fuel particles 

Primary Author(yr): Emil Proksch(1982)

Abstract

Mass-spectrometric measurements of CO contained in irradiated UO2 

kerneled HTR fuel particles are summarized and evaluated. The oxygen 

release O/F (atoms per fission) at the end of irradiation is found to be a 

function of irradiation time t (days) and irradiation temperature T (particle 

surface temperature, °C); no dependence upon the type of nuclide fissioned 

(uranium or plutonium) could be found. Within the limits of 66 < t < 550 

days, 950 < T < 1525°C and O/F <0.40 fU + 0.85 fPu (fU, fPu are the 

fractions of fissions in uranium and plutonium, respectively) the oxygen 

release can be represented by the empirical expression

log{(O/F)/t
2
} = −0.21–8500/(T + 273).

A tentative model explaining this result is proposed. 
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Title:

Influence of Irradiation Temperature, Burnup, and 

Fuel Composition on Gas Pressure

(Xe, Kr, CO, CO2) In Coated Particle Fuels
Primary Author(yr): G. W. HORSLEY(1976)

Abstract

Relations have been derived from gas analyses of irradiated PyC-coated 

UO2 fuel particles that enable the quantity of permanent rare gas (Xe+Kr) 

released within the particle to be predicted from known conditions of 

irradiation temperature, time, and burnup. The experimentally determined 

influence of fissions in uranium and plutonium isotopes on the growth of 

intraparticle CO + CO2 pressure is discussed and its elimination by an 

appropriate getter is described.
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Title:
Irradiation performance of HTGR fuel rods with 

diluted thermosetting matrices

Primary Author(yr): R. E. Bullock(1977)

Abstract

Satisfactory irradiation performance of experimental thermosetting 

HTGR fuel rods whose injected matrices were properly diluted with a 

low-char-yield additive (fugitive) was demonstrated for a fast-neutron 

fluence of 5 × 1021 n/cm2 (E > 0.18 MeV) at a temperature of 1200°C. 

The addition of the fugitive introduced microporosity throughout the fired 

matrix; this reduced internal matrix shrinkage during irradiation by limiting 

the amount of binder char present, and it also reduced the strength and 

bond ability of the matrix. Sufficient fugitive had to be added to reduce 

the percentage of binder char (PBC) in the graphite-filled matrix to less 

than 32 wt.% in order to prevent pyrocarbon coatings on close-packed fuel 

particles from being damaged during irradiation by strong 

particle-to-matrix bonding in conjunction with large matrix shrinkage, as 

had previously occurred for undiluted thermosetting rods. At the same 

time, the PBC had to be maintained at or above 17 wt.% to give the rods 

strength enough for adequate particle retention. Within the window of 

acceptability defined above, thermosetting rods performed about as well 

under irradiation as did the standard pitch-based rod that was included for 

comparison. Moreover, such rods offer processing advantages over the 

thermoplastic standard used in the fabrication of fresh fuel in that they 

can be subjected to free-standing carbonization, and this might be 

particularly important in the remote fabrication of reprocessed fuel. 
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Title:
High-temperature active/passive oxidation and 
bubble formation of CVD SiC in O2 and CO2 
atmospheres

Primary Author(yr): Takashi Goto (2002)

Abstract

The active oxidation, passive oxidation and bubble formation of CVD 

SiC were studied in O2 and CO2 at temperatures from 1650 to 2000 K. The 

active oxidation rates in O2 increased with increasing oxygen partial 

pressure (PO2); however, those in CO2 showed the maxima at specific PO2 

. The passive oxidation kinetics in O2 were either linear–parabolic or 

parabolic depending on temperature and PO2 , whereas that in CO2 was 

always parabolic. The activation energies for the parabolic oxidation in O2 

and CO2 were 210 and 150 kJ/mol, respectively, suggesting different 

rate-determining process in these atmospheres. The bubble formation was 

controlled by temperature and PO2 being independent of oxidant gas 

species. The linear and parabolic oxidation rates were accelerated by the 

bubble formation. 
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Title:
Retention of fission product caesium in ZrC-coated fuel 
particles for high-temperature gas-cooled reactors

Primary Author(yr): Kazuo Minato (2000)

Abstract

The ZrC coating layer is a candidate to replace the SiC coating layer 

of the Triso-coated fuel particle for high temperature gas-cooled reactors. 

To understand mechanisms of the good retention capabilities for fission 

product caesium of the ZrC Triso-coated fuel particles, the particles after 

post-irradiation heating tests were examined individually with X-ray 

microradiography and the caesium inventories of the fuel kernel and 

coating layers of each particle were measured with gamma-ray 

spectrometry. The fractional content of 
137
Cs in the fuel kernel was found 

to be different from particle to particle though 
137
Cs was not released from 

the particles practically. The particles, which showed relatively good 

retention of 
137
Cs in the fuel kernels, had radially broken inner pyrolytic 

carbon layers and deformed fuel kernels. The ZrC layer developed the 

caesium retention capabilities of the fuel kernel through interaction of ZrC 

with the fuel kernel.
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Title:
Deterioration of ZrC-coated fuel particle caused by 
failure of pyrolytic carbon layer

Primary Author(yr): Kazuo Minato (1998)

Abstract

The ZrC coating layer is a candidate to replace the SiC coating layer 

of the Triso-coated fuel particles for high-temperature gas-cooled reactors. 

To understand the behavior of the ZrC-Triso-coated fuel particles at 1800 

to 2000°C, a ceramographic examination and an electron probe 

microanalysis were performed on the ZrC-Triso-coated fuel particles after 

the post-irradiation heating tests and a thermodynamic analysis of the 

Zr-C-U-O system was carried out. Based on the results of the 

examination and analyses, a mechanism of the deterioration of the 

ZrC-Triso-coated fuel particles was proposed. The deterioration of the 

ZrC-Triso-coated fuel particles observed at 1800 to 2000°C was caused by 

the failure of the inner pyrolytic carbon layer.
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Title:
Irradiation  behavior  of  experiment  fuel  particles 
containing chemically vapor deposited zirconium 
carbide coatings

Primary Author(yr): G.H. Reynolds(1976)

Abstract

Four experimental fuel particle designs, utilizing zirconium carbide 

coatings in combination with porous and dense pyrocarbon coatings, were 

tested under hi-temperature irradiation. As a fission-product corrosion test 

for the zirconium carbide, two particle designs employed carbide coatings 

applied directly over either UC2 or (8Th, 1U)O2 fuel kernels. The other two 

designs utilized zirconium carbide outside of porous pyrocarbon coatings 

but without the conventional inner dense pyrocarbon coating on either UC2 

or (8Th, 1U)O2 fuel kernels. The particles were irradiated at 1200°C to a 

fast-neutron fluence of 5×1021 n/cm2 (E > 0.18 MeV) and fractional 

burnups of the initial metal atoms of 0.7 and 0.08 for the UC2 and (8Th, 

1U)O2 kernels, respectively. Stereoscopic, metallographic and electron-beam 

microprobe examination of the irradiated particles showed that the 

zirconium carbide possesses exceptional resistance to chemical attack by 

fission products and good mechanical stability under irradiation.
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Title:
Irradiation behavior of HTGR coated particle fuel 
at abnormally high temperature

Primary Author(yr): Kousaku Fukuda (1995)

Abstract

Irradiation behavior of high temperature gas-cooled reactor (HTGR) coated 

particles under temperature transient conditions was investigated in 

accordance with a design-base accident scenario for HTTR, a 30 MWth 

HTGR under construction at JAERI. One of the scenarios predicts that the 

fuel temperature of the block-type fuel element rises to abnormally high 

temperature by blocking a coolant channel with some foreign substance. 

For simulating this scenario the fuel compacts incorporating the coated 

particles were irradiated at normal temperature in three capsules, followed

by temperature transient up to a maximum of approximately 2000 °C. The 

post-irradiation examinations, including surface inspection, metrology, 

ceramography and a measurement of coated particle failure were applied to 

the fuel compacts to investigate the thermal-transient effect on the fuel 

integrity. Integrity of the fuel compact was also assessed by an estimation 

of tangential stress introduced into the compact by the temperature 

transient
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Title:
Safety requirements and research and development 
on HTTR fuel

Primary Author(yr): S.  Saito (1990)

Abstract

Japan Atomic Energy Research Institute (JAERI) is now proceeding 

with the construction of the HTTR (High Temperature Engineering Test 

Reactor) to achieve its first criticality in FY 1995. The HTTR is designed 

to produce thermal power of 30MW and reactor outlet coolant temperature 

of 950 deg. C using pin-in-block type fuel rod assemblies. The TRISO 

coated fuel particles of 920㎛ in outer diameter will be used as the HTTR 

fuel. The major requirements to the HTTR fuels from a safety point of 

view are formulated. JAERI has performed extensive design efforts and R 

＆ D to meet the above requirements. The items for the HTTR fuel R ＆ 

D are divided into three categories: fuel fabrication, irradiation behaviour of 

HTTR fuel under normal operating condition and safety related research 

under accident conditions. Substantial results have been obtained through 

the R ＆ D to guarantee the fuel to fulfill its function.
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Title:
HTR fuel:  Prediction of fission product release in 
accidents

Primary Author(yr): H. nabielek (1985)

Abstract

The basic fuel unit of the HTR is the coated particle of about 1 mm 
diameter. An oxidic fuel kernel is surrounded by a low density buffer layer 
and a silicon carbide coating sandwiched between high density pyrocarbon 
coatings. The total release of fission products during accidents is 
determined not only by the transient-induced and the irradiation-induced 
failure of the coatings, but also by the levels of manufacturing defects and 
the level of heavy metal contamination in the fuel matrix material.

Modern coated fuel particles are designed so that fission gas 
pressure-induced stress in the SiC coating remains small relative to the 
strength of the SiC even under full design burnup conditions. Therefore 
the pressure vessel failure of the particles is insignificant both in normal 
operations and in accidents. Silicon carbide thermal decomposition becomes  
the dominant failure mode as temperatures exceed 2000°c. Interaction of 
fission products with silicon carbide leading to corrosion is the dominant 
failure mechanism below 2000°c.

Laboratory simulations of HTR transients have usually measured the 
release of Cs 137 and Kr 85 as indicators of the coating failure. Once the 
silicon carbide fails by corrosion or decomposition, Cs 137 is released and 
is taken ad the direct indicator of SiC failure in fuel performance modeling 
studies. In the case of Kr, an additional delay beyond the Cs release is 
found due to the time required for Kr to diffuse through the remaining  
outer pyrocarbon coating. The delay between coefficient of Kr in 
pyrocarbon. 

The present data suggest that, in terms of expected values, the fission 
product release during a modular reactor system transient to 1600°c is 
dominated by the manufacturing defects and heavy metal contamination 
rather than irradiation-induced or transient-induced coating failure.
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Title:
Performance of coated UO2 particles gettered with 
ZrC

Primary Author(yr): R.E. BULLOCK (1983)

Abstract

In irradiation tests reported here, kernel migration in coated UO2 fuel 

was eliminated through the use of a ZrC oxygen getter in two types of 

particles: one in which a solid layer of ZrC was deposited over the kernel, 

and another in which ZrC was dispersed throughout the pyrocarbon buffer 

layer surrounding the kernel. Postirradiation annealing tests on these 

TRISO-coated particles revealed an additional advantage for the particle 

having the solid ZrC overcoat in that no fission products were released 

during testing for 36 Ms (10000 h) at 1500°C. The other ZrC-gettered 

particle, as well as UO2, UC2, and mixed UO2-UC2 fuels that were included 

for comparison, released significant amounts of silver and europium 

through intact coatings in much shorter periods of time under the same 

conditions.
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Title:
High temperature heating experiments on 

unirradiated ZrC coated fuel particles

Primary Author(yr): T. OGAWA (1981)

Abstract

Triso-coated UO2 particles with ZrC as the third layer were heated at 

2173-2773 K. The particles withstood the heating at 2723 K for 1 h, 

though more than one half failed at 2773 K within 1 h. The results were 

compared with those on the conventional Triso-coated particles with SiC 

as the third layer. The thermodynamics of the system within ZrC-Triso 

particles are discussed and the internal CO pressure at high temperatures 

is estimated. The results of the impurity analysis on CVD ZrC is also 

presented
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Title:
The effect of annealing at 1500 °C on migration 
and release of ion implanted silver in CVD silicon 
carbide

Primary Author(yr): R.G. Ballinger (2006)

Abstract

The transport of silver in CVD β-SiC has been studied using ion 

implantation. Silver ions were implanted in β-SiC using the ATLAS 

accelerator facility at the Argonne National Laboratory. Ion beams with 

energies of 93 and 161 MeV were used to achieve deposition with peak 

concentrations of approximately 26 wt% at depths of approximately 9 and 13 

㎛, respectively. As-implanted samples were then annealed at 1500 C for 210 

or 480 h. XPS, SEM, TEM, STEM, and optical methods were used to 

analyze the material before and after annealing. Silver concentration profiles 

were determined using XPS before and after annealing. STEM and SEM 

equipped with quantitative chemical analysis capability were used to more 

fully characterize the location and morphology of the silver before and after 

annealing. The results show that, within the uncertainty of measurement 

techniques, there is no silver migration, via either inter- or intra-granular 

paths, for the times and temperature studied. Additionally, the silver was 

observed to phase separate within the SiC after annealing. The results of 

this work do not support the long held assumption that silver release from 

CVD SiC, used for gas-reactor coated particle fuel, is dominated by grain 

boundary diffusion.
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Title:
Long time experience with the development of 
HTR fuel elements in Germany

Primary Author(yr): H. Nickel(2002)

Abstract

The development of spherical fuel elements for HTR-designs in 

Germany is discussed. Special attention is given to the development, 

production and characterization (incl. kernel and coatings) as well as to the 

irradiation and post-irradiation examination of the different coated particle 

systems. It has been demonstrated in various irradiation tests which were 

supplemented by heating tests that for a modular HTR power plant (with 

a thermal output of 200 MJ s−1) during the specified normal operation as 

well as in the case of incidents and even accidents, where the maximum 

fuel temperature will be below 1620 °C, the fission product release is very 

low. In this context, it must be mentioned that the present coated particle 

design has not yet been optimized for the combination of high burn-up 

and high temperature resistance under accident conditions. The TRISO fuel 

available is a result from fuel development for large HTR's with steam 

turbines in a time when the modular concept was not yet been invented 

although its capabilities inspired the design of modular reactors. Thus, 

there is still a huge potential for improvement of coated particles especially 

when plutonium or actinide burning is also taken into account. 
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Title:
Fission product release from ZrC-coated fuel 
particles during post-irradiation heating at 1800 
and 2000°C

Primary Author(yr): Kazuo Minato (1997)

Abstract

The ZrC coating layer is a candidate to replace the SiC coating layer 

of the Triso-coated fuel particles for high-temperature gas-cooled reactors. 

Post-irradiation heating tests of the ZrC-Triso coated UO2 particles were 

performed at 1800°C for 3000 h and at 2000°C for 100 h to study the 

release behavior of fission products. The fission gas release monitoring and 

the X-ray micro-radiography revealed that no through-coating failure 

occurred during the heating tests. The high cesium retention of the 

ZrC-Triso coated fuel particles was confirmed up to 1800°C. The diffusion 

coefficient for cesium in the ZrC layer was more than two orders smaller 

than that in the SiC layer at 1800°C. The diffusion coefficient for 

ruthenium in the ZrC layer was almost the same as that for cesium in the 

SiC layer
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Title:
Post-irradiation heating tests of ZrC coated fuel 
particles

Primary Author(yr): Minato, K.(1996)

Abstract

Postirradiation heating tests of the ZrC-Triso coated UO2 particles were 

performed at 1600 deg. C for 4500 h and at 1800 deg. C for 3000 h to 

study the release behavior of fission products. The burnup and irradiation 

temperature of the heated particles were 1.5%FIMA and 900 deg. C, 

respectively. During heating of the particles, the radioactivity in flowing 

helium was monitored with an ionization chamber to detect fission gas 

release. The radioactivity in graphite components of a cold-wall furnace 

was measured by X-ray spectrometry to identify and evaluate the released 

metallic fission products. The fission gas release monitoring and the X-ray 

microradiography revealed that no pressure vessel failure occurred during 

the tests. Diffusion coefficients of 137Cs and 106Ru in the ZrC coating layer 

were evaluated from the release curves based on a diffusion model. The 

ZrC-Triso coated fuel particles showed better cesium retention than the 

standard Triso-coated fuel particles. In spite of better cesium retention, the 

ZrC layer showed a less effective barrier to ruthenium than the SiC layer. 
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Title:
Fission product release from ZrC-coated fuel 
particles during postirradiation heating at 1600°C

Primary Author(yr): Minato, K.(1995)

Abstract

Release behavior of fission products from ZrC-coated UO z particles 

was studied by a postirradiation heating test at 1600°C (1873 K) for 4500 

h and subsequent post-heating examinations. The fission gas release 

monitoring and the post-heating examinations revealed that no pressure 

vessel failure occurred in the test. Ceramographic observations showed no 

palladium attack and thermal degradation of ZrC. Fission products of 

137Cs, 134Cs, l°6Ru, 144Ce, 154Eu and 155Eu were released from the 

coated particles through the coating layers during the postirradiation 

heating. Diffusion coefficients of 137Cs and l°6Ru in the ZrC coating layer 

were evaluated from the release curves based on a diffusion model. 137Cs 

retentiveness of the ZrC coating layer was much better than that of the 

SiC coating layer.
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Title:
Release behavior of metallic fission products from 
fuel for HTTR

Primary Author(yr): Hayashi,  K.(1996)

Abstract

Model fuel assemblies of High Temperature Engineering Test Reactor 

(HTTR) were irradiated in an in-pile gas loop, OGL-1, and axial and 

radial distributions of metallic fission products were measured by gamma 

spectrometry. The in-pile diffusion coefficient of Cs determined from its 

radial profiles in the graphite sleeve was significantly smaller than that for 

the un-irradiated graphite, IG-110. Rapid release of Cs was observed for 

heating of irradiated TRISO particles at 2200 and 2300 deg. C, due to 

thermal deterioration of the SiC coating layer. Release experiments with 

BISO particles led to decision of the rate-determining steps in the release 

of metallic fission products, and to determination of their diffusion 

coefficients in the fuel kernel and pyrocarbon layer. These results have 

been reflected in the HTTR design analyses on the release under normal 

operating and accident conditions. 
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Title:
Release behavior of metallic fission products from 
HTGR fuel particles at 1600 to 1900°C 

Primary Author(yr): Kazuo Minatoa(1993)

Abstract

Release behavior of metallic fission products from the Triso-coated UO2 

particles was studied by postirradiation heating tests in the temperature 

range 1600 to 1900°C (1873 to 2173 K) and subsequent post-heating 

examinations. The fission gas release monitoring and the post-heating 

examinations revealed that no pressure vessel failure occurred in the tests. 

Ceramographic observations showed no palladium attack and thermal 

decomposition of SiC, 137Cs, 134Cs, 110mAg, 154Eu and 155Eu were released 

from the coated particles through the coating layers during postirradiation 

heating. The diffusion coefficient of 137Cs in the SiC layer was evaluated 

from the release curves based on a simple diffusion model assuming a 

one-layer coated particle. Fractional release measurements suggested that 

the diffusion coefficient of 110mAg in SiC be larger than that of 137Cs. 
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Title:
Simulation of steam ingress accidents with 
irradiated fuel elements

Primary Author(yr): Schenk, W.(1993)

Abstract

Accident sequences are considered for the gas-cooled High Temperature 

Reactor (HTR), in which water may enter into the primary circuit and 

reactor core as a consequence of pipe rupture in the steam generator. 

Irradiation experiments with intermittent water injections have 

demonstrated that moisture in the sweep gas lead to an increase of the 

release of fission gases and iodine from defective/failed particles. A special 

apparatus KORA was constructed in the Hot Cells of the Research Centre 

Juelich to study the effects of moisture-related fission product release as a 

function of temperature and water vapour partial pressure with different 

fuel samples. Initial experiments with irradiated UO2 and UCO fuels at 800 

deg. C showed an increased of 85Kr release with water vapour additions. 

In contrast, intact particles are not affected even by extremely long water 

vapour injections. UO2 kernels obtained by cracking particles from spherical 

fuel elements correspond to irradiation-induced failures. They show the 

following release fractions at 800 deg. C after repeated injections of water 

vapour: with a medium burn-up of 5% FIMA. With a high burn-up of 9% 

FIMA. Release of 0.4 to 2.6% of the 85Kr inventory. Release of 17% of the 
85
Kr inventory. In the case of defective UO2 TRISO particles, which would 

dominate the release in an HTR-MODULE, some of the free fuel may 

have been carburized in the fabrication process during the final heat 

treatment at 1950 deg. C, which could lead to changed release behaviour. 

Further studies will have to show whether the release as a consequence of 

the influence of water vapour is similar to that from UO2 kernels or 

possible higher. There was a complete moisture-induced release from 

high-burnup UCO kernels or designed-to-fail particles with a burnup of 

20% FIMA. Together with the knowledge that unirradiated UO2 kernels 

show practically no changes due to moisture, the moisture-induced fission 

gas release - and similar the iodine release - from fuel kernels is a 

burnup dependent effect. Both the changed structure of the kernel as well 

as the chemical composition may be of significance. 
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Title:
Thermodynamic analysis of  behaviour of HTGR 
fuel and fission products under accidental air or 
water ingress conditions

Primary Author(yr): Minato, K.(1993)

Abstract

A core of high temperature gas-cooled reactor (HTGR) consists of 

coated fuel particles, graphite and absorber of boron carbide (B4C). Silicon 

carbide (SiC) as well as pyrolytic carbon (PyC) are used as coating 

materials for TRISO-coated fuel particles. Zirconium carbide (ZrC) is a 

candidate coating material which is expected to be used at higher 

temperatures than SiC. Thermodynamic analysis was carried out to 

understand the chemical behaviour of these materials and fission products 

under accidental air or water ingress conditions. The analysis on the 

systems of SiC-C-(O2 or H2O)-He, ZrC-C-(O2 or H2O)-He, and 

B4C-C-(O2 or H2O)-He showed that the active-to-passive transitions of 

oxidation of SiC+C, ZrC+C and B4C+C occurred at lower temperatures than 

those of SiC, ZrC and B4C, respectively, at a given initial O2 or H2O 

pressure. Under most of the accident conditions the passive oxidation of 

these materials was expected to occur. In the passive oxidation of SiC+C, 

ZrC+C and B4C+C preferential oxidation of SiC, ZrC and B4C occurred, 

respectively, while C was not oxidized as long as SiC, ZrC and B4C were 

present. B4C was oxidized to B2O3 under the conditions of interest, where 

B2O3 was liquid with high vapor pressure of B-containing species. The 

analysis on the system of Cs-I-B4C-C-(O2 or H2O)-He showed that 

cesium would form CsBO2 if boron was available. Melting point of CsBO2 

is 989.7 K, which is higher than those of Cs and CsOH. This suggests 

that cesium should be deposited as CsBO2 at higher temperature regions 

than as Cs or CsOH, which results in decrease in cesium release to the 

environment. 
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Title:
Behaviour of HTGR coated particles and fuel 
elements under normal and accident conditions

Primary Author(yr): A.I.  Deryugin(1990)

Abstract

Main results of testing HTGR coated particles and spheric fuel 

elements developed in Scientific and Industrial Association ''Lutch'' under 

conditions of higher level of energy release and temperature than those 

designed are given in the report. The summarized data on tightness and 

characteristic defects change, on gas and solid fission products release 

under model accident conditions before, during and after radiation are 

presented. 
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Title:
Diffusion coefficients of fission products in the 
UO2, kernel and pyrocarbon layer of  BISO-coated 
fuel particles at extremely high temperatures

Primary Author(yr): Kimio Hayashi(1990)

Abstract

Release of metal fission products from pyrocarbon (PyC) coated UO2 

particles was studied by post-irradiation annealing at temperatures from 

1600 to 2300°C. Release of 
106
Ru and 

155
Eu was controlled by diffusion in 

the kernel at temperatures above 1800°C, and their reduced diffusion 

coefficients in the kernel were very close to each other. The diffusion 

coefficient of Cs, DCs (m
2
/s), in the PyC layer was determined from the 

fractional release, as follows:

DCs = 1.2 × 10
−3
 exp[−4.12 × 105(J/mol)/RT],

which was larger than that of Ce by an order of magnitude. The 

diffusion coefficients of fission products in the PyC layer was discussed in 

terms of their ionic radii and stability of their carbides. 
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Title:
Diffusion modeling of fission product release 
during depressurized core conduction cooldown 
conditions

Primary Author(yr): Martin, R.C.(1990)

Abstract

A simple model for diffusion through the silicon carbide layer of TRISO 

particles is applied to the data for accident condition testing of fuel 

spheres for the High-Temperature Reactor program of the Federal Republic 

of Germany (FRG). Categorization of sphere release of 
137
Cs based on fast 

neutron fluence permits predictions of release with an accuracy comparable 

to that of the US/FRG accident condition fuel performance model. 

Calculations are also performed for 
85
Kr, 

90
Sr, and 

110m
Ag. Diffusion of 

cesium through SiC suggests that models of fuel failure should consider 

fuel performance during repeated accident condition thermal cycling. 

Microstructural considerations in models of fission product release are 

discussed. The neutron-induced segregation of silicon within the SiC 

structure is postulated as a mechanism for enhanced fission product release 

during accident conditions. As oxygen-enhanced SiC decomposition 

mechanism is also discussed. 
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Title: Fuel accident performance testing for small HTRs

Primary Author(yr): W. Schenk(1990)

Abstract

Irradiated spherical fuel elements containing 16400 coated UO2 particles 

each were heated at temperatures between 1600 and 1800°C and the fission 

product release was measured. The demonstrated fission product retention 

at 1600°C establishes the basis for the design of small modular HTRs 

which inherently limit the temperature to 1600°C by passive means. In 

addition to this demonstration, the test data show that modern TRISO 

fuels provide an ample performance margin: release normally sets in at 

1800°C; this occurs at 1600°C only with fuels irradiated under conditions 

which significantly exceed current reactor design requirements. 
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Title:
Modelling of fission product release behavior from 
HTR spherical fuel elements under accident 
conditions

Primary Author(yr): Verfondern, K.(1990)

Abstract

Computer codes for modelling the fission product release behavior of 

spherical fuel elements for High Temperature Reactors (HTR) have been 

developed for the purpose of being used in risk analyses for HTRs. An 

important part of the validation and verification procedure for these 

calculation models is the theoretical investigation of accident simulation 

experiments which have been conducted in the KueFA test facility in the 

Hot Cells at KFA. The paper gives a presentation of the basic modeling 

and the calculational results of fission product release from modern 

German HTR fuel elements in the temperature range 1600-1800 deg. C 

using the TRISO coated particle failure model PANAMA and the diffusion 

model FRESCO. Measurements of the transient release behavior for cesium 

and strontium and of their concentration profiles after heating have 

provided informations about diffusion data in the important retention 

barriers of the fuel: silicon carbide and matrix graphite. It could be shown 

that the diffusion coefficients of both cesium and strontium in silicon 

carbide can significantly be reduced using a factor in the range of 0.02 - 

0.15 compared to older HTR fuel. Also in the development of fuel element 

graphite, a tendency towards lower diffusion coefficients for both nuclides 

can be derived. Special heating tests focussing on the fission gases and 

iodine release from the matrix contamination have been evaluated to derive 

corresponding effective diffusion data for iodine in fuel element graphite 

which are more realistic than the iodine transport data used so far. Finally, 

a prediction of krypton and cesium release from spherical fuel elements 

under heating conditions will be given for fuel elements which at present 

are irradiated in the FRJ2, Juelich, and which are intended to be heated at 

1600/1800 deg. C in the KueFA furnace in near future. 
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Title:
Gaseous and metallic fission product transport 
characteristics of  a modular pebble bed HTGR 
during loss of core cooling accidents

Primary Author(yr): Inamati,  S.B.(1985)

Abstract

Models have been developed to predict the transport of metallic and 

gaseous fission products (FPs) through the multi-layered fuel particle 

coatings and the graphite matrix of the core under accident conditions. 

Using these models, FP transport and releases were calculated for a loss 

of core convective cooling accident in a 250-MW(t) 3.8-W/cc pebble bed 

HTGR. This accident was selected for this study since the fuel particles 

are exposed to above normal temperatures, thereby affecting the retention 

of fission products within the coated fuel particles. Fission-product 

transport through the particle kernel and coatings, the graphite 

pebbles/reflectors, the reactor vessel, and the confinement were assessed. 

These studies extended the models and release results reported earlier. The 

amount of fission products released is small and the release occurs slowly 

over a period of days as the pebble heats up. Over 90% of the amount of 

gaseous FPs that are released is due to the small amount of initially failed 

particles and heavy metal contamination. The metallic cesium release 

during this transient is due to release from failed fuel particles and 

diffusion through intact particles. However, the net cesium release from the 

reactor core is negligible, as the release from the hotter regions plates out 

in the cooler parts of the core. The results of this study show that the 

most effective barrier to fission products is the coated fuel particle. The 

reactor vessel and the confinement provide additional attenuation for the 

small amount released from the core. The small release to the environment 

occurs over a period of days and is so low that the safety criterion of 5 

rem thyroid dose (to avoid offsite sheltering) is satisfied with a margin of 

more than an order of magnitude 
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Title:
HTR fuel: prediction of fission product release in 
accidents

Primary Author(yr): Nabielek, H.(1985)

Abstract

The basic fuel unit of the HTR is the coated particle of about 1 mm 

diameter. An oxidic fuel kernel is surrounded by a low density buffer layer 

and a silicon carbide coating sandwiched between high density pyrocarbon 

coatings. The total release of fission products during accidents is 

determined not only by the transient-induced and the irradiation-induced 

failure of the coatings, but also by the levels of manufacturing defects and 

the level of heavy metal contamination in the fuel matrix material. Modern 

coated fuel particles are designed so that the fission gas pressure-induced 

stress in the SiC coating remains small relative to the strength of the SiC 

even under full design burnup conditions. Therefore the pressure vessel 

failure of the particles is insignificant both in normal operations and in 

accidents. Silicon carbide thermal decomposition becomes the dominant 

failure mode as temperatures exceed 2000 deg. C. Interaction of fission 

products with silicon carbide leading to SiC corrosion is the dominant 

failure mechanism below 2000 deg. C. Laboratory simulations of HTR 

transients have usually measured the release of Cs 137 and Kr 85 as 

indicators of the coating failure. Once the silicon carbide fails by corrosion 

or decomposition, Cs 137 is released and is taken as the direct indicator of 

SiC failure in fuel performance modeling studies. In the case of Kr, an 

additional delay beyond the Cs release is found due to the time required 

for Kr to diffuse through the remaining outer pyrocarbon coating. The 

delay between the SiC failure and gas release is analyzed to yield data on 

the diffusion coefficient of Kr in pyrocarbon. The present data suggest 

that, in terms of expected values, the fission product release during a 

modular reactor system transient to 1600 deg. C is dominated by the 

manufacturing defects and heavy metal contamination rather than 

irradiation-induced or transient-induced coating failure. 
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Title:
Release of metal fission products from UO2 kernel 
of  coated fuel particle 

Primary Author(yr): T. Ogawa(1985)

Abstract

Release behaviors of Cs
137
, Cs

134
, Sb

125
, Ce

144
, Ru

106
 and Ag

110m
 during 

irradiation from the high-density UO2 kernel of Triso-coated fuel particle 

were studied. The intact coated fuel particles were carefully cracked after 

irradiation; the amounts of fission products remaining in the UO2 and their 

partition between the UO2 and the coating were measured hv gamma-ray 

spectrometry. The results are discussed in view of the high-temperature 

chemistry of the fission products within the coated fuel particles. 
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Title:
Research on in-pile release of fission products 

from coated particle fuels

Primary Author(yr): Fukuda, K.(1985)

Abstract

Coated particle fuels fabricated in accordance with VHTR (Very High 

Temperature gas-cooled Reactor) fuel design have been irradiated by both 

capsules and an in-pile gas loop (OGL-1), and data on the fission products 

release under irradiation were obtained for loose coated particles, fuel 

compacts and fuel rods in the temperature range between 800 deg. C and 

1600 deg. C. For the fission gases, temperature- and time dependences of 

the fractional release(R/B) were measured. Relation between release and 

failure fraction of the coated particles was elucidated on the VHTR 

reference fuels. Also measured was tritium concentration in the helium 

coolant of OGL-1. In-pile release behavior of the metallic fission products 

was studied by measuring the activities of the fission products adsorbed in 

the graphite sleeves of the OGL-1 fuel rods and the graphite fuel 

container of the sweep gas capsules in the PIE. Investigation on palladium 

interaction with SiC coating layer was included. 
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Title:
Operational requirements of spherical HTR fuel 
elements and their performance

Primary Author(yr): Roellig,  K.(1983)

Abstract

The German development of spherical fuel elements with coated fuel 

particles led to a product design which fulfills the operational requirements 

for all HTR applications with mean gas exit temperatures from 700 deg C 

(electricity and steam generation) up to 950 deg C (supply of nuclear 

process heat). In spite of this relatively wide span for a parameter with 

strong impact on fuel element behaviour, almost identical fuel specifications 

can be used for the different reactor purposes. For pebble bed reactors 

with relatively low gas exit temperatures of 700 deg C, the ample design 

margins of the fuel elements offer the possibility to enlarge the scope of 

their in-service duties and, simultaneously, to improve fuel cycle 

economics. This is demonstrated for the HTR-500, an electricity and steam 

generating 500 Mweleq plant presently proposed as follow-up project to the 

THTR-300. Due to the low operating temperatures of the HTR-500 core, 

the fuel can be concentrated in about 70% of the pebbles of the core thus 

saving fuel cycle costs. Under all design accident conditions fuel 

temperatures are maintained below 1250 deg C. This allows a significant 

reduction in the engineered activity barriers outside the primary circuit, in 

particular for the loss of coolant accident. Furthermore, access to major 

primary circuit components and the reuse of the fuel elements after any 

design accident are possible. 
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Title:
The behaviour of spherical HTR fuel elements 
under accident conditions

Primary Author(yr): Schenk, W.(1983)

Abstract

Hypothetical accidents may lead to significantly higher temperatures in 

HTR fuel than during normal operation. In order to obtain meaningful 

statements on fission product behaviour and release, irradiated spherical 

fuel elements containing a large number of coated particles (20,000-40,000) 

with burnups between 6 and 16% FIMA were heated at temperatures 

between 1400 and 2500 deg. C. HTI-pyrocarbon coating retains the 

gaseous fission products (e.g. Kr) very well up to about 2400 deg. C if the 

burnup does not exceed the specified value for THTR (11.5%). Cs diffuses 

through the pyrocarbon significantly faster than Kr and the diffusion is 

enhanced at higher fuel burnups because of irradiation induced kernel 

microstructure changes. Below about 1800 deg. C the Cs release rate is 

controlled by diffusion in the fuel kernel. Above this temperature the 

diffusion in the pyrocarbon coating is the controlling parameter. An 

additional SiC coating interlayer (TRISO) ensures Cs retention up to 1600 

deg. C. However, the release obtained in the examined fuel elements was 

only by a factor of three lower than through the HTI pyrocarbon. Solid 

fission products added to UO2-TRISO particles to simulate high burnup 

behave in various ways and migrate to attack the SiC coating. Pd 

migrates fastest and changes the SiC microstructure making it permeable 
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Title:
Fission product diffusion in ZrC coated fuel 
particles

Primary Author(yr): Kousaku Fukuda(1979)

Abstract

The diffusion behavior of 
137
Cs, 

90
Sr and 

144
Ce in CVD-ZrC was studied 

by measuring concentration profiles in ZrC and inner PyC layers of the 

coated particles, and the release from the particles during post-irradiation 

annealing. 
90
Sr diffusion in ZrC is found to be controlled by a volume 

diffusion mechanism at 1600°C; this is found also for 
137
Cs although it is 

influenced by micro-pores. The diffusion coefficient of 
137
Cs obtained from 

the analysis of the concentration profiles in ZrC1.3 is D = 2.3 × 10
−3
exp(−

3.18 × 10
5
/RT) (cm

2
/s), where D is the diffusion coefficient, R the gas 

constant (8.314 J/mol · K) and T the temperature (K). In case of 
144
Ce, 

the volume diffusion is not so remarkable as 
90
Sr. 
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