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요  약  문

Ⅰ. 제  목

피복입자 핵연료 물성-성능 DB 구축

Ⅱ. 연구개발의 목적 및 필요성

국제적으로 화석에너지자원의 고갈과 급증하는 에너지 수요에 대비하기위하여, 

경제성 및 안전성이 획기적으로 향상된 제 4세대(Gen-Ⅳ) 원자력 시스템 개발에 대

한 논의가 심도 있게 진행되고 있다. 이와 더불어 미래 청정에너지원으로서 수소연

료 사용에 대한 관심이 높아지면서 원자력을 이용한 수소 제조 연구가 여러 나라에

서 추진되고 있는데, Gen-Ⅳ 노형의 하나인 초고온가스로(VHTR)가 가장 적합한 

원자로 형태로 평가되고 있다.

국내에서도 이러한 추이에 발맞추어 초고온가스로에 관한 연구와 원자력 수소를 

생산하는 기술개발에 본격적으로 착수하 으나 후발 주자로서 선진국과 기술격차가 

존재하며 요소기술에 대한 국내 연구경험이 전무한 상태여서 독자적인 자료 생산 

및 확보에 어려움을 겪고 있다. 따라서 국제 경쟁력을 갖춘 수소생산 원자로의 독

자적 설계와 건설을 추진하고 있는 우리에게는 각 요소 기술별 연구개발이 매우 시

급하며, 특히 노심 구성의 핵심이 되는 핵연료에 대한 활발한 연구가 필수적이다.

현재 VHTR용 핵연료인 피복입자 핵연료 관련 연구개발은 산발적으로 kernel 

제조에 관한 연구가 수행되고 있는 정도이며, PyC나 SiC 증착에 대한 기초/기반 기

술만이 확보된 상태이다. 그러나 정확하고 치 한 연구개발 계획의 수립과 시행을 

통해 피복입자 핵연료 계통을 선정하고 그 설계 및 제조 기술을 확보하며 노내 성

능 시험 및 평가를 통해 독자적인 노내 성능 자료를 확보한다면 개발목표에 부합하

는 독자적 원자력수소생산시설의 설계 건설이 어려운 것만은 아닐 것이다.

그러므로 이 연구에서는 초고온 가스로용 피복입자 핵연료의 물성 및 성능에 대

한 기초/기반 연구와 연구 결과의 data base화를 수행하 다.
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Ⅲ. 연구개발의 내용 및 결과

○ 피복입자 핵연료 물성 및 성능 자료 수집

피복입자 핵연료 물성 및 성능자료 분석 평가를 위해 신뢰성 있는 기존 연구 자

료를 수집하 다. 특히 본격적인 물성자료 수집에 앞서 핵연료 내의 temperature 

profile, stress profile, FP concentration profile 등의 예비분석을 통해 대상 재료와 

그에 따른 대상 물성을 선정하 다. 성능 자료의 경우는 피복입자 핵연료 failure 

mechanism을 고려한 key phenomena의 분석을 통해 대상 성능 목록을 선정 수집

하 다. 자료의 수집은 우선적으로 저널이나 보고서 등의 open literature를 대상으

로 수행하 으며, 비공개 자료의 경우 국내외 협력을 통해 입수하 다.

○ 피복입자 핵연료 물성 자료 분석 평가

대상 재료 별로 수집된 물성자료를 열적 물성자료, 기계적 물성자료, 물리적 물

성자료의 세 category로 분류하여 분석 평가하 다. 또한, 각 범주별 대상 물성자료 

분석 정리 시 피복입자 핵연료 제조 공정과 증착 조건 및 그에 따른 재료의 미세구

조 변화가 물성에 미치는 향을 집중적으로 분석하 으며, 초고온 환경과 

irradiation의 향도 추가적으로 평가하 다. 주요 대상 물성은 도, 열전도도, 열

용량, 열팽창계수, 기계적 강도, modulus, 주요 원소의 확산계수 등이다.

○ 피복입자 핵연료 성능 자료 분석 평가

주요 현상별로 수집된 피복입자 핵연료 노내 거동 및 성능 자료 중 본 연구과제

의 1단계 범주상 fission product behavior, fission gas release, SiC coating layer 

corrosion의 세 가지 성능자료를 우선적으로 분석 평가하 다. 특히 대상 성능자료

의 분석 정리 시 노내 조사시험 (in-pile irradiation test) 결과와 이 결과를 바탕으

로 각 성능현상이 fuel failure로 이어지는 mechanism을 중점적으로 평가하 다. 또

한 노내 환경 및 연소 조건(normal condition, heat-up condition, oxidizing 

condition)에 따른 핵연료 성능도 분석 평가하 다.
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○ 분석평가 자료의 phase-1 DB화

대상 재료별로 수집 분석 평가된 물성자료와 대상 성능자료는 우선적으로 문서 

DB화 되었으며, 이 문서 DB 작성 시 경수로용 재료 물성 자료집인 미국 NRC의 

“MATPRO” 형식과 국제원자력기구(IAEA)의 THERPRO DB 형식을 참조하 다. 

또한 이 문서 DB의 파일들을 전자문서화 하여 phase-1 전자 문서 DB를 구축하

다. 이 전자 DB는 연구 개발 기한과 재원 등의 한계로 인해 독립적인 DB 

management system을 갖춘 매트릭스형 data base로의 구축이 기본적으로 불가능

하여, 향후 추진될 VHTR 관련 DB나 혹은 종합 물성 DB 등과의 연계와 확장이 

가능한 stand-alone 방식으로 개발하 다.

Ⅳ. 연구개발결과의 기여도 및 활용계획

이 연구 수행을 통해 국내에서도 고온 원자로 재료 물성에 관한 연구와 논의가 

본격적으로 이루어지게 되어 그간 수입된 자료와 코드들을 바탕으로 이루어졌던 경

수로형식 원자로 재료 연구의 수준을 과학기술적으로 한 단계 끌어 올리는 계기가 

될 것으로 기대된다. 또한 이 연구를 통해 직․간접적으로 확보된 고온 세라믹막 

증착 공정 관련 기술은 원자력 이외의 여타 산업에 응용이 가능해 그 경제 산업적 

효과도 기대할 수 있을 것이다.

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

HTGR 혹은 VHTR의 노심과 핵연료 계통 설계 및 제조 기술 개발에 직접적인 입

력 자료로서 활용될 것이며 특히 핵연료 시스템의 노내 성능 예측 평가에는 결정적

인 중요 자료로 크게 활용될 수 있을 것이다. 그리고 설계 기술 개발 연구와 병행

하여 시급히 착수될 노내 조사 실증 연구에는 비교 평가의 기초 및 참조 자료로서 

활용될 것으로 기대된다.
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SUMMARY

Ⅰ. Research Title

A Study on Coated Particle Fuel Properties and Performances and

Phase-Ⅰ Data base Establishment

Ⅱ. Objective and Necessity of the Research

In order to be prepared for the depletion of fossil fuels and sharp increase of 

energy demand, research and development of Gen-Ⅳ( generation-Ⅳ) nuclear 

reactors with high economic feasibility and uprated safety features has been 

discussed worldwide and recently international collaboration works has been 

coordinated between participating countries. VHTR(Very High Temperature 

Reactor) has been emerging as one of the prime Gen-Ⅳ reactor candidates, 

especially for dual purpose, power generation and hydrogen production. This 

reactor type has been chosen as Korean next generation reactor and thus 

national R＆D project has been kicked off a couple of years ago.

However, due to lack of R＆D experience and required data initial works 

were to build up the technical foundation and conceptual design. In fact, among 

the infrastructural works acquisition and generation of the high temperature 

properties of reactor materials, temperature and burn-up dependent, including 

coated particle fuel and fuel element are crucially essential for the successful 

development of the high temperature gas cooled reactor.

Therefore, this study has focused on the basic study on the coated particle 

fuel properties and it's performance and on the establishment of phase-Ⅰ data 

base for the HTGR materials properties and performance.

Ⅲ. Contents and Results of the Research

○ Coated particle fuel properties and performance data collection

First of all, in order to determine the critically required data basic analysis 

of heat transfer, stress build up, and major isotope transport in the particle fuel 

and fuel matrix has been carried out. Through this preliminary analysis, crucial 

thermo-physical properties were chosen and collected from the available 

technical publications. For performance data collection, the key phenomena 

related to the coated particle fuel failure mechanism were reviewed thoroughly 

and available data were collected. Open literature sources were technical journals 

and reports and some of the data were collected thorough abroad joint efforts.
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○ Coated particle fuel property data analysis

The collected and reviewed properties data of HTGR materials were 

classified into three category; thermal, mechanical, and physical properties. 

Target properties were density, thermal conductivity, heat capacity, thermal 

expansion, strength, modulus, Poisson ratio, and diffusivity. Analysis of the 

properties in the each category carried out on the basis of  fabrication process, 

deposit condition, microstructure change and irradiation effect.

○ Coated particle fuel performance data analysis

In this section, three key phenomena in HTGR fuel system, fission product 

behavior, fission gas release, and SiC coating layer corrosion were reviewed and 

relevant data were collected. Detailed fuel failure mechanisms of each key 

phenomena under lengthy irradiation were also reviewed and analyzed.

○ Conversion to primitive data base

Collected and reviewed properties and performances data were converted to 

the document data base in the standard format, whose reference were US NRC 

MATPRO DB and IAEA THERPRO DB. This document data base has been 

converted also to the electrical files which are now available in the stand-alone 

type phase-Ⅰ data base.

Ⅳ. Proposal for Applications

Developed phase-Ⅰ data base will provide another opportunities for the 

advance of the nuclear material research in the science and technological 

standpoint of view especially for the ceramic layer coating process on the fuel 

materials at high temperature. Current results will be directly used for HTGR 

fuel design and fabrication and preliminary reactor performance analysis. These 

can be indirectly utilized for other nuclear fuel materials performance evaluation 

in the commercial and/or other Gen-Ⅳ reactor systems.
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제 1 장 서 론

제 1 절 연구배경 및 필요성

전 세계적으로 전력산업에 원자력기술을 이용하고 있는 많은 나라들은 원자

력발전의 경제성 향상과 고유안전성 확보 및 지속적인 기술성장을 위하여 끊임

없이 노력하고 있다. 특히 2000년 초부터는 화석에너지자원의 고갈과 급증하는 

에너지 수요에 대비하기위하여, 경제성 및 안전성이 획기적으로 향상된 제 4세대

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

청정에너지원으로서 수소연료 사용에 대한 관심이 높아지면서 원자력을 이용한 

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

Gen-Ⅳ 노형의 하나인 초고온가스로(VHTR)가 심도 있게 고려되어 이에 대한 

연구 개발 욕구가 국제적으로 증대되고 있다.

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

제조기술 및 핵연료 피복층 증착기술 등과 같은 HTGR 관련 기술을 연구해왔으

며 최근 일본, 중국 등은 이러한 기술을 바탕으로 실험용 고온가스로를 가동 중

에 있다. 또한 이들 나라들은 이러한 운전 경험을 토대로 관련 기술 및 해석 평

가에 대한 독자적인 자료를 어느 정도 축적한 상태이다. 그러나 완전한 기술 개

발을 위해서는 여전히 불충분한 상태이기 때문에 추가적인 연구가 국제 공동 연

구개발 형태로 추진되고 있다.

국내에서도 이러한 원자력선진국 추이에 발맞추어 초고온가스로에 관한 

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

수소를 생산하는 기술개발에 본격적으로 착수하고 있다. 그러나 후발주자로서 선

진국과 기술격차가 존재하며 요소기술에 대한 국내 연구경험이 전무한 상태여서 

독자적인 자료 생산 및 확보에 어려움을 겪고 있다. 또한 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 관련기술의 도입도 어려운 실정이다. 따라서 국제 경쟁력을 갖춘 수소생

산 원자로의 독자적 설계와 건설을 추진하고 있는 우리에게는 각 요소 기술별 

연구개발이 매우 시급하며, 특히 노심 구성의 핵심이 되는 핵연료에 대한 활발한 

연구가 필수적이다.

현재 VHTR용 핵연료인 피복입자 핵연료 관련 국내 연구개발은 산발적으로 
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kernel 제조에 관한 연구가 수행되고 있는 정도이며, PyC나 SiC 증착에 대한 기

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

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

보하며 노내 성능 시험 및 평가를 통해 독자적인 노내 성능 자료를 확보한다면 

개발목표에 부합하는 원자력수소생산시설을 독자적으로 건설 운 할 수 있을 것

이다.

그러므로 이 연구에서는 선도적으로 진행되어야하는 모과제 연구개발을 뒷받

침할 수 있도록 초고온 가스로용 피복입자 핵연료의 물성 및 성능에 대한 기초/

기반 연구를 수행하 고, 이 결과를 data base화 하는 연구를 집중적으로 수행하

다.

제 2 절 연구목표 및 내용

1. 최종목표

피복입자 핵연료 물성-성능 phase-1 DB 구축

2. 주요 연구내용

가. 피복입자 핵연료 물성 및 성능 자료 수집

피복입자 핵연료 물성 및 성능자료 분석 평가를 위해 기존 연구에서 도출된 

신뢰성 있는 연구결과 중 관련 자료를 집중 수집하 다. 본격적인 물성자료 수집

에 앞서 피복입자 핵연료 내의 temperature profile, stress profile, FP 

concentration profile 등의 예비 분석을 통해 예시로 구해 필요 대상 재료와 그

에 따른 대상 물성 목록을 분석하 다. 성능 자료의 경우 피복입자핵연료 failure 

mechanism을 고려한 key phenomena를 분석하여 대상 성능 목록을 선정하 다.

자료의 수집은 우선적으로 저널이나 보고서 등의 open literature를 대상으로 

수행하 으며, 비공개 자료의 경우 국내외 협력을 통해 입수하 다. 국내 협력의 

경우 각 연구 기관 및 대학과의 자료 교환 체제를 구축하여 관련 자료를 입수하

고, 특히 Gen-IV VHTR 국내 추진 팀과는 자료 협력 체제를 상시적으로 가동

하여 필요시 이 채널을 통해 직접적인 해외자료도 수집하 다. 또한 국외 협력으
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로는 IAEA(THERPRO-DB), OECD/NEA 등 국제기구로부터 물성 자료를 지원

받았다.

나. 피복입자 핵연료 물성 자료 분석 평가

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

matrix / fuel element) 별로 수집된 물성자료를 열적 물성자료, 기계적 물성자

료, 물리적 물성자료의 세 category로 분류하여 분석 평가하 고, 각 category별 

대상 물성은 다음과 같다.

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

○ 기계적 물성자료: strength, elastic modulus, Poisson's ratio

○ 물리적 물성자료: density, diffusion coefficient

또한, 각 범주별 대상 물성자료 분석 정리 시 피복입자 핵연료 제조 공정과 

증착 조건 및 그에 따른 재료의 미세구조 변화가 물성에 미치는 향을 집중적

으로 분석하 으며, 초고온 환경과 irradiation의 향도 추가적으로 평가하 다.

다. 피복입자 핵연료 성능 자료 분석 평가

주요 현상(key phenomena)별로 수집된 피복입자 핵연료 노내 거동 및 성능 

자료 중 본 연구과제의 1단계 범주상 다음의 세 가지 성능자료를 우선적으로 분

석 평가하 다.

○ Fission product behavior

○ Fission gas release

○ SiC coating layer corrosion

대상 성능자료의 분석 정리 시 노내 조사시험 (in-pile irradiation test) 결과

와 이 결과를 바탕으로 각 성능 현상이 fuel failure로 이어지는 mechanism을 중

점적으로 평가하 다. 또한 노내 환경 및 연소 조건(normal condition, heat-up 

condition, oxidizing condition)에 따른 핵연료 성능도 분석 평가하 다.

라. 분석평가 자료의 phase-1 전자 DB화

대상 재료별로 수집 분석 평가된 물성자료와 대상 성능자료는 우선적으로 문
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서 DB화 되었으며, 이 문서 DB 작성 시 경수로용 재료 물성 자료집인 미국 

NRC의 “MATPRO”와 국제원자력기구(IAEA)의 THERPRO DB를 참조하 다. 

또한 이 문서 DB의 파일들을 전자문서화 하여 phase-1 전자 문서 DB를 구축하

다. 이 전자 DB는 연구 개발 기한과 재원 등의 한계로 인해 독립적 DB 

management system을 갖춘 매트릭스형 data base로의 구축이 기본적으로 불가

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

이 가능한 stand-alone 방식으로 개발하 다.
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제 2 장 국내외 기술개발 현황

제 1 절 외국의 경우

1. 핵연료 물질 (kernel) 관련 연구

HTGR용 핵연료 물질로는 미국을 제외한 다른 나라가 저농축 UO2를 사용하

는데 반해, 미국에서는 UCO 피복입자와 ThO2 피복입자의 혼합방식이며, 

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

축 U을 사용해도 U/Th cycle이 경제적으로 유리하다는 전망이 있고, 장차 

once-through cycle에서 recycle로의 변경이 용이하기 때문이다. Fort St. Vrain

의 핵연료에는 고농축 U로 된 (U,Th)C2 피복입자 및 ThO2 피복입자의 혼합핵연

료가 사용되었다. 그러나 1977년의 핵 비확산정책에 의해 HEU의 사용이 금지된 

이후 후속로의 핵연료로서 LEU을 사용한 7종류의 핵연료에 대해 feasibility 시

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

봉성능이 좋고, CO의 발생량이 적으며, 다른 것에 비해 조사특성이 우수하기 

때문이며, ThO2의 경우는 노심의 핵적 안정성을 확보하기 위해서이다.

한편 1970년대 독일에서는 U/Th cycle의 확립을 위해 AVR (Arbeitsge 

meinschaft Versuchs Reaktor) 및 THTR (Thorium Hoch Temperatur Reaktor) 

에서 Th을 연료핵으로 한 시험이 광범위하게 행해졌다. 그러나 핵 비확산정책으

로 Th의 이용이 금지되자 HTR Module과 HTR-500의 핵연료로 저농축 UO2를 

사용하기로 결정했다. 이 핵연료 역시 once-through cycle을 지향하고 있으며 저

농축 UO2를 사용한 이유는 Th 핵연료의 경우 재처리 Thorex법의 확립을 위해

서는 TBP 용매추출공정 및 재료부식 등 많은 문제가 있는 반면에, UO2의 경우

는 전처리공정에서 약간의 개선점은 있으나, 이미 확립된 Purex법을 적용할 수 

있기 때문이다.

일본에서는 1969년에 시작된 다목적 고온가스실험로 (High Temperature 

Engineering Test Reactor; HTTR) 개발 프로젝트의 초기부터 TRISO 피복, 저

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

하기 위해 핵 비확산 HTTR용 피복입자의 연료핵 직경을 다른 것에 비해 다소 

큰 600 ㎛로 정하고 있다.
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소련에서도 TRISO 피복, 저농축 UO2 핵연료가 사용되나 SiC 층의 두께가 

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

시험대상으로 하고 있는 것이 특징이다.

중국에서는 청화대학 핵능기술연구소 및 서남 반응공정설계연구원에서 여러 

가지 피복 및 연료핵 제조시험이 행해지고 있으며 독일과 공동개발중인 10 MW 

급 test HTR Module용 핵연료로 저농축 UO2가 연구되고 있다.

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

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

러시아 등 과거 HTGR 프로그램을 위해 핵연료를 수급해 온 나라와 일본, 중

국 등 현재 HTGR 프로그램을 수행 중에 있는 나라 등으로 이들이 확립한 

제조기술로 조사시험을 통해 얻은 TRISO 입자 중 결함 입자의 수는 평균 

1×10
-5
 이하이다.

○ 과거 독일, 국 및 미국을 중심으로 한 HTGR 선진국에서는 kernel 제조, 

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

과 일본은 현재 각 국의 HTGR 기술을 수요에 맞게 상용화하기 위하여 실험

로를 가동 중에 있다.

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

노내 조사시험을 1990년대 중반에 완료하고 조사후시험을 거쳐 그 결과가 확

보된 상태이다. 그러나 이들 자료는 완전한 기술개발 차원에서 볼 때 불충분

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

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

HTGR을 수소생산과 연계시키려고 운전온도를 100∼200 ℃ 높인 VHTR의 

개발이 추진되고 있으며, 이에 따라 ZrC-TRISO 핵연료에 대한 관심이 증대

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

략한 ZrC-TRISO 형 입자(정확히 TRISO가 아니므로 TRISO 형으로 표현), 

최외각 PyC에 ZrC가 첨가된 ZrC 코팅 입자, 경사구배를 지닌 C-ZrC 층을 

지닌 ZrC 코팅입자 등 다양한 형태에 대하여 시험 연구가 수행되었다. 경사



- 7 -

구배 C-ZrC 층은 코팅층의 안쪽, 바깥쪽 모두에 이 구배가 적용된다. 일본에

서는 1970년대 초부터 일본원자력연구소를 중심으로 ZrC 코팅연료에 대한 연

구가 진행되어 왔으며, 초기에는 PyC 층 없이 C/Zr > 1 인 ZrC-C alloy 코

팅을 시도하 으나, free C에 의해 
90
Sr의 담지 능력이 감소됨이 발견되어 

SiC-TRISO에서 SiC를 ZrC로 대체한 코팅 핵연료 입자가 개발되었다.

○ 제 4세대 원전개발 계획 중 초고온가스로용 피복입자핵연료와 고연소도의 핵

연료에 대한 연구로 SiC를 대체할 수 있는 고성능 피복층 재료에 대한 연구

가 지속적으로 추진되고 있으며, 이와 관련한 ZrC 피복 재료에 대한 연구가 

추진될 예정이다.

3. 흑연 재료물질 연구사례

○ 프랑스: 단기적으로는 2010 년까지 Direct Cycle Modular TYPE 고온로

(HTR)를 상업화하고 중기적으로는 열효율이 높고 수소생산이 가능한 1000 

℃ 이상의 GCR(가스냉각로)과 핵 확산 저항성이 크고 고유안전성이 확보되

는 GCR 등 두 종류의 GCR 을 개발할 계획이다. 장기적으로는 발전과 열 이

용이 동시에 가능하며 핵폐기물 actinide 변환도 가능한 고속중성자 spectrum 

GCR 개발을 목적으로 이에 필요한 흑연재료기술개발을 수행 중에 있다. 특

히 HTR 안전성 확보와 관련하여, “공기유입에 의한 흑연산화” 문제를 흑연

재료조건(porosity, impurity, density) 및 산화조건(온도, 가스성분 및 flow 

rate)의 함수로 중점 연구수행중이다.

○ 일본: 1997년 HTTR 완공을 계기로 현재에는 가동 중 노심흑연거동 예측 및 

평가연구(감시시험)를 수행중이며 고온, 고조사 환경에서의 흑연거동예측

(modelling)에 필요한 추가 자료 확보를 위하여 2004년부터 JMTR을 이용, 

고온․고조사시험을 수행예정이다. (950 ℃이상, He 분위기, 조사량: 3×10 

ncm, 10 dpa). 또한 GIF VHTR 및 EC의 HTR-M, M1 공동연구에 적극적인 

참여를 통하여 체적변화, 열특성 및 강도변화에 미치는 조사효과자료를 확보 

중이다.

○ 미국: 제 4세대 원자로 개발계획(Gen-Ⅳ)으로 수소생산용 원자로기술 개발을 

2017년 완공을 목표로  추진하고 있으며, 2010년까지는 수소생산용 원자로를 

건설하기로 하 다. 이에 필요한 흑연재료로 자국내 UCAR에서 생산하는 
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H-451 grade(GIF 표준 참고 흑연 grade)를 선정, 현재 ORNL을 중심으로 

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

Kev).

○ EC: 경제성, 안전성, 열효율, 폐기물관리 및 자원이용측면에서 뛰어난 신 원자

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

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

흑연거동평가 및 선정을 위한 원자로 급 흑연재료에 대한 고온, 고조사 시험

을 수행 중이다 (HTR-Petten, 네델란드, 조사조건: 25 dpa, 900 ℃ 이상, 예

산: 1,800만 유로)

4. 조사시험 연구

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

요구조건은 제조과정 중 결함입자의 수가 1×10
-6
 이하이고 정상 운전 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. 또한 VHTR 개념의 요구 조건 중 냉각재 출구온도를 950∼1100 ℃까지 

증가시키기 위한 연구가 진행되고 있으며, 이를 위하여 TRISO 핵연료의 성

능개선을 위해 다음과 같은 연구들이 진행되고 있거나 계획 중에 있다.

    - TRISO 핵연료 제조공정/재료특성 개선 및 QA/QC 연구

    - ZrC 등의 대체 코팅소재 적용 연구

    - 고연소도(20 % FIMA) 및 정상/비정상 운전시의 TRISO 핵연료 성능연구

    - TRISO 핵연료 설계 개선 및 노내거동 모델링 연구

    - Pu 및 MA 커넬 핵연료의 설계, 제조 및 노내거동 모델링

○ 핵연료 입자의 조사특성에 대해서는 지난 수십 년 간 100 개 이상의 캡슐을 

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 범위에서 조사시험을 수행하 으며 이때 Kr-85m 기체 핵분열 생성물의 

R/B는 1×10
-5
∼7×10

-9
으로 SiC-coated TRISO 핵연료 입자의 파괴는 극히 적

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

FIMA 이상의 고연소도에서 건전성을 유지할 것으로 예상할 수 있다.
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제 2 절 국내의 경우

○ 국내에서는 “수소생산용 고온가스로 기초기술 연구” 과제의 일환으로 2002년

부터 2년간 피복입자핵연료 기술의 현황분석, 타당성조사 및 기초 기술 개발

을 통해 UO2 kernel 제조, 유동층 코팅 장치 개발 등의 기초기술 연구를 수

행하 다.

○ 또한 과거 10여 년 동안 산발적으로 관련 기술인 PyC 및 SiC의 coating에 관

한 기초연구가 수행되었으며, 또한 일부 대학에서는 유동층 반응기를 이용한 

PyC 및 SiC의 코팅에 대해 기초연구가 수행된 바 있다. 한원연에서는 PyC 

및 SiC의 코팅을 위한 기초 기술이 확보되어 있다.
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제 3 장 연구개발 수행 내용 및 결과

제 1 절 피복입자 핵연료 물성 데이터베이스

1. Kernel

가. UO2
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(1) Thermal conductivity

① 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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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

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
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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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③ 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)



UO2-Thermal Conductivity

- 16 -

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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④ 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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⑤ 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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⑥ 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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⑦ 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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⑧ Lucuta P.G.(1995)

Material  Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

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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⑨ Lucuta P.G.(1995)

Material  Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

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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⑩ Lucuta P.G.(1995)

Material  Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0000

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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⑪ Lucuta P.G.(1995)

Material  Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0070

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
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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

7.3640E-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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⑫ Lucuta P.G.(1995)

Material  Description ········································································································

material name: uranium dioxide

chemical formula: UO2

chemical composition [mole(s)]: UO2 1.0000, O/U ratio 2.0070

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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⑬ 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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⑭ 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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⑮ 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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⒃ 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
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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

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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⒔ 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

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

4.1120E-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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⒕ 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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⒖ 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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(2) Thermal expansion

① 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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② 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 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 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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(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) Diffusion coefficient

① A.S. Chernikov

Material  Description ········································································································

material name: kernel uranium dioxide

chemical formula: kernel UO2

diameter: 530 ㎛

density: 10.3 g/cm
3

grain size: 5-8 ㎛

Research of radioactive noble gases migration rate was carried out an 

UO2-kernels. UO2 samples with the different grain size (from 25 till 300 

mkm) were prepared by powder metallurgy methods.

Measurement Technique ································································································

Radioactive noble gas diffusion parameters were determined form the rate 

of their relative release from kernels and fuel particles at in-pile irradiation 

with continuous pumping of gas-carrier (helium) and periodical probe 

selection for gamma-spectrometer. Experimental conditions allowed to 

distinguish the contribution of recoil int total output of radioactive noble 

gases. Analysis of the results was performed in the frame of a conventional 

diffusion model. Entrance of radioactive noble gas from the proceeding layer 

in that recoil was taken into account in calculations. Distribution of U
235
 

contamination on coatings is considered to be uniform.

temperature range: 1450-1700 ℃

fission density: 4.45×10
13
 fission/cm

3
s

Data Characterization ······································································································

Polycrystal samples with different grain size were investigated for 

estimation of short-circuit diffusion paths contribution in the total mass 
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transport. The total mistake is 20 % in diffusion coefficient definition, and 10 

% in activation energy definition.

Bibliography ························································································································

author: A.S. Chernikov, Yu.F. Khromov, R.A. Lyutikov, A.A. Gusev

institution: I.V. kurchatov Institute of Atomic Energy, 42 Ulitsa Kurchatova, 

moscow

title: Fission Product Diffusion in Fuel Element Materials for HTGR

Result ·····································································································································

『Temperature dependence of Kr88 reduced diffusion coefficients

in fuel particle kernels』

Discussion ····························································································································

Value of radioactive noble gas diffusion parameter in oxide kernels (Fig.1) 

were determined on the base of dependence of their relative release rate upon 

temperature under burn-up till 3 % FIMA.
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② IAEA (1997)

Material  Description ········································································································

material name: Uranium Dioxide kernel

chemical formula: UO2

radius: 250㎛

Data Characterization ······································································································

Japanese transport data for cesium were derived from in-pile fractional 

release measurement and German data were derived from irradiation and 

heating experiment FRJ2-P28.

Bibliography ························································································································

institution: IAEA, Vienna

title: FUEL PERFORMANCE AND FISSION PRODUCT BEHAVIOUR IN 

GAS COOLED REACTORS

source: IAEA-TECDOC-978 (1997), 435-439

year of publ.: 1997

Result ·····································································································································

Temperature 

range

D0,1

[m2/s]

Q1

[kJ/mol]

D0,2

[m2/s]

Q1

[kJ/mol]

FRG

Cs 5.6□□10
-8

209 5.2□□10
-4

362

Sr 2.2□□10-3 488

Ag 6.7□□10
-9

165

I, Kr, Xe
NOC 1.3□□10-12 126

AC 8.8□□10
-15

54 6.0□□10
-1

480

USA

Cs 5.6□□10-8 209 5.□□10-4 362

Sr 2.2□□10
-3

488

Ag 6.7□□10-9 165

Japan

Cs 1400-1720 ℃ 4.7□□10
-10

177

『Diffusion coefficient in UO2 (with respect to kernel radius r = 250 μm)』
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『Diffusion coefficient of fission product species in UO2 as function of temperature』
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(5) Density

① 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.
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source: Proc.8th Symp. Thermophysical properties, Gaithersburg, Meryland, 

15-19 Juni 1981, p. 245-248

year of publ.: 1981

Result ·····································································································································

Temperature (K) Density (g/cm
3
)

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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② 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

Result ·····································································································································

Temperature

(K)

Density

(g/cm3)

Temperature

(K)

Density

(g/cm3)

Temperature

(K)

Density

(g/cm3)

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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③ 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/cm
3
)

Temperature

(K)

Density

(g/cm
3
)

Temperature

(K)

Density

(g/cm
3
)

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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④ 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 
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room temperature and measured thermal expansion data (E0006463). 

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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1. Kernel

나. UCO
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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
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2. Coating Layers

가. PyC
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(1) Thermal conductivity

① 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 % CH
4

3 % CH
4

7% CH
4

15% CH
4

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 cm
2
 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 (cm
2
/sec), is 

then given by

α=( 0.139L
2

t 1/2 ),
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 K=ρCα. where p is the density 

in g/cm3 and C is the specific heat in cal/g ℃. The thermal diffusivities of 



PyC-Thermal Conductivity

- 92 -

the carbons were converted conductivities using the measured densities and a 

value of 0.25 cal/g ℃ for the specific heat.

Bibliography ························································································································

author: R.J. Price, J.C. Bokros, K. Koyama, J. Chin

institution: General Atomic Division of General Dynamics Corporation, John 

Jay Hopkins Laboratory for Pure and Applied Science, San Diego, 

California

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 % CH
4

7% CH
4

15% CH
4

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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② 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

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℃)

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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③ 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

- 96 -

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:
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1- The “as deposited” pyrolytic carbon (in the basal plane)

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) Thermal expansion

① 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 ·····································································································································

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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Result ·····································································································································

Sample Temperature (°K) Expression (cal/mole°K)

Baked carbon
52-242

242-302

4.874×10
-4
T

1.483

1.15×10
-3
T

1.327
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Extreme heat treated

pyrolytic carbon

51-83

83-150

150-311

4.761×10
-5
T

1.98

2.703×10
-4
T

1.584

-0.4384+7.928×10
-3
T

『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) Elastic modulus

① 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.
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source: Carbon. 1966, Vol 4, pp. 263-272

year of publ.: 1966

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 1.8×106 psi and 15 to 35×103 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 

2.2×106 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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② 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
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Result ·····································································································································

Elastic modulus (10
6
 psi)

a-direction of the lattice c-direction of the lattice

3.5 1.5
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(5) Diffusion coefficient

① A.S. Chernikov

Material  Description ········································································································

material name: pyro-carbon

chemical formula: PyC

material composition: kernel (UO2)+PyC1+PyC2

diameter: 730 ㎛

thickness: 40 ㎛

density: 1.6 g/cm
3

free uranium content outer coating: 1.47×10
-3
 gU

235
/g

material composition: kernel (UO2)+PyC1+PyC2+PyC3

diameter: 780 ㎛

thickness: 25 ㎛

density: 1.8 g/cm
3

free uranium content outer coating: 2.78×10
-4
 gU

235
/g

material composition: kernel (ZrC)+PyC

diameter: 1020 ㎛

thickness: 180 ㎛

density: 1.8 g/cm
3

free uranium content outer coating: 2.34×10
-4
 gU

235
/g

Coatings (PyC, SiC and ZrC) on all Fuel-particle were made in the same 

conditions with decomposition of methane, silicon tetrachloride or zirconium 

chloride in furnaces of a fluidized bed. Metallographic and x-ray structure 

research showed that structure of coatings on investigated fuel particles and 

disks were practically identical
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Measurement Technique ································································································

Radioactive noble gas diffusion parameters were determined form the rate 

of their relative release from fuel particles at in-pile irradiation with 

continuous pumping of gas-carrier (helium) and periodical probe selection for 

gamma-spectrometer. Experimental conditions allowed to distinguish the 

contribution of recoil int total output of radioactive noble gases. Analysis of 

the results was performed in the frame of a conventional diffusion model. 

Entrance of radioactive noble gas from the proceeding layer in that recoil was 

taken into account in calculations. Distribution of U
235
 contamination on 

coatings is considered to be uniform.

Pm
147
, Ce

144
, Ba

133
, Ag

110m
 nuclides were deposited on sample surface from 

the solution or implanted in the surface later while irradiating tested samples 

in contact with a fission material (U
235
). After diffusion annealing in Knudsen 

chamber the profile of diffusant distribution was determined by removing 

layer technique (till 10 ㎛ thickness) followed by measuring every removed 

later activity and integral activity of the sample. Nuclide distribution profile 

treatment along the diffusion zone

depth was carried out by diffusion equation :

ln/μJ n+|
dJ n
dx n

|/=-
x 2

4Dt
+Const

where, D - diffusion coefficient (cm2/s);

t - diffusion annealing time (s);

μ - linear absorption coefficient in sample material (cm-1);

Jn - measured activity of the 4-th layer;

xn - coordinate of n-th layer;

Batch

N
Sample

Test conditions

Temperature range
Fission density

(fission/cm
3
s)

1 kernel (UO2)+PyC1+PyC2 1370 - 1550 5.93×1011

2 kernel (UO2)+PyC1+PyC2+PyC3 1270 - 1550 1.26×1011

3 kernel (ZrC)+PyC 1470 - 1900 1.3×1010



PyC-Diffusion Coefficient

- 108 -

Data Characterization ······································································································

The total mistake is 20 % in diffusion coefficient definition, and 10 % in 

activation energy definition.

Bibliography ························································································································
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『Temperature dependences of radioactive noble gas diffusion coefficient
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『Temperature dependence of diffusion coefficients of silver, barium and cerium

in PyC and SiC』

Discussion ····························································································································

Value of radioactive noble gas diffusion parameter in PyC were determined 

on the base of dependence of their relative release rate upon temperature 

under burn-up till 3 % FIMA. For evaluation of kernel and intermediate layer 

influence, fuel particle with various number of coatings were investigated 

while defining diffusion parameters in PyC. Values of radioactive noble gas 

diffusion parameters in pyrocarbon of 1.6 - 1.8 g/cm
3
 density practically 



PyC-Diffusion Coefficient

- 110 -

coincide on three experiments. Radioactive noble gas many solid fission 

product have large period of half-life, and their release from fuel particle can 

be significant. As mobility of solid fission product in fuel particle depend 

upon the type of compounds, that a nuclide can form with an oxide kernel, 

other nuclides and pyrocarbon, diffusion mobility of such elements as 

representative of noble metals-silver, alkali-earth metals-barium, rare-earth 

metals-cerium and promethium were researched in this work. The 

instantaneous source method permitting to define nuclide atomic mobility, 

independent upon concentration, was used for estimation of chemical state 

influence of a nuclide on its diffusion mobility.

⑧ (□, □□) - diffusion of cerium in PyC (part I)

γ=1.27,D=8.20×10 -4exp/-
48000
RT

/ cm 2/s

γ=2.24,D=8.50×10 2exp/-
108000
RT

/ cm 2/s

⑨ (◒, ─◒) - diffusion of barium (Ba
133
) in PyC (part I)

γ=1.27,D=5.10×10 -2exp/-
43000
RT

/ cm 2/s

γ=2.24,D=1.50×10 2exp/-
72000
RT

/ cm 2/s

⑩ (✕, ◯✕) - diffusion of silver (Ag
110m

) in PyC (part I)

γ=1.84,D=5.30 exp/-
46000
RT

/ cm 2/s

γ=2.25,D=3.80 exp/-
46000
RT

/ cm 2/s
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② IAEA(1997)

Material  Description ········································································································

material name: Pyro Carbon

chemical formula: PyC

Measurement Technique ································································································

Diffusion coefficients in pyrocarbon were mostly derived from experimental 

data with LTI-PyC form BISO particles.

Bibliography ························································································································
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title: FUEL PERFORMANCE AND FISSION PRODUCT BEHAVIOUR IN 

GAS COOLED REACTORS

source: IAEA-TECDOC-978 (1997), 437-442

year of publ.: 1997

Result ·····································································································································

Temperature 

range

D0,1

[m
2
/s]

Q1

[kJ/mol]

D0,2

[m
2
/s]

Q1

[kJ/mol]

FRG

Cs 6.3□□10-8 222

Sr 2.3□□10
-6

197

Ag 5.3□□10
-9

154

Kr, Xe
2.9□□10

-8
891

2.0□□10
5

923

USA

Cs 1200-1800 ℃ 5.0□□10-5 318

Sr 1000-1650 ℃ 2.3□□10
-6

197

Ag 5.3□□10
-9

154

Kr, Xe 2.9□□10
-8

291 2.0□□10
5

923

Japan

Cs 1250-1385 ℃ 6.0□□10-9 198

Cs 1600-2300 ℃ 1.2□□10-3 412

Russian Fed.

Ag 1400-1700 ℃ 5.3□□10
-4

193

Kr 1000-1630 ℃ 1.1□□10
-5

285

『Diffusion coefficient in LTI Pyrocarbon』
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『Diffusion coefficient of fission product species in LTI pyrocarbon

as function of temperature.』
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(6) Density

① 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 cm2 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 cm3/min (measured at 23 ℃and 1 atm) and initial bed 

surface area was 1140 cm2』
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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 cm
3
/min (measured at 23 ℃ and 1 atm)
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② 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.
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『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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2. Coating Layers

나. SiC
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(1) Thermal conductivity

① 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
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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)

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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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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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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③ 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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④ 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 □□-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 value were calculated by using a modified Debye theory 
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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 □□-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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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

① 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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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: 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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③ 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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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) 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) Strength

① 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/cm3

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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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 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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(5) Elastic modulus

① 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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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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(6) Diffusion coefficient

① A.S. Cherniko

Material  Description ········································································································

material name: silicon carbide

chemical formula: SiC

specimen composition: kernel (UO2)+3 PyC coating +SiC

diameter: 1050 ㎛

thickness: 160 ㎛

density: 3.2 g/cm
3

grain size: 3-10 ㎛

Coatings (PyC, SiC and ZrC) on all Fuel-particle were made in the same 

conditions with decomposition of methane, silicon tetrachloride or zirconium 

chloride in furnaces of a fluidized bed. Metallographic and x-ray structure 

research showed that structure of coatings on investigated fuel particles and 

disks were practically identical

Measurement Technique ································································································

Pm
147
, Ce

144
, Ba

133
, Ag

110m
 nuclides were deposited on sample surface from 

the solution or implanted in the surface later while irradiating tested samples 

in contact with a fission material (U
235
). After diffusion annealing in Knudsen 

chamber the profile of diffusant distribution was determined by removing 

layer technique (till 10 ㎛ thickness) followed by measuring every removed 

later activity and integral activity of the sample. Nuclide distribution profile 

treatment along the diffusion zone 

depth was carried out by diffusion equation: 

ln/μJ n+|
dJ n
dx n

|/=-
x 2

4Dt
+Const

where, D - diffusion coefficient (cm
2
/s);
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t - diffusion annealing time (s);

μ - linear absorption coefficient in sample material (cm
-1
);

Jn - measured activity of the 4-th layer;

xn - coordinate of n-th layer;

Data Characterization ······································································································

SiC monocrystals were investigated for estimation of short-circuit diffusion 

paths contribution in the total mass transport.

The total mistake is 20 % in diffusion coefficient definition, and 10 % in 

activation energy definition.

Bibliography ························································································································

author: A.S. Chernikov, Yu.F. Khromov, R.A. Lyutikov, A.A. Gusev

institution: I.V. kurchatov Institute of Atomic Energy, 42 Ulitsa Kurchatova, 

moscow

title: Fission Product Diffusion in Fuel Element Materials for HTGR
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Result ·····································································································································

『Temperature dependence of diffusion coefficients of silver,barium and cerium

in PyC and SiC』

② (■, ■┼) - diffusion of barium (Ba
133
) in SiC (Fuel particle, part I)

D=1.85×10 -5exp/-
69500
RT

/ cm 2/s

③ (□□) - diffusion of barium (Ba
133
) in SiC (Fuel particle, part II)

D=1.10×10 -6exp/-
48000
RT

/ cm 2/s

④ (◑) - diffusion of silver (Ag
110m

) in SiC (Fuel particle, part I)

D=3.46×10 -6exp/-
50800
RT

/ cm 2/s
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⑤ (┼◑) - diffusion of silver (Ag
110m

) in SiC (Fuel particle, part II)

D=1.19×10 -6exp/-
28500
RT

/ cm 2/s

⑥ diffusion of cesium in SiC (Fuel particle) /6/. 

⑦ diffusion of silver in SiC (Fuel particle) /6/. 

⑧ diffusion of silver in SiC (Fuel particle) /13/. 
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② IAEA(1997)

Material  Description ········································································································

material name: Silicon Carbide

chemical formula: SiC

Bibliography ························································································································

institution: IAEA, Vienna

title: FUEL PERFORMANCE AND FISSION PRODUCT BEHAVIOUR IN 

GAS COOLED REACTORS

source: IAEA-TECDOC-978 (1997), 440-447

year of publ.: 1997

Result ·····································································································································

『Diffusion coefficient of fission product species in silicon carbide

as function of temperature』
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Temperature 

range

D0,1

[m
2
/s]

Q1

[kJ/mol]

D0,2

[m
2
/s]

Q1

[kJ/mol]

FRG

Cs 5.5□□10
-14□□e

□□/5(#)
125 1.6□□10

-2
514

Sr 1.2□□10
-9

205 1.8□□10
6

791

Ag 3.6□□10
-9

215

USA

Cs, lower 6.7□□10
-14

106 1.1□□10
-4

437

Cs, upper 6.7□□10
-14

106 2.4□□10
-2

482

Sr 1.2□□10
-9

205 1.8□□10
6

791

Ag 3.6□□10
-9

215

Japan

Cs 1250-1400 ℃ ≤6.8□□10
-12

177

Cs 1600-1900 ℃ 2.5□□10
-2

503

Sr 1600-1850 ℃ 1.2□□10
-9

205

Ag 1200-1400 ℃ 6.8□□10
-11

177

Xe 1400-1750 ℃ 3.7□□10
1

657

1200-1400 ℃ 8.6□□10
-10

326

1650-1850 ℃ 1.7 624

R u s s i a n 

Fed.

Ag 1000 ℃ 2.3□□10
-17

Kr 1200-2300 ℃ 3.5□□10
-10

213

『Diffusion coefficient in silicon carbide

#:□□: Fast neutron fluence [10
25
 m

-2
, E > 15fJ] (□□ is reactor-specific)』
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(7) 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. Coating Layers

다. ZrC
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(1) Thermal conductivity

① 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 Conductivity (W/cm℃)

20 ∼ 600 6.7
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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 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) Thermal expansion

① 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 < 1500K) 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



ZrC-Thermal Expansion

- 162 -

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

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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② 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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③ 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 (□□10
-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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(3) Diffusion coefficient

① Kazuo Minato

Material  Description ········································································································

material name: Zirconium carbide 

chemical formula: ZrC

The ZrC-Triso coated fuel particles heated in the present experiments 

were sampled from an irradiated fuel compact after electrolytic 

deconsolidation. The fuel kernel was UO2 and the ZrC coating layer was 

deposited by the bromide process.

Diameter of Thickness (㎛) Density (Mg/m
3
)

UO2 kernel 608 10.6

Buffer layer 64 1.11

IPyC  layer 26 1.84

ZrC layer 31 not determined

OPyC layer 55 1.95

『Characteristic of Coated Fuel Particle』

Measurement Technique ································································································

The fuel compact was irradiated in a gas-swept capsule in the Japan 

Materials Testing Reactor(JMTR).

Duration 79.9 EFPD

Temperature 900℃

Burnup 1.5 FIMA

Fluence 1.2×10
25
 m

-2
 (E>29 fJ)

R/B(
88
Kr) 2×10

7
 to 4×10

7

『Irradiation conditions of Fuel Compact』
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The equipment used for the postirradiation heating was installed in a hot 

cell. The heating tests at 1600℃ for 4500 h and at 1800℃ for 3000 h were 

divided into seven and eight time steps, respectively.

1600℃ heating test 1800℃ heating test

Step Time(h) Total time(h) Step Time(h) Total time(h)

1 100 100 1 24 24

2 46 702 300 400
3 80 1503 500 900
4 200 350

4 700 1600
5 550 900

5 900 2500 6 700 1600
6 1000 3500 7 900 2500
7 1000 4500 8 500 3000

『Heating conditions of Sample』

The graphite components and the carbon insulators, which were removed 

form the furnace at the end of each time step, were measured by ɤ-ray 

spectrometry to identify and evaluate the released metallic fission products. 

The fission product release data were treated as the fractional release:

F = R / I 

where F is the fractional release of a nuclide, R the released amount of the 

nuclide measured by ɤ-ray analysis, and I the inventory of the nuclide 

measured before the heating test. 

The effective diffusion coefficient of 
137
Cs in the ZrC coating layer, 

DZrC(
137
Cs)is estimated by measured fractional releases of curve. These curves 

were drawn based on a diffusion model, where a fuel kernel with a single 

coating layer was assumed. This assumption is valid, since the ZrC coating 

layer is a far better diffusion barrier than the PyC coating layers. Further 

details of the analytical model were described reference.*

* : MINATO., K, OGAWA, T.FUKUDA, K., NABIEL다, K., SEKINI, H., 

NOZAWA, Y., TAKAHASHI, L., Fission Product Release from ZrC-coated 

Fuel Paticles during Postirradiation Heating at 1600℃, J. Nucl. Nater. 

224(1995)85
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Data Characterization ······································································································

The measured fractional releases curve were different from the calculated 

diffusive release curve, since low fractional release were attributed to the 

release of contaminated 
137
Cs in the OPyC layer, which was not considered in 

the calculation.

Bibliography ························································································································

author: K. MINATO, T. OGAWA, K. FUKUDA, H. SEKINO, I. TAKAHASHI

institution: Japan Atomic Energy Research Institute, Oarai-machi, Ibaraki-ken, 

JAPAN

title : Post-Irradiation Heating Test of ZrC Coated Fuel Particles

Result ·····································································································································

『Comparison of diffusion coefficients of 137Cs in ZrC with those in SiC as a function 

of temperature. Data from literature are Minato et al, Ogawa et al, Moormann and 

Verfondern, and Verfondern and Muller』
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『Diffusion coefficients of fission products in ZrC as a function of temperature. Data 

of solid circles are from the present experiments, open circles from Ogawa and 

Ikawa, and broken lines from Chernikov』

Discussion ····························································································································

These results encourage us to use the ZrC-Triso coated fuel particles at 

higher temperatures than the SiC-Triso coated fuel particles from the 

viewpoint of the retention of the key fission product.
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② Kazuo Minato

Material  Description ········································································································

material name: Zirconium carbide 

chemical formula: ZrC

The ZrC-Triso coated fuel particles heated in the present experiments 

were sampled from an irradiated fuel compact after electrolytic 

deconsolidation. The fuel kernel was UO2 and the ZrC coating layer was 

deposited by the bromide process.

Diameter or Density

thickness(㎛) (Mg/m
3
)

UO2 kernel 608 10.6

Buffer layer 64 1.11

IPyC layer 26 1.84

ZrC layer 31 6.6

OPyC layer 55 1.95

『Characteristic of Coated Fuel Particle』

Measurement Technique ································································································

The fuel compact was irradiated in a gas-swept capsule in the Japan 

Materials Testing Reactor(JMTR).

Duration 79.9 EFPD

Temperature 900℃

Burnup 1.5 FIMA

Fluence 1.2×10
25
 m

-2
 (E>29 fJ)

R/B(
88
Kr) 2×10

7
 to 4×10

7

『Irradiation conditions of Fuel Compact』
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The equipment used for the postirradiation heating was installed in a hot 

cell. The heating tests at 1800℃ for 3000 h and at 2000℃ for 100 h 

performed, respectively.

1800℃ heating test 2000℃ heating test

Step Time(h) Total time(h) Step Time(h) Total time(h)

1 24 24
1 10 10

2 46 70

3 80 130
2 14 24

4 200 350

5 550 900
3 14 38

6 700 1600

7 900 2500
4 62 100

8 500 3000

『Heating conditions of ZrC-Triso coated fuel particle』

The graphite components and the carbon insulators, which were removed 

form the furnace at the end of each time step, were measured by ɤ-ray 

spectrometry to identify and evaluate the released metallic fission products. 

The fission product release data were treated as the fractional release:

F = R / I 

where F is the fractional release of a nuclide, R the released amount of the 

nuclide measured by ɤ-ray analysis, and I the inventory of the nuclide 

measured before the heating test.

Bibliography ························································································································

author: Kazuo Minato, Toru Ogawa, Kousaku Fukud, Hajime sekino, Isamu 

Kitagawa. Naoaki Mita

institution: Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun, 

Ibaraki-ken 319-11, Japan

title: Fission product release from ZrC-coated fuel particles during post 

irradiation heating at 1800 and 2000 ℃
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Result ·····································································································································

『Diffusion coefficients of 137Cs and 106Ru in ZrC obtained in the present and previous 

experiments shown by solid symbols, together with those of cesium in SiC quoted 

from Refs』

Discussion ····························································································································

The release of fission products from the coated fuel particles was modeled 

by Fick's law.

∂c
∂t
=Dkor c

1
r
∂
2

∂r
2 (rc)

where c is the concentration, t the heating time, r the radius, and D korc the 

diffusion coefficient in the fuel kernel or the coating layer. Under these 
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conditions the fractional release from the fuel kernel is given by the 

expression

Fk=1-6 ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
2 ,

Fc=1-∑
∞

m=0
Tmexp(-y

2
mD

*
t)

F =1-6(1+r) ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
2
[(r-

x
2
n

3r
)
sinx n
x n

+cosx n]

-3 ∑
∞

m=0
Tm(

1

α
2
y
2
m

-
cotαy m
αy m )exp(-y 2mD*t)

where α=(D*/D')
1
2  and x n=nπ/α. The detail description of this model is 

showed in the previous research
*
.

* : K. Minato, T. Ogawa, K. Fukuda, H. Nabielek, H. Sekino, Y. Nozawa, I. 

Takahashi J. Nucl. Mater 224 (1955) 85

The diffusion coefficient for cesium in the ZrC layer was more than two 

orders smaller than that in the SiC layer at 1800 ℃ and ruthenium in the 

ZrC layer was almost the same as that for cesium in the SiC layer.



- 174 -

3. Fuel Element and Graphite Matrix

가. Fuel Element
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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 μ

m) 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 
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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 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 ························································································································

author: J.R. Moore, T.G. Godfrey, R.S. Graves, F.J. Weaver and W.P. Eatherly

institution: Metals and Ceramics Division, Oak Ridge National Laboratory, 
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title: Experimental Determinations of the Pre- and Postirradiation Thermal 

Transport and Thermal Expansion Properties of Simulated Fuel Rods 

for an HTGR

source: Journal of Nuclear Materials 78 (1978) 131-142

year of publ.: 1978

Result ·····································································································································

Vol.%

particles

Neutron

Fluence

×10
-25
(n/m

2
)

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 (~2×10
25
 n/m

2
) 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

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 μ

m) 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 
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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 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. 

Bibliography ························································································································
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for an HTGR

source: Journal of Nuclear Materials 78 (1978) 131-142

year of publ.: 1978

Result ·····································································································································

Vol.%

particles

Neutron 

fluence

(×10
25
 n/m

2
)

CTE (×10
-6
K

-1
) = A+BT+CT

2
CTE (×10

-6
K

-1
)

A B C×10
6

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』
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① unirradiated specimens

『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』
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② irradiated specimens

『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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② 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

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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(3) Strength

① 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.

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
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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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② 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』
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(4) 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 cm
3
)

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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3. Fuel Element and Graphite Matrix

나. Graphite matrix
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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)

Bibliography ························································································································
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year of publ.: 1995
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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 
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from the measured thermal diffusivity, bulk density and specific heat capacity 

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 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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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/cm3 and 1.9 g/cm3 (HTT 3000 ℃)』
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1-Perpendicular graphite with density of 1.9 g/cm
3,

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/cm
3
 and 2.1 g/cm

3
 (both HTT 2400°C)

(1- 2.1 g/cm3, perpendicular, 2- 2.0 g/cm3, perpendicular

3- 2.1 g/cm
3
, parallel, 4- 2.0 g/cm

3
, 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 
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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 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.



Graphite Matrix-Thermal Conductivity

- 208 -

④ 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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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) Thermal expansion

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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『Thermal expansivity of unirradiated hot-pressed boronated graphites』
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『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 ℃
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(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.



Graphite Matrix-Thermal Expansion

- 216 -

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

Bibliography ························································································································
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Result ·····································································································································

Thermal expansion (to 1000 ℃)

Transverse

Longitudinal

7.5  × 10
-6
 /℃

2.25 × 10-6 /℃
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Thermal conductivity (at 2000 ℃)

Radial 0.3 W/cm․℃

『Thermal properties of graphite matrix fuel compacts』
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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』

Data Characterization ······································································································

These data are catalogue values by makers.
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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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(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
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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



Graphite Matrix-Heat Capacity

- 221 -

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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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 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
-4
T

1.483

1.15×10
-3
T

1.327
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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』

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/cm
3

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』
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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) 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.
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Bibliography ························································································································
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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 
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residual strain produces. In this case the residual strain is compressive and 

the specimen elongates to the 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/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

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 
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frequency of 12.2 x lO °N and 55 kHz), and dual mode amplifier, MODEL 

5004 made by KISTLER company.

Bibliography ························································································································
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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』



Graphite Matrix-Strength

- 230 -

『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』

『The change in Poisson's ratio of IG-11 graphite

as a function of compressive strength.』
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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:

σ c=Aε
B

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.

- Poisson's ratio increased with increasing of strain rate and compressive 

stress.

- Specimen volume effect on deformation behavior and compressive strength 

of graphites can not be found in impact loading tests.
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③ 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

Bibliography ························································································································
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Crushing strength

Transverse 8500 psi

Longitudinal 7500 psi

『Crushing strength of graphite matrix fuel compacts』
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④ 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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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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(5) 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:
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E=ρv2

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 
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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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Developed High Performance Graphite

source: IAEA-TECDOC-690 (1991), 140-146

year of publ.: 1991

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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(6) Diffusion Coefficient

① K. Hayashi(1987)

Material  Description ········································································································

material name: graphite

chemical formula: C

IG-110 graphite, which is a highly purified fine-grained petroleum coke 

graphite with a density of 1.76 Mg/m
3
.

Measurement Technique ································································································

A series of irradiation experiments has been performed in the OGL-1 

which is an in-pile helium gas loop installed in the Japan Materials Testing 

Reactor (JMTR).

Component Material Size Density

Coated particle (μm) (Mg/m
3
)

Kernel Uranium dioxide (19.9% enriched) 600±60 10.41±0.22

Buffer Low-density pyrocarbon  60±15  1.10±0.10

Inner PyC High-density pyrocarbon  30± 5  1.85±0.05

SiC Pyrolttic silicon carbide  20± 5 >3.20

Outer PyC High-density pyrocarbon  45± 5  1.85±0.05

Fuel assembly (mm) (Mg/m
3
)

Compact Coated particles+graphite matrix 8
ID
×24

OD
×36

L
(2.33)

sleeve IG-110 graphite 24.2
ID
×30

OD
×790

L
(1.76)

『Specification of the fifth OGL-1 fuel assembly』
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radiation period Dec. 1980-April 1983

radiation time
3416 (h)

1.23×10 7(s)

Maximum burnup
3.2 (% FIMA)

26700 (MWd/t U)

Maximum fast neutron fluence 4.1×1024 (m-2 E > 29 fJ)

Maximum fuel temperature 1360 (℃)

Maximum outlet coolant temperature 1000 (℃)

『irradiation condition of the fifth OGL-1 fuel assembly』
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Result ·····································································································································

『Temperature dependence of in-pile diffusion coefficient of Cs in IG-110 graphite 

obtained from its radial profiles in the OGL-1 fuel sleeve. The present data are 

compared with those summarized by Myers et al. and Hoinkis. The upper and lower 

limits in 95 % confidence for the data after Myers et al. are shown in dashed line

s.』
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『Temperature dependence of in-pile diffusion coefficient of Ag in IG-110 graphite 

obtained from its radial profiles in the OGL-1 fuel sleeves』
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『Temperature dependence of in-pile diffusion coefficient of Sb in IG-110 graphite 

obtained from its radial profiles in the fifth OGL-1 fuel sleeve. Comparison is made 

with the coefficient data from the third and fourth OGL-1 fuel sleeve.』



Graphite Matrix-Diffusion Coefficient

- 247 -

Discussion ····························································································································

It is assumed here that in-pile diffusion behavior in the radial direction of 

the sleeve can be expressed by the Fickian diffusion equation with the 

effective diffusion coefficient. The equation for a one-dimensional diffusion in 

a cylinder is given as follows:

where C is the concentration of the fission product considered, t the 

irradiation time, r the radial distance from the central axis of the sleeve and 

λ the decay constant. The effective diffusion coefficient D is assumed to be 

independent of the radial position and only dependent on the radially-averaged 

temperature. Numerical calculation process to solve eq.

Thus evaluated in-pile diffusion coefficients are plotted against the 

temperature in figs. 12, 13 and 14 for 
137
Cs, 

110m
Ag and 

125
Sb, respectively. 

The least squares method give the following diffusion coefficient D (m
2
/s) for 

IG-110 graphite at temperatures between 750 and 1030 ℃:

D Cs=9.0×10
-6exp(-1.57×10 5/RT),

D Ag=6.3×10
-3exp(-2.64×10 5/RT),

D Sb=1.5×10
-4exp(-2.20×10 5/RT),

where R is the gas constant (8.314 J/mol・K), and T is the absolute 

temperature (K).
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(7) 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/cm
3
)

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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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

Table 1. 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.

Bibliography ························································································································

author: S. Sato, K. Kawamata, A. Kurumada, A. Chiba

institution: Faculty of engineering, Ibaraki University, Hitachi-shi, Ibaraki-ken, 

Japan

title: Mechanical Properties and Thermal Shock Resistances of Recently 

Developed High Performance Graphite
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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/cm3 

indicating high density and fineness. Especially, mesophase pitch carbon 

HCB-18 showed the highest density.
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1. Fission Product behavior
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① Kazuo Minato

Introduction ··························································································································

The present work was focused on the temperature range 1600 to 1900 ℃, 

where certain kinds of fission products would release through the coating 

layer. In the present work the postirradiation heating of the coated particles 

and the postirradiation examinations were performed to study the release 

behavior of metallic fission products from the coated particles without 

pressure vessel failure

Material  Description ········································································································

The coated fuel particle in both the fuel compacts were fabricated in a 

batch.

Particle

UO2 kernel Buffer layer

Diameter density enrich Thickness Density

(㎛) (Mg/m
3
) (wt％) (㎛) (Mg/m

3
)

80FPCI 569±34
a

10.5 8.0 59±9
a

1.12

Particle

IPyC layer SIC layer OPyC layer

Thickness Density Thickness Density Thickness Density

(㎛) (Mg/m3) (㎛) (Mg/m3) (㎛) (Mg/m3)

80FPCI 29±4a 1.86 24±1a 3.21 44±6a 1.83

『Characteristics of coated fuel particles 

a Mean value± standard deviation』

Measurement Technique ································································································

One Compact(sample A) was irradiated in a gas-swept capsule and the 

other(sample B) in a closed capsule in the JMTR.
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sample capsule compact

Irradiation condition

time Tav Burnup Fast neutron fluence

(EFPH)
a

(℃) (％FIMA) (m-2, E>29fJ)

A 80F-4A 80FP1A-1 1918 1250 3.6 2.6×1025

B 80F-6A 80FP3A-7 2818 1510
b

3.6 1.5×10
25

a Effective full-power hours.

b Tmax= 1685 ℃; irradiation above 1500 ℃ for 1512 h

『Irradiation conditions of samples』

The temperature ranged between 1600 and 1900C(1873 and 2173 K) and 

read with optical pyrometer. irradiation time 5 and 144h. during heating tests 

fission gas(85Kr) release was monitored by ionization chamber. X-ray 

microradiography was conducted before the heating experiments. After the 

heating test, the coated particles were X-ray radiographed. Some of them 

were polished to equator of the particle and observed by optical microscopy. 

and The graphite components of heater, sample holder and holder disks and 

the carbon insulators were removed from the furnace and measured by 

gamma-spectroscopy to identify and evaluated released fission products.

Bibliography ························································································································
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Miyanishi , Shigeo Kado and Ishio Takahashi

institution: Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun, 

Ibaraki-ken 319-11, Japan

title: Release behavior of metallic fission products from HTGR fuel particles 

at 1600 to 1900 ℃
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Result ·····································································································································

『Fractional release of 
137
Cs during postirradiation heating as a function of heating 

time and temperature . solid lines are diffusive release curves calculated by a simple 

diffusion model assuming a one layer coated particle』

『Fractional release of 
137
Cs, 154Eu and 110m Ag during postirradiation heating. 

Heating time is 5 h at each temperature.』
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Discussion ····························································································································

Diffusion equation is given by

∂c
∂t
=D

1
r
∂ 2

∂r 2
(rc) forR i≤r≤R o

The solution of equation was further approximated for large times by 

Navielek

F(t)≃1-(1+
r
2
)exp(-3rD *t),

where ɤ=(R0-Ri)/Ri, and D
*
=D/(Ro-Ri)

2
. In this treatment of the data to derive 

the diffusion coefficient a single diffusion transport is assumed regardless of 

possible transport mechanisms.

The fractional release from sample B is larger than that from sample A 

respectively. This is probably caused by the higher irradiation temperature of 

sample B. with diffusion model analysis diffusion coefficient of Cs is 

described by

D sic(
137Cs)=2.5×10 -2m 2s -1exp(-503kJmol -1/RT)

The result shows an example of 
137
Cs and 

154
Eu, 

110m
Ag as a function of 

temperature. since the number of the data is limited, it is difficult to discuss 

the release behavior quantitatively, but it is safe to say that 
110m

Ag is 

released easier than 
137
Cs at 1600 to 1900 ℃.
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② Kazuo Minato

Introduction ··························································································································

Zirconium carbide (ZrC) is a candidate to replace the SiC coating layer of 

the Trio-coated fuel particles. The ZrC coating layers have higher resistance 

to chemical attack by fission products such as palladium than the SiC coating 

layer and SiC gradually loses mechanical integrity at very high temperatures, 

especially above 1700°C, by thermal dissociation and transformation of □□-SiC 

to □□-SiC. The fuel temperatures are, therefore, limited to well below 1700°C 

during the design-basis accidents in the current HTGR designs. However, the 

data on retention of fission products by the ZrC coating layer are limited, 

which could allow no conclusive evaluation of the fission product 

retentiveness of the ZrC coating layer.

Material  Description ········································································································

The ZrC-Triso coated fuel particles heated in the present experiments 

were sampled form an irradiated fuel compact after electrolytic 

deconsolidation. The fuel kernel was UO₂,and the ZrC coating layer was 

deposited by the bromide process. below table shows characteristics of the 

particle

Diameter of Thickness (㎛) Density (Mg/m
3
)

UO2 kernel 608 10.6

Buffer layer 64 1.11

IPyC  layer 26 1.84

ZrC layer 31 not determined

OPyC layer 55 1.95

『Characteristic of Coated Fuel Particle』

Measurement Technique ································································································

The fuel compact was irradiated in a gas-swept capsule in the Japan 

Materials Testing Reactor(JMTR).
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Duration 79.9 EFPD

Temperature 900℃

Burnup 1.5 FIMA

Fluence 1.2×1025 m-2 (E>29 fJ)

R/B(
88
Kr) 2×10

7
 to 4×10

7

『Irradiation conditions of Fuel Compact』

The equipment used for the postirradiation heating was installed in a hot 

cell. The heating tests at 1600℃ for 4500 h and at 1800℃ for 3000 h were 

divided into seven and eight time steps, respectively.

1600℃ heating test 1800℃ heating test

Step Time(h) Total time(h) Step Time(h) Total time(h)

1 100 100 1 24 24

2 46 702 300 400
3 80 1503 500 900
4 200 350

4 700 1600
5 550 900

5 900 2500 6 700 1600
6 1000 3500 7 900 2500
7 1000 4500 8 500 3000

『Heating conditions of Sample』

During the heating tests. the fission gas release was monitored by an 

ionization chamber, the activity in flowing helium was dye mostly to 

85
Kr(T1/2=10.73y). The graphite components and the carbon insulators, which 

were removed form the furnace at the end of each time step, were measured 

by ɤ-ray spectrometry to identify and evaluate the released metallic fission 

products. The fission product release data were treated as the fractional 

release:

F = R / I 

where F is the fractional release of a nuclide, R the released amount of the 

nuclide measured by ɤ-ray analysis, and I the inventory of the nuclide 

measured before the heating test. 
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Result ·····································································································································

『Fractional release of 
137
Cs from ZrC-coated fuel particles at 1600℃ and 1800℃ as a 

function of heating time. Solid lines are diffusive release curves calculated by a 

model of diffusion in one-layer coating』
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『Fractional releases of 
106
Ru from ZrC-coated fuel particles at 1600℃ and 1800℃ as 

a function of heating time. Solid lines are diffusive release curves calculated by a 

model of diffusion in a fuel kernel and one-layer coating』

Discussion ····························································································································

The release of fission products from the coated fuel particles was modeled 

by Fick's law.

∂c
∂t
=Dkor c

1
r
∂ 2

∂r 2
(rc)

where c is the concentration, t the heating time, r the radius, and D korc the 

diffusion coefficient in the fuel kernel or the coating layer. Under these 

conditions the fractional release from the fuel kernel is given by the 

expression
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F k=1-6 ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
2 ,

F c=1- ∑
∞

m=0
T mexp(-y

2
mD

*
t)

F=1-6(1+r) ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
2
[(r-

x
2
n

3r
)
sinx n
x n

+cosx n]

-3 ∑
∞

m=0
Tm(

1

α
2
y
2
m

-
cotαy m
αy m )exp(-y 2mD*t)

where α=(D*/D')
1
2  and x n=nπ/α. The detail description of this model is 

showed in the previous research
*

* : K. Minato, T. Ogawa, K. Fukuda, H. Nabielek, H. Sekino, Y. Nozawa, I. 

Takahashi J. Nucl. Mater 224 (1955) 85
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③ Kazuo Minato

Introduction ··························································································································

The ZrC-Triso coated fuel particles heated in the present experiments 

were sampled form an irradiated fuel compact after electrolytic 

deconsolidation. The fuel kernel was UO₂,and the ZrC coating layer was 

deposited by the bromide process. below table shows characteristics of the 

particle

Diameter or Density

thickness(㎛) (Mg/m
3
)

UO2 kernel 608 10.6

Buffer layer 64 1.11

IPyC layer 26 1.84

ZrC layer 31 6.6

OPyC layer 55 1.95

『Characteristic of Coated Fuel Particle』

Measurement Technique ································································································

The fuel compact was irradiated in a gas-swept capsule in the Japan 

Materials Testing Reactor(JMTR).

Duration 79.9 EFPD

Temperature 900℃

Burnup 1.5 FIMA

Fluence 1.2×10
25
 m

-2
 (E>29 fJ)

R/B(
88
Kr) 2×10

7
 to 4×10

7

『Irradiation conditions of Fuel Compact』

The equipment used for the postirradiation heating was installed in a hot 

cell. The heating tests at 1800℃ for 3000 h and at 2000℃ for 100 h 

performed, respectively.
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1800℃ heating test 2000℃ heating test

Step Time(h) Total time(h) Step Time(h) Total time(h)

1 24 24
1 10 10

2 46 70

3 80 130
2 14 24

4 200 350

5 550 900
3 14 38

6 700 1600

7 900 2500
4 62 100

8 500 3000

『Heating conditions of ZrC-Triso coated fuel particle』

The graphite components and the carbon insulators, which were removed 

form the furnace at the end of each time step, were measured by ɤ-ray 

pectrometry to identify and evaluate the released metallic fission products. 

The fission product release data were treated as the fractional release:

F = R / I 

where F is the fractional release of a nuclide, R the released amount of the 

nuclide measured by ɤ-ray analysis, and I the inventory of the nuclide 

measured before the heating test. 
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Result ·····································································································································

『Fractional release of 137Cs during post irradiation heating of ZrC-Triso coated fuel 

particles as a function of heating time Solid curves are calculated by a model of 

diffusion in one-layer coating.』

『Fractional release of 106Ru during post-irradiation heating of ZrC-coated fuel 

particles as a function of  heating time. Solid curves are calculated by a model of 

diffusion in a fuel kernel and one-layer coating. The data at 1600 ℃ were quoted 

from reference*』
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『Fractional releases of 
154
Eu during post-irradiation heating of ZrC-coated fuel 

particles as a function of  heating time. The data at 1600 ℃ were quoted from 

reference
*』

Discussion ····························································································································

The release of fission products from the coated fuel particles was modeled 

by Fick's law.

∂c
∂t
=Dkor c

1
r
∂
2

∂r
2 (rc)

where c is the concentration, t the heating time, r the radius, and D korc the 

diffusion coefficient in the fuel kernel or the coating layer. Under these 

conditions the fractional release from the fuel kernel is given by the 

expression

F k=1-6 ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
2 ,
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F c=1- ∑
∞

m=0
T mexp(-y

2
mD

*
t)

F=1-6(1+r) ∑
∞

n=1

exp(-n
2
π
2
D't)

n
2
π
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x
2

n

3r
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sinx n

x n
+cosx n]

-3 ∑
∞

m=0
T m(

1

α
2
y
2

m

-
cotαy m

αy m )exp(-y
2

mD*t)

where α=(D*/D')
1
2  and x n=nπ/α. The detail description of this model is 

showed in the previous research
*

* : K. Minato, T. Ogawa, K. Fukuda, H. Nabielek, H. Sekino, Y. Nozawa, I. 

Takahashi J. Nucl. Mater 224 (1955) 85

The measured fractional release of 
106
Ru at 1800C for 300h an 2000C for 

100h are shown as a function of temperature in Fig. 1 The fractional release 

of 
106
Ru was about 9*10

-1
 both at 1800 ℃ for 3000h and at 2000C for 100h. 

In contrast with 
137
Cs release controlled by the transport only ZrC coating 

layer, the 
106
Ru release determined by the transport both in the UO2 kernel 

and in the ZrC coating layer.

In this experiment, it is probably safe to say that ZrC-Triso coated fuel 

particles have higher capability of fission gas retention than the normal 

Triso-coated fuel particles at high temperature. Fractional release of cesium 

from  Zrc-Triso coated fuel particles was less than 1×10
-3
 at 1800 ℃for 

3000h. The reported value for fractional release of cesium from normal Triso 

coated fuel particles were 1×10
-1 

at 1800 ℃.
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2. Fission Gas Release
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① IAEA(1997)

Material  Description ········································································································

material name: fuel element(FRJ2-K15)

element type: pebble

matrix materials: graphite

matrix state: powder

overcoating thickness: 200㎛

pre-pressing: 25℃, 300MPa

pressing: 25℃, 300∼350MPa

heat treatment: 1800∼1950℃ in vacuum

The fuel elements(FRJ2-K15) is composed of TRISO particles 

Measurement Technique ································································································

Gas release from the irradiation experiment FRJ2-K15 in the Jülich DIDO 

reactor 

Bibliography ························································································································

institution: IAEA, Vienna

title: Normal Operation, TRISO Fuel Performance Under Irradiation

source: IAEA-TECDOC-978 (1997), 45-124

year of publ.: 1997

Result ·····································································································································

Experiment
No.of 

particles

Irradiation

time

[efpd]

Temperature 

surface/center

[℃]

Burnup 

[%FIMA]

Fluence

[1025 m-2, 

E>16 fJ]

R/B

Kr-85m

FRJ2-K15/1

9600 533

800 / 970 14.1 0.2 1□□10
-6

FRJ2-K15/2 980 / 1150 15.3 0.2 5□□10
-9

FRJ2-K15/3 800 / 990 14.8 0.1 3□□10
-9

『Parameters and results from irradiation tests with modern,

high-quality UO2 TRISO particles in the German program』
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『Measured and calculated (Kr-88) fractional steady-state release of short-lived 

fission gases, R/B/ as a function of burnup in the irradiation experiment FRJ2-K15. 

The spike in R/B were measured during +200℃ temperature transients. The slow 

increase in R/B is an artefact of the birth rate calculation for 16.7 % enriched 

uranium, while the actual release is from uranium contamination of natural 

enrichment.』

Discussion ····························································································································

The results of calculations of irradiations experiments with the FRESCO 

diffusion model (those for FRJ2-K15 are given by the solid line in the result) 

indicate that Kr-88 R/B values were significantly influenced by surface 

contamination on the coated fuel particles. Relative to graphite matrix 

contamination, the contamination level in the graphite grains and the effective 
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diameter of the grains had a significant influence on R/B values.

Due to the measurement of a finite random sample. the one-side 

confidence range C= prob(0≤ζ≤x)is given for sample size N, number of 

failures n, and true failure fraction □□ by:

C=

⌠
⌡

ζ max

0
ζ
n
(1-ζ)

N-n
dζ

⌠
⌡

1

0
ζ
n
(1-ζ)

N-n
dζ

= ∑
N+1

j=n+1(
N+1

j )x
j
(1-x)

N+1-j

.

The solution x(upper limit of failure fraction) is found by the inverse of 

the incomplete beta function:

x =ΒInv(C,n+1,N+1-n)

For zero observed failures(n=0), the maximum in-pile failure fraction at the 

50％ confidence level is given by

ΒInv(0.50,1,N Bu+1) =1- exp[ln0.50/(N Bu+1)]

and at the 95％ confidence level by

ΒInv(0.95,1,N Bu+1) =1- exp[ln0.05/(N Bu+1)]

where NBu is the number of particles with burnup ≥ Bu.
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제 2 절 피복입자 핵연료 성능 데이터베이스

3. SiC Layer Corrosion
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① K. Minato(1990)

Introduction ··························································································································

Corrosion of the SiC layer is caused by several mechanisms in irradiated 

Triso-coated fuel particles under certain conditions. Besides some 

mechanisms, metallic impurities-silicon carbide interaction is a potential 

problem in coated fuel particles. The SiC layer is attacked from the outside 

of the particles by metallic impurities. The main element of metallic impurities 

observed in the corroded areas is iron, but sometimes iron and nickel was 

found. These elements must have been contained as impurities in the graphite 

matrix during fuel manufacturing processes.

Material  Description ········································································································

Samples were Triso-coated low-enriched (8 or 20 wt%) UO2 Particles 

irradiated in the Japan Materials Testing Reactor (JMTR) or the Japan 

Research Reactor-2 (JPR-2).

Sample Capsule
Compact
or disc

Particle

Irrdiation conditions

Time
(EFPD)

Temp.av.
(℃)

Temp.max.

(℃)

S-1 78F-3A 79FP2A-15 79FPC1 81.9 1340 1475

S-2 78F-3A 79FP2A-1 79FPC1 81.9 1050

S-3 80F-3A 79FP2A-12 79FPC1 82.1 1200 1320

S-4 ICF-26H 79FP1A-6 79FPC1 134.7 1300 1390

S-5 79F-1A 79VHT-4 79FPC1 21.6 1200 1510

S-6 VOF-8H DISC 79OPC1 156.4 1300 1360

S-7 VOF-14H DISC 79OPC1 138.7 1560

『Irradiation conditions of the samples whose SiC layers were corroded

by metallic impurities』
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Measurement Technique ································································································

The irradiated fuel compacts or particles removed from the fuel compacts, 

and fuel discs were embedded in epoxy resin and polished to the equator of 

the particles with standard hot-cell ceramography techniques. The polished 

particles were observed with an optical microscope. Some of the particles 

were examined with a shielded electron probe micro-analyzer, equipped with 

both wavelength -dispersive and energy-dispersive spectrometers. In order to 

prevent the samples from charging during the analysis, gold was vapor 

deposited on the polished surface of the samples.

Bibliography ························································································································

author: K. Minato, T. Ogawa, S. Kashimura, K. Fukuda, M. Shimizu, Y. 

Tayama, I. Takahashi

institution: Japan Atomic Energy Research Institute

title: Metallic Impurities-silicon carbide interaction in HTGR fuel particles

source: Jounal of Nuclear Materials 175 (1990), 14-19

year of publ.: 1990

Result ·····································································································································

The SiC layers were attacked by metallic impurities from the outside of 

the particles. The main element responsible for the reaction was iron, but 

sometimes iron and nickel were found. A small amount of cobalt was also 

detected in some cases. Iron, nickel and cobalt must have been contained as 

impurities in the graphite matrix which surrounded the coated particles.
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『Corrosion of the SiC layer from the outside of the particle,

observed in sample S-2.』

『Typical result of the dispersive analysis of the reaction product in sample S-2.』
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『Corrosion of the SiC layer from the outside of the particle,

observed in sample S-6.』

『Typical result of the dispersive analysis of the reaction predut in sample S-6.』
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Discussion ····························································································································

In order to clarify the mechanism on the reaction, a thermodynamic 

analysis was made of the SiC-Fe, SiC-Ni and SiC-Co systems. In the 

analysis FeSi (s), NiSi (s) and CoSi (s) were considered, which are the most 

stable silicides whose thermodynamic data are available. 

The Gibbs free energy changes at T K, △G°T, in the reactions expressed 

by

Fe (s) + SiC (s) → FeSi (s) + C (s) (1)

Ni (s) + SiC (s) → NiSi (s) + C (s), (2)

Co (s) + SiC (s) → CoSi (s) + C (s) (3)

were considered.

It was found that the Gibbs free energy changes in the reaction eqs. (1), 

(2) and (3), were

△G°T (1)= -22.60 - 3.69×10
-3
 T kJ/mol, (4)

△G°T (2)=  -9.96 - 3.77×10
-3
 T kJ/mol, (5)

△G°T (3)= -28.04 - 1.85×10
-3
 T kJ/mol, (6)

respectively, which indicate that the reactions eqs. (1), (2) and (3) would 

occur thermodynamically.

Since iron, nickel and cobalt were assumed to have been contained as 

impurities in the graphite matrix, the thermodynamic stability of these 

elements in the presence of graphite was compared with that in the presence 

of SiC. The reactions expressed by

Fe (s) + ⅓C (s) → ⅓Fe3C (s), (7)

Ni (s) + ⅓C (s) → ⅓Ni3C (s), (8)

Co (s) + ⅓C (s) → ⅓Co3C (s), (9)

were considered. The Gibbs free energy changes in the reations eqs. (7), (8) 
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and (9) were calculated based on previous work:

△G°T (7)=   8.37 - 5.67×10
-3
 T kJ/mol, (10)

△G°T (8)= -12.55 - 3.74×10
-3
 T kJ/mol, (11)

△G°T (9)=   8.37 - 4.33×10
-3
 T kJ/mol. (12)

By comparing eqs. (10), (11) and (12) with eqs. (4), (5) and (6), 

respectively, it was found that these elements are more stable 

thermodynamically in the presence of SiC than in the presence of graphite at 

irradiation temperatures.
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② K. Minato(1990)

Introduction ··························································································································

It is characteristic that the Pd-SiC interaction occurred in various kinds of 

fuels, which is in contrast with the rare-earth elements-SiC interaction 

observed only in UC2 and UCxOy (O/U≤1.1) fuel particles. But the 

mechanism of the corrosion of the SiC layer by palladium has not been 

understood clearly and data on the Pd-SiC interaction in UO2 fuel particles 

was limited. Therefore, Pd-SiC interaction was analyzed qualitatively in 

irradiated Triso-coated UO2 particles for HTGR. Pd-SiC reaction depths were 

estimated on the assumption that the release of palladium from the fuel 

kernel controls the whole Pd-SiC reaction.

Material  Description ········································································································

Particle

UO2 kernel Buffer layer IPyC layer SiC layer OPyC layer

Diameter

(□□m)

Density

(Mg/m3)

Enrich.

(wt%)

Thicknes

s (□□m)

Density

(Mg/m3)

Thicknes

s (□□m)

Density

(Mg/m3)

Thicknes

s (□□m)

Density

(Mg/m3)

Thicknes

s (□□m)

Density

(Mg/m3)

74FC1 493±17 10.6  8.0 43± 4 1.09 32±3 1.80 28±1 3.20 42±4 1.83

75FPC2A 505±14 10.6  4.0 44± 5 1.06 27±2 1.89 27±1 3.20 45±5 1.87

76FPC1A 602±20 10.6  4.0 60±10 1.20 31±3 1.86 25±1 3.21 43±4 1.84

76OPC3 599±22 10.5 12.0 59± 9 1.19 30±3 1.86 26±1 3.21 45±4 1.86

77FPC1 613±24 10.6  4.0 56± 5 1.18 30±3 1.841 29±1 3.20 47±4 1.84

78FPC1 602±22 10.5  4.0 59± 6 1.19 30±2 1.83 24±1 3.20 42±3 1.87

78OPC3 604±25 10.6 19.9 57± 7 1.19 31±2 1.85 25±2 3.21 46±4 1.89

79FPC1 623±23 10.5  8.0 63± 4 1.17 31±3 1.87 27±1 3.21 46±4 1.87

79OPC 606±24 10.5 19.9 64± 4 1.11 32±2 1.82 26±1 3.20 46±2 1.82

80FPC1 596±16 10.5  8.0 59± 9 1.12 29±4 1.86 24± 3.21 44±6 1.83

『Characteristics of coated fuel particles』

Measurement Technique ································································································

The contribution of 
239
Pu fissions was determined on the basis of the mass 

analysis and □□-ray spectrometry.

The irradiated loose particles, fuel compacts or particles removed from the 

fuel compacts, and fuel discs were embedded in epoxy resin and polished to 

the equator of the particles with the standard hot-cell ceramography 

technique. The polished particles were observed with an optical microscope. 
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Some of the particles were examined with the shielded electron probe 

microanalyzer, which is equipped with both wavelength-dispersive and 

energy-dispersive spectrometers. In order to prevent the samples from 

charging-up during the analysis, gold was vapor deposited on the polished 

surface of the samples before the examination of the samples with the 

electron probe microanalyzer.

In order to observed the inner surface of the SiC layers, the SiC samples 

were prepared from the polished coated particles; the SiC samples were 

obtained by resolving the fuel kernels in nitric acid and burning off the resin 

and the PyC layers at 800 ℃ in air. The SiC samples were observed with 

the unshielded electron probe microanalyzer, which is equipped with a 

wavelength-dispersive spectrometer.

Sample Capsule

Compact, 

crucible or 

disc

Particle

Irradiation conditions

Form
Time

(EFPD)

Av. temp.

(℃)

Max.temp.

(℃)

Burnup

(%FIMA)

Pu fission

(%)

C-1 75F-5A 75FP2A-1 75FPC2A 24C  78.0 1430 1750 1.67 17

C-2 76F-5A 78FP2A-1 78FPC1 36C 120.4 1190 1370 3.56 39

C-3 77F-4A 76FP1A-9 76FPC1A 36C 101.0 1145 1200 1.4 16

C-4 77F-5A 77FP2A-1 77FPC1 36C 183.4 1185 1295 1.5 10

C-5 77F-5A 77FP2A-4 77FPC1 36C 183.4 1065 1135 1.7 11

C-6 77F-5A 77FP3A-4 77FPC1 36C 183.4 1065 1135 1.7 11

C-7 78F-3A 79FP2A-14 79FPC1 24C  81.9 1500 1550 5.16 29

C-8 78F-3A 79FP2A-15 79FPC1 24C  81.9 1340 1475 3.56 21

C-9 79LF-19A 790P-B-10 790PC 24C 142.1 1290 1370 2.90  1

C-10 80F-6A 80FP3A-6 80FPC1 36C 116.9 1510 1685 3.48 20

C-11 80F-6A 80FP3A-8 80FPC1 36C 116.9 1470 1630 3.84 22

C-12 80F-6A 80FP2A-3 80FPC1 36C 116.9 1480 1620 3.78 22

C-13 82F-1A T82F1A-4 80FPC1 24C#  85.7 1435 1510 4.6 27

C-14 82F-1A T82F1A-8 80FPC1 24C#  85.7 1415 1475 4.8 28

C-15 82F-1A T82F1A-9 80FPC1 24C#  85.7 1410 1480 4.4 26
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L-1 73F-13A 3A 74FC1 LP 111.2 1260 1630 4.4 26

L-2 73F-13A 5A 74FC1 LP 111.2 1065 1380 3.93 23

L-3 73F-13A 5B 74FC1H LP 111.2 1065 1380 3.88 22

L-4 75F-4A 1 760PC3 LP  83.1 1250 1555 2.2  4

L-5 77F-4A 8 780PC3 LP 101.0 1195 1270 7  2

D-1 VOF-8H 10-middle 790PC D 156.4 1300 1360 9  5

『Sample irradiation conditions』
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Result ·····································································································································

Energy dispersive analysis revealed that the main element concerned with 

the corrosion was palladium.

『Typical result of energy dispersive analysis on the reaction product.』
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Although palladium was detected on both hot and cold sides of the 

particles, the corroded areas and the palladium accumulations were distributed 

particularly on the cold side of the particles.

Secondary electron images and Pd-L□□  X-ray displays of the cold and hot 
sides of the particle in the sample D-1 disc are shown in result, where 

palladium accumulated at the IPyC-SiC interface and reacted with the SiC 

layer on the cold side of the particle.

『Secondary electron images and Pd-L□□  X-ray displays of the cold
and hot sides of the particle in the sample D-1 disc.』

The maximum reaction depth on a particle was always observed on the 

cold side of the particle. Typical examples of the distribution of maximum 

reaction depths for particles in the same compact are shown in result.
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『Typical examples of the maximum reaction depth distribution of particles

in the same compact』

Discussion ····························································································································

The mechanism of the corrosion of the SiC layers by fission product 

palladium can be described as a series of sequential steps: (1) birth of 

palladium by fission in the fuel kernel, (2) release of palladium from the fuel 

kernel, (3) transport of palladium to the SiC layer through the PyC layers, 

and (4) reaction of palladium with the SiC layer. We suggest that the 

reaction rate of palladium with SiC (step (4)) should be fast and thus that 

the whole reaction rate should be limited by step (2), the release of palladium 

from the fuel kernels.

On the assumption that the release of palladium from the fuel kernel 

controls the Pd-SiC reaction, the release behavior of palladium from the UO2 
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kernels is expressed by fission recoil and diffusion with the estimated 

effective diffusion coefficient.

The fractional release of palladium by fission recoil was calculated by the 

equation:

.

where, Fr : fractional release by fission recoil

a : radius of fuel kernel

r : recoil range (≃8㎛, calculated value)

The fractional release of palladium by diffusion was calculated by the 

Booth diffusion model with the time dependent palladium birth rate and the 

irradiation temperature history:

F b=1-{ ∑
k-1

i=1
[B i(1-F r)(τ ig i-τ i+1g i+1)/D

'
i]+B kΔt kg k}/∑

k

i=1
B iΔt i 

where, τ i=∑
k

j=i
D
'
jΔt j

g i=g(τ i)=1- 4ofτ i/π+3τ i/2 for □□ ≤ 0.1,
g i=g(τ i)=

1
15τ i
-
6
τ i
∑
3

n=1

exp(-n 2π 2τ i)

n
4
π
4  for □□ 〉 0.1,

D'i=D eff,i/a
2=Bu-1i exp(-Q/RT i)/a

2

Fd : fractional release by diffusion

Bi : palladium birth rate during the i th step

Δti : length of the i th time step

Di
'
 : reduced diffusion coefficient during the i th step

Deff,i : effective diffusion coefficient during the i th step

Bui : accumulated burnup(%FIMA) at midpoint of the i th time step

Ti : temperature during the i th step
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The total amount of palladium release from the kernel was obtained by Fr 

+ Fb.

The relation between the observed Pd-SiC reaction depth and calculated 

palladium amount released from the kernel, using the data obtained from the 

samples C-2 to C15 whose irradiation condition and histories were 

well-defined, was obtained.

『The relation between the observed Pd-SiC reaction depth and the calculated 

amount of palladium released from the fuel kernel.』
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제 4 장 연구개발 목표 달성도 및 대외 기여도

미래 청정에너지원으로서 수소연료 사용에 대한 관심이 높아짐에 따라 초고

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

로의 연료물질로 사용되는 피복입자 핵연료의 경우 기존의 경수로와는 달리 국

내 연구경험이 전무하여 설계 및 제조기술과 노내 성능 시험에 대한 자료가 매

우 부족한 실정이다. 따라서 피복입자 핵연료에 대한 본격적인 연구개발에 앞서 

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

선진국과의 기술격차도 줄일 수 있을 것이다.

이런 맥락에서 이 연구에서는 피복입자 핵연료의 대상 물질별 열적, 기계적, 

물리적 물성자료를 수집 분석하 고 failure mechanism을 고려한 key 

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

우 지적 소유권 문제로 수집에 제한이 있어 다소 부족하지만, 당초 계획했던 피

복입자 핵연료 제조 및 성능해석에 필요한 기초자료 제공이라는 연구개발 목표

는 무난히 달성되었다고 판단된다.

또한 피복입자 핵연료 다중 피복층의 물성자료 분석 정리 시 피복 공정에 따

른 증착막 미세구조 변화와 물성치 향을 평가하 고, 이 과정에서 직․간접적

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

응용이 가능해 그 경제적 산업적 효과를 기대할 수 있을 것이다.

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

가 본격적으로 이루어지게 되어 그간 원자력 선진국으로부터 수입된 자료와 평

가 방법을 바탕으로 이루어졌던 경수로형식 원자로 재료 연구를 과학기술적으로 

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

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

통 선정 및 설계의 기본적인 입력 자료로서 활용될 것이다. 특히 피복입자 핵연

료 대상 재료별 물성자료의 분석 결과는 kernel 재료 및 피복층 재료의 선정 기

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

료 제조 공정 수립에 결정적인 판단 지표로 활용될 것이다.

또한 노내 거동 및 성능자료는 피복입자 핵연료의 노내 성능 예측 평가에 직

접적으로 사용될 수 있을 것이며, 주요 현상별 핵연료 손상 역학에 대한 이해 및 

규명에 기초자료가 될 것이다. 그리고 설계 기술 개발 연구와 병행하여 시급히 

착수될 노내 조사 실증 연구에는 비교 평가 자료로서 활용될 것이다.

분석 평가된 결과를 바탕으로 구축된 원형 전자 DB는 손쉽게 연계와 확장이 

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

계하여 운 될 수 있을 것이다. 추후 이 DB는 2단계 연구개발을 통해 독립적 

DB management system을 갖춘 매트릭스형 data base로 up grade 및 up date 

될 것이다.
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한 제조공정 및 그에 따른 재료의 미세구조가 물성변화에 미치는 향을 평가하 으며 

대상 물성별 조사의 향도 추가적으로 검토하 다.

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

노심과 핵연료 계통 설계 및 제조 기술 개발에 직접적인 입력 자료로서 활용될 것이며 

특히 핵연료 시스템의 노내 성능 예측 평가에는 결정적인 중요 자료로 크게 활용될 것이

다.

 주제명키워드

 (10단어내외)
고온가스로, 피복입자 핵연료, kernel, PyC, SiC, ZrC, 열적 물

성, 기계적 물성, 물리적 물성, 핵연료 노내 거동 및 성능
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