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요     약     문

Ⅰ. 제  목

  납합  냉각재 루 용 기화학 센서 개발  온 부식 시험연구

Ⅱ. 연구개발의 목   필요성

본 과제의 모 과제 연구의 최종 목표는 납합 로용 첨단 핵연료 피복  재

료의 납합  냉각루  내에서의 부식특성과 부식 생성물(corrosion product)의 

특성 측정을 한 재 성이 높은 실험방법을 개발하고 측정 데이터를 구축

하는 데 있다.  이는 재  세계 으로 활발히 확 되고 있는 GEN-IV  

AFCI사업에서 추진 인 납합 로 개발에서 가장 요한 건인 재료의 부

식 특성 평가가 매우 어렵고, 실험실간의 재 성이 낮다는 데 주안 을 두고 

국제  범용 실험기술이 요청되고 있는 실정에서 미국 로스알라모스국립연

구소, 한국원자력연구소  서울 학교 간의 국제공동연구과제(I-NERI)로 착

수되었다.

서울 학교에서 수행하는 본 연구과제의 최종 목표는 1) 부식 환경의 주요요

소인 용존산소를 정 하고 안정 으로 측정할 수 있는 센서의 개발, 2) 루

내의 주요 개발 재료의 부식측정, 그리고 3) 온에서 주요 재료의 액체 속 

취화(Liquid Metal Embrittlement) 특성실험의 세 가지이다.

Ⅲ. 연구개발의 내용  범

 용존산소센서 개발은 Yttria-stabilized zirconia (YSZ) membrane기술을 기반으

로 하되 기존 러시아, 유럽  미국에서 개발되어 사용되고 있는 극의 수

명제한 ( 재 수 주일애서 3개월 이상으로 연장)을 극복하고, 일본에서 사용 

인 monolithic YSZ 극의 길이 제한( 약 30 cm에서 100 cm 이상)  용 

온도 하한치 극복(사용가능 하한온도 450 ℃에서 400 ℃로 강하)을 주요 목

표로 한다.

루 내의 주요 개발 재료의 부식측정분야는 서울 의 액체 납-비스무스 합
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 루 (HELIOS)에서 온도 범  (300 ~ 450  ℃), 측정 시간은 최  1000 시

간으로 한다.

온에서 주요 재료의 액체 속 환경조장균열 (Liquid Metal Embrittlement) 특

성실험분야의 목표는 300 ℃에서 시험재료는 SS316, T91을 포함하며, 국제공

동연구의 목 인 결과 재 성을 확보할 수 있는 최소 범 를 포함한다.

Ⅳ. 연구개발결과

납비스무스 환경에서 요한 용존산소의 농도를 정확하게 측정하기 한 산

소 센서를  성공 으로 개발하 다. YSZ를 고체 해질로 이용하 으며, 기

극으로는 Bi/Bi2O3를 사용하여 납비스무스 환경에서 산소 농도 측정의 신

뢰도를 높일 수 있었다. 세라믹과 속 몸체 사이의 연결은 Eletro-magnetic 

swaging 방법을 사용하여 기존산소센서의 문제 인 leakage 문제를 해결하

으며 신호의 hysteresis를 개선하 다. 한 개발된 산소센서는 EIS 방법을 

통해 교정을 진행하 고, 이는 OCS를 통한 산소 농도 조  값과 일치하여 

센서 신호의 신뢰성을 확보하 다.

개발된 산소 센서는 확장된 LBE 루 인 HELIOS에 사용되어 실제 1000시간 

이상의 장기 시험에 사용되어 성공 으로 산소 농도 변화를 기록하 다. 재

료 부식 시험에는 SS316, T91, HT9, EP-823과 같은 주요 구조재를 모두 사

용하 으며, 생성된 산화막을 EPMA, SEM, FESEM 등을 통해 분석하여 그 

특성을 연구하 다. 

한 액체 속에서 주요 구조재의 취화를 연구하기 해 SSRT 장비를 활용

하여, 액체 속 취화를 연구할 수 있는 장치를 만들고 SS316 재료에 해 

다양한 온도  strain rate 에 해 실험을 진행하여, 산소농도가 조 되는 

경우 재료 취화 문제가 없다는 결론을 얻었다.

Ⅴ. 연구개발결과의 활용계획

주요 연구기 들의 납합 냉각재내의 용존산소측정은 정기 , 연속 으로 이

루지지 못하고 있는 것에 반해, 본 연구에서 개발된 산소센서는 장기간 신뢰

성 있는 측정을 할 수 있었다. 산소 농도 측정 기술은 연구개발  향후 원

의 운 에 필수 인 기술인만큼, 지속 인 연구를 통해 기술을 가다듬을 

경우 , 큰 경제  효과를 낼 수 있을 것이다.  개발된 극은 향후 납합 로
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용 신소재 개발을 한 국제공동연구의 구축에 활용할 수 있을 것이다.

납합 냉각재 환경 부식 특성을 연구하기 해 Static cell  flowing 환경 시

험을 한 HELIOS라는 루 를 제작 하 다. 이를 통한 부식 시험은 성공

으로 이루어 졌으며, 납합 냉각 원자로 연구 개발을 한 주요 구조재 선정

에 지속 으로 이용될 수 있을 것이다. 한 개발된 산소센서를 이용하여 다

양한 조건에서 부식 시험이 진행될 수 있고, 이를 통한 구조재 부식 문제의 

해결을 한 방안 한 개발될 것으로 측한다.
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S U M M A R Y

(   문  요  약  문 )

I. Title

Oxygen sensor development and low temperature corrosion study in 

lead-alloy coolant loop.

II. Objectives & Necessities

This project is a three-year collaboration between Los Alamos National 

Laboratory (LANL) and Korea Atomic Energy Research Institute (KAERI) / 

Seoul National University (SNU). The overall objective of this research project 

is to obtain lead-alloy corrosion test results by developing and establishing 

accurate and reproducible methods for the measurement of lead-alloy 

corrosion rate and corrosion product redistribution in lead-alloy flow loops 

under conditions close to lead-alloy reactors, both subcritical and critical 

systems. The project goal will be accomplished with a combination of loop 

corrosion measurement and benchmarking (Task 1), reference electrode 

development and benchmark (Task 2), and corrosion product transport and 

low temperature embrittlement research (Task 3). During June, 2004 – May, 

2007, the project was performed in three tasks.

 

Task 1:  Loop Corrosion Measurement and Benchmarking

 

Task 2:  Reference Electrode Development and Benchmark

Task 3:  Corrosion Product Transport and Low Temperature Embrittlement

III. Contents & Scopes

Task 1:  Loop Corrosion Measurement and Benchmarking



- v -

The objective of Task 1 is to obtain Pb-Bi and Pb corrosion data of steel 

samples using the loops developed by each institute involved in this project. 

Conventional reactor related material and selected new cladding materials, 

including Si- and Cr-containing alloys, is tested to identify suitable candidates 

and to define directions for innovative and evolutionary cladding material 

developments.

 

Task 2:  Reference Electrode Development and Benchmark

Task 2 is to develop oxygen sensors needed to measure oxygen contents in 

lead-alloy. The corrosion data cannot be analyzed without knowing the 

oxygen content in lead-alloy. Solid-state yttria-stabilized zirconia membrane is 

used for sensors. SNU designed and fabricated the unique YSZ sensor which 

adopts Bi/Bi2O3 reference material. The fabricated sensors were calibrated 

and tested at SNU and KAERI during the 2nd and 3rd years. SNU’s 

calibration facility adopts direct use of H2 and O2 or mixing of H2 and H2O 

whereas KAERI adopts mixing of H2 and H2O in oxygen control. 

Task 3:  Corrosion Product Transport and Low Temperature Embrittlement

In task 3, a systematic framework is developed to construct a set of system 

corrosion kinetics models by incorporating interface oxidation and scale 

removal with hydrodynamic transport and redistribution of corrosion products. 

The theoretical calculation method can be applied to the loops of three 

organizations to predict dissolution and precipitation. The low temperature 

embrittlement was also studied. In the 1st year, LANL developed a framework 

with which corrosion kinetics can be predicted. In the 2nd year, KAERI and 

SNU developed a framework with which corrosion products can be measured. 

SNU designed and fabricated the embrittlement test facility in the 2nd year. 

LME experiment and corrosion product measurement were performed in the 

3rd year.

IV. Research Results

Oxygen sensor to measure dissolved oxygen concentration at liquid 

lead-bismuth eutectic environments have been developed. Developed oxygen 
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sensor for application in lead-bismuth eutectic (LBE) system was based on 

the oxygen ion conductor made of YSZ ceramic having Bi/Bi2O3 reference 

joined by electro-magnetic swaging. Leakage problem, which was major 

problem of existing sensors, can be solved by using electro-magnetic swaging 

method. 

A new calibration strategy combining the oxygen titration with electrochemical 

impedance spectroscopy (EIS) was performed to increase the reliability of 

sensor. Another calibration was also conducted by controlling the oxygen 

concentration using OCS (oxygen control system).

Materials corrosion tests of various metals (SS316, EP823, T91 and HT9) 

were conducted for up to 1,000 hours with specimen inspection after every 

333hours at 450 ºC in HELIOS.  Oxygen concentration was controlled at 10
-6 

wt% by using the direct gas bubbling of Ar+4%H2, Ar+5%O2 and pure Ar. The 

dissolved oxygen concentration in LBE was also monitored by two calibrated 

YSZ oxygen sensors located at different places under different temperatures 

within HELIOS. It shows a good performance during 1000 hours.

After testing, weight change measurement, SEM and EPMA (Electron Probe 

Micro Analyzer) analysis were performed and oxide characteristics were 

studied. 

Liquid metal embrittlement (LME) test of SS316L specimen in the LBE was 

performed at various temperature and strain rate. The result shows that the 

liquid metal embrittlement effect is not crucial at tested conditions. 

V. Plan for Application

Oxygen sensor to measure dissolved oxygen concentration in LBE have been 

developed successfully. It shows a good performance during long term 

corrosion test. Because oxygen concentration measurement is a essential 

technique in the industry using lead alloy as a coolant, this technique and 

developed sensor is very valuable economically. 

To study the oxidation characteristics of major structural materials in liquid 

lead-bismuth environment, static cell and HELIOS (flowing LBE test loop) was 

constructed. Corrosion tests at static condition and flowing condition were 

conducted successfully. This facility and know-how can be used to select the 
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materials which is best for given condition and can be used to solve the 

materials problem continuously.
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제 1 장  서 론

납합  액체 속기술은 미래형 원자력 기술인 고속로의 냉각재, 가속기 구동 

소멸처리로의 표 재료  미임계로의 냉각재  핵융합로의 삼 수소 증식재 

 냉각재로 선정되어 비활성 액체 속의 화학  특성  구조재의 내구성에 

한 연구가 진행되고 있다. 

납비스무스 합 은 녹는 이 낮아 이용이 편리하다는 에 기인해 이에 한 

연구가 주로 진행되고 있으나, 구조재의 부식 문제로 인한 내구성 문제가 제기

되었다. 구조재의 부식은 납합  액체 속 내에 녹아 있는 산소에 의해 그 특

성이 달라지게 되는데, 따라서 구조재 부식 문제의 해결을 해 용존산소 농도

를 조 하는 방법이 제안되고 있다. 한 용존산소 농도를 정확하게 측정하기 

한 산소 센서의 개발이 납합  액체 속 기술의 핵심이라 할 수 있겠다.

각 국의 납합  액체 속 기술은 아직 기 단계로 볼 수 있으며, 이를 한 

구조재 부식 연구가 활발히 진행되고 있다. 다양한 온도와 산소 농도  기타 

시험 조건에 따라 부식 특성은 다른 결과를 보여주고 있으며, 목표 환경에 맞

는 재료의 건정성을 제 로 평가할 필요가 있을 것이다. 이를 해 산소 농도

를 정확하게 측정하며, 주요 구조재의 부식 특성을 분석하고 이를 통한 부식 

문제 해결을 한 방안을 연구할 수 있을 것이다.
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제 2 장  국내․외 기술개발 황

1) 외국의 경우

납합  액체 속기술은 미래형 원자력 기술인 고속로의 냉각재, 가속기 구

동 소멸처리로의 표 재료  미임계로의 냉각재  핵융합로의 삼 수소 

증식재  냉각재로 선정되어 비활성 액체 속의 화학  특성  구조재의 

내구성에 한 연구가 진행되고 있다. 미국은 2차  후 원자력의 평화  

이용을 한 계획의 일환으로 AEC는 냉각재로 Pb-Bi계 합 을 계획하 으

나 산소에 오염된 냉각계통에서 구조재의 내구성 문제로 단되었다. 1950년

 반 BNL은 액체 속연료원자로(Liquid Metal Fuel Reactor) 연구의 일환

으로 Bi-U와 Bi-Pb 합 에 하여 구조재 내구성에 한 연구수행을 하 다. 

그러나 Mg을 산화억제제로 사용하여 산화물에 의한 냉각계통의 막힘 상은 

해결하 지만 산소가 제거된 높은 온도구배 냉각계통에서 구조제의 주성분

인 철의 높은 부식률을 억제시킬 수 있는 근본 인 해결책을 제시하지 못하

고 종결되었다. 그러나 러시아는 1952년 A.I. Leipunskill의 제안으로 Pb-Bi계 

합 을 원자로 냉각재로 이용하기 한 연구를 시작한 이후 원자력잠수함의 

성공 인 운 경험을 축 하고 있으며 최근 축 된 LBE의 기술을 상업 인 

고속로에 용하기 한 연구가 진행 이다. 

미국 LANL은 가속기 구동소멸처리로에서 성자 발생을 한 표 재료  

냉각재로  Pb-Bi계 액체 속을 사용한 개념설계를 하 다. 이 계획의 실 을 

하여 LANL은 러시아에서 개발하고 있는 Pb-Bi계 표 계를 LANL이 보유한 

양성자 가속기를 사용하여 성자 발생 특성  고온 고방사선 환경에서 

Pb-Bi계 합 이 구조재의 건 성에 미치는 향을 조사할 계획이다. 가속기 

구동 소멸처리로에서 비활성 액체 속을 사용하는 개념은 유럽 CERN에서 

개념설계되고 있는 Energy Amplifier에서도 채택하고 있다. 이 개념 역시 표

재료  냉각재로 Pb를 사용하여 미임계로의 안 성을 향상시키고자 하는

데 주안 을 두고 있으며 MEGAPIE라는 유럽 심의 세계 공동연구를 통하

여 Target에 한 실증 실험을 추진 이다..

용존 산소 센서의 개발은 러시아의 납합 로 개발, 유럽  미국의 나트륨 

냉각재 리기술 개발,  핵융합로의 블랭킷에서 Pb-Li계 액체 속 기술개

발에서 산소의 농도를 측정하기 하여 기화학  방법을 이용한 극을 

개발하 다. 러시아 IPPE에서 이를 납합  환경에 합하게 개조하여 사용하

여 왔다. 러시아의 용존 산소센서 설계  제작 세부 내용은 아직도 정확히 

서방세계에 알려져 있지 않다. 그러나 이 센서는 고가 (>$10,000/sensor)임에

도 불구하고 온도 변화에 취약하여 수회의 thermal cycling밖에 견디지 못하

는 것으로 밝 졌다. 그 후 미국  유럽에서 개량된 두 가지의 설계를 개발

하 다. 첫째의 설계는 YSZ 소자와 속 간에 압축 한 일반산업용 산소

센서 설계를 이용하고 기 를 Bi/Bi2O3평형을 이용하는 구미형이다. 이는 

YSZ/ 속사이의 압축 부분이 설되어 장기 으로 기 환경이 변화

하는 수명제약의 문제를 안고 있다. 둘째는 한 끝단이 막힌 YSZ 튜 를 진

공 통 에 장착한 일본형이다.  이것은 제조 가능한 튜 의 길이가 약 50 
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cm미므로 형 구조물 내부에 장착이 어렵고, YSZ 끝단이 두꺼워 사용온도

가 -고온에 제한된다는 단 을 지닌다.

2) 국내의 경우

한국원자력연구소에서 고속로 연구의 일환으로 액체 Na에 한 연구를 착

수하 다. 납합  액체 속에 한 연구는 1997년 서울 학교 본 연구실이 

최 로 수행하 으며, 최슨 한국원자력연구소의 HYPER 개발연구에서 활발

히 추진되고 있다.  용존 산소 측정용 센서의 개발은 서울 학교의 본연구실

에서 원 용 부식  측정을 하여 YSZ 극을 성공 으로 사용한 것이 최

이며, 이것은 재 일본에서 사용되는 극과 설계가 유사하다.

3) 조사연구개발사례에 한 평가

비활성 액체 속인 LBE나 Pb의 원자로 냉각재 사용을 한 연구는 원자력

시 의 시작과 더불어 시작되었지만 러시아를 제외한 원자력 선진국들은 액

체 속에 의한 구조재 내구성 감퇴문제를 해결하지 못하고 연구개발 에 

계획자체를 포기하 다. 단지 러시아만 해군용 원자력잠수함의 냉각재로 

LBE를 채택하여 다른 원자력 선진국들에서 해결하지 못한 구조재 내구성 문

제를 해결하고 성공 인 운 을 하 다. 최근 러시아는 상업  고속로의 개

발, 가속기구동 성자원의 표 계통개발과 같이 이 기술의 상업  환을 

모색하고 있으며 기술의 비 해제  특허출원이 진행 인 것으로 알려져 

있지만 자세한 연구내용의 입수에는 엄청난 기술료를 요구하고 있다.  

미국  유럽에서 사용 인 YSZ element와 속튜 를 압축 합한 설계

는 사용  산소의 설로 인하여 기  가 변동하므로 장기 사용 시 정

도 강하가 일어나고 있다.  



- 4 -

제 3 장  연구개발수행 내용  결과

제 1  납합  냉각재 루 용 기화학 센서 개발

1. Oxygen Sensor Development

An improved oxygen sensor has been developed by SNU for application in 

lead andLBE systems. It is based on the general oxidation-reduction 

electrochemical reaction through an oxygen ion membrane made of 

yttria-stabilized zirconia (YSZ) ceramic. Thus the electrode is a one of 

typical cells constructedas (A/AO)|YSZ|(B/BO), where A and B are metals, 

AO and BO denote their oxides, respectively. Various combination of A and 

B can exist. In lead and LBE research, (Bi/Bi2O3)|YSZ|(Pb/PbO) is widely 

used. 

Figure 1. Schematic cross-sectional view of oxygen sensor developed by 

SNU
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As shown in Figure 1 and Figure 2, SNU oxygen sensor was constructed 

by unique technology of metal to ceramic joining. It is different from 

conventional general metal-ceramic brazing method electromagnetic force is 

used to join the metal and ceramic plastically. To ensure leak-tightness, 

lead-wire feed-through to outside was implemented by using Ceramaseal® 

products that serves as a ceramic insulation with brazed seals. 

Figure 1 shows all the parts to make an SNU oxygen sensor. YSZ tube 

joined with Alloy600 tube is connected with SS 316 metal piece serving as 

connection neck to stainless steel tubing. Then the SS316 tube was 

fed-through the pressure boundary. The length of this tube can be adjusted 

for individual application system. The tail block at the end of the steel tube 

is for welding of Ceramseal® product. By machining a butt welding shape 

on this block, Ceramaseal®product can be strongly welded. Each of these 

joint is welded by electron beam welding (EBW). Thus, two available EBW 

companies tested trial pieces and compared their welding performance by 

micrograph observation as well as sealing test. The selected company 

provided acceptable sealing performance under a test pressure of 5 atm. 

Figure 2. YSZ tubing joined with an Alloy600 tube

The SNU sensor production procedure has been established from the 

multiple production experiences as follows;

 

1.  Fit the adequate length of alumina tube (3mmOD*2mmID) into 
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Ceramaseal® feedthrough for insulation from tail block.

2.  Prepare a sufficiently long Ta wire having almost same length with 

YSZ tube and SS tube. Spot-weld the Ta wire to Ceramaseal® feedthrough. 

3.  Put the tail block into Ceramaseal® feedthrough.

4.  At this step, the intermediate product should look like one as shown in 

Figure 3.

5.  Fit the adequate length of alumina beads tube (6*4mm) onto Ta wire for 

electrical insulation.

6.  Cut the adequate length of SS316 tube for application system, and fix 

onto the tail block.

7.  Then, fit the sufficient length of alumina tube (2*1mm) into Ta wire for 

insulation from neck block, and fix the neck block onto the tube.

8.  This step should yield a product as shown in Figure 4.

9.  Then, mix the Bismuth powder and Bismuth(Ⅲ) oxide at 1:1 mass ratio. 

We put 2g of mixture into the YSZ tube. Avoid powder packing. If already 

packed in advance of the step 10, the Ta wire cannot penetrate into the 

powder.

10.  Insert the Ta wire with all assembled parts into YSZ tube, containing 

powder, as deep as possible with caution.

11.  At this step all parts are assembled.

12.  Gently tap the YSZ tube to make the powder packed. 

13.  For a short time, heat the YSZ tube tip to melt the Bi powder so as to 

prevent a leakage of the mixed powder.

14.  Weld tube joints by electron beam.

15.  After finishing the E-beam welding, the final product should look like 

one as shown in Figure 5.

 

 

Figure 3. Welded part between Ta wire and Ceramaseal feedthrough
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Figure 4.  Assembled feature of SNU Oxygen Sensor before E-Beam 

welding

 

Figure 5.  Final product of SNU Oxygen Sensor after E-Beam welding

2. Independent Verification of Calibration

SNU developed an oxygen sensor for application in lead-bismuth eutectic 

(LBE) system based on the oxygen ion conductor made of YSZ ceramic 

having Bi/Bi2O3 reference joined by electromagnetic swaging method 

during the first fiscal year. 

In subsequent years, oxygen sensors were constructed and supplied to 

collaborators, including KAERI and LANL. Table 1 shows the list of entire 

oxygen sensorsthat SNU have made. Some of the sensors were made for 

the material tests at KAERI. Several sensors are used for static cell tests 

and material corrosion tests at SNU. Many of the sensors were damaged 

during or after calibration. Thermal shock is a main causeof the YSZ tube 

breakage.  Another damage of sensor was due to the oxidation of 

feedthrough lead-wire at high temperature during long-time material test. 

The feedthrough lead-wire needs further protection.
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No. Specification Possession
SOS#1 calibrated at SNU(JSH) and sent to LANL LANL
SOS#2 damaged during calibration SNU
SOS#3 calibrated at SNU(NHO) and sent to KAERI KAERI
SOS#4 calibrated and damaged after calibration SNU
SOS#5 modified length for KAERI, sent to KAERI without calibration KAERI
SOS#6 modified length for KAERI, sent to KAERI without calibration KAERI
SOS#7 non-modifed length, but sent to KAERI without calibration KAERI
SOS#8 damaged during fabrication process SNU

SOS#9
calibrated and used for HELIOS, Ta lead wire, damaged 

because of its long Life at high temperature
SNU

SOS#10 Used at HELIOS for a cold-leg sensor during material test SNU
SOS#11 modified length for KAERI, damaged during calibration SNU
SOS#12 Used at HELIOS for a hot-leg sensor during material test SNU
SOS#13 modified length for KAERI, will be calibrated SNU
SOS#14 modified length for KAERI, will be calibrated SNU

Table 1. The list of oxygen sensors that SNU have made and 

theirspecifications.

Each sensor was required to undergo a calibration run for their confidence. 

SNU conducted two kinds of calibration runs; by electrochemical impedance 

spectroscopy (EIS) method and by using the oxygen control system (OCS).

가. Calibration by EIS method of SNU

The first SNU oxygen sensor (SOS#1) had been calibrated and sent to 

LANL. The second sensor (SOS#2) was failed to control the cover gas 

oxygen and hence a heavy oxidation occurred, yielding no meaningful 

results. This electrode is stored for future calibrations at SNU. The third 

sensor was tested and the result will be described briefly in this report. 

Itwas the first sensor sent to KAERI, but cannot be used because of its 

short length. The fourth sensor was damaged after due to thermal shock. 

The fifth and sixth sensor was specially made for KAERI’s use having 

much more tube length. The seventh sensor was   completed and sent to 

KAERI. The eighth sensor had Ceramaseal feed-through broken in a 

ceramic part while E-beam welding, requiring repairs.
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Figure 6. A schematic of sensor calibration method

All the wires and samples shown in Figure 6 were inserted into alumina 

crucible within a high temperature retort. Gas injection tube was positioned 

just above the top of the crucible. The test apparatus and experimental 

layout are shown in Figure 7. The gaseous environment was controlled by 

direct injection of high purity Ar gas to oxidize the system or by injection 

of Ar mixture gas having 5% hydrogen for reduction of the system.
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Figure 7. Picture of static apparatus for oxygen calibration experiments

 

After cell purging at room temperature with 5% hydrogen gas balanced by 

Ar for 24 hours, the cell was heated up to 350 ℃. While measuring the 

electrode signal between YSZ inside and LBE side with time, the gas 

environment was varied by purging with 5% hydrogen gas or 5% oxygen 

gas.

The potential difference, E, is converted into oxygen activity by using 

Equation (1). 

 

7173.0)1381.0(10079log −−−= E
T

aPbO                     (1)

 

where, PbOa  is oxygen activity in LBE before forming lead oxide, E  

is potential difference vs. Bi/Bi2O3referencein the oxygen sensor; between 

inside and outside of YSZ sensor, T  is temperature of the system

The determined oxygen activity can be converted into oxygen concentration 

of wt% by Equation (2). 
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T
CCCa OOSOPbO

34002.1loglogloglog , +−=−=
                   (2)

 

where, OC  is oxygen content in LBE, OSC ,  is oxygen solubility limit 

in LBE respectively.

Figure 8 shows the result of YSZ signal of SOS#1 converted to oxygen 

content in the LBE.. Because the Fe specimens were not pre-oxidized, it 

was expected to take some time to form measurable oxide film. Thus after 

checking the signal response to gaseous environment change, Ar with 1ppm 

oxygen had been kept until the capacitance signal between Fe specimens 

could be obtained. 

While Ar gas was injected into the vessel, there was an accidental air leak 

at 66,330 sec, which raised the potential up to about −0.05 V over the PbO 

formation line as shown at point <1> in Figure 8. But no titration plateau 

was observed and the signal was quickly dropped below the PbO line after 

the leak was fixed. This potential spike is an indicative of rapid response 

characteristics of the electrode to the oxygen transient. From 855,180 second 

to 1,293,100 second, data were not obtained because of the data logger 

stoppage by an unexpected external interruption. However, the signal is 

expected to gradually increase from point <2> to <3> in Figure 8. 

Near point <3> in Figure 8, the typical electrochemical impedance 

spectroscopy (EIS) signal of oxide was finally obtained as shown in the 

right side of Figure 10. After some time lapse, the impedance spectrum was 

measured again to confirm the reproducibility.  The semi-circular signal 

was disappeared when the potential dropped down below the Fe/Fe3O4 line 

at point <4> in Figure 8, as shown in the left side of Figure10, which 

means the oxide formed on the specimen surface was reduced to metallic 

iron. The average potential for the period of EIS measurement is about 

-0.494V corresponding to 7.77×10-11wt.% of O. But the expected titration 

plateau did not appear at the condition showing EIS signal of bare metals. 

After the static experiment of the first sensor, the sensor was removed to 

install into a flowing test facility.

Several important achievements have been made in this work. First, the 

electromagnetically swaged oxygen sensor tested in the static LBE system 

showed very fast response to the gaseous change without any symptoms of 
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a leakage over 4 weeks. Point <5> and <8> in Figure 9 show the rapidity 

of the change to reducing environment. Similarly, point <7> shows that of 

change to oxidizing environment. If taking a careful observation on these 

points, it is easily found that a short recovery time existed during the 

environmental change. For example at point <5>, the potential dropped 

quickly to a certain value after gas was changed to 5% hydrogen taking a 

few seconds, then a recovery of signal to the potential prior to gas change 

was observed for about 13,000 sec, before the potential started decreasing 

down to near Fe/Fe3O4 line.

Second, the measure electrode potential have approached to the theoretical 

value of Fe/Fe3O4 equilibrium line as shown at point <4> in Figure 8 and 

point <6> in Figure 9. Lastly, the EIS results of Figure 10 measured at 

point <4> in Figure 8 confirmed that the on-line monitoring of metal 

oxidation is highly feasible for a calibration application.  This means that 

EIS method is sufficiently effective to check the formation of an oxide film.

But there are also some remained issues. The Ar carrier gas having 1ppm 

oxygen impurity was not sufficient to reach the PbO formation line. Hence 

we could not find the signal range of the experimental system. The 

potential plateau at Fe/Fe3O4 potential failed to appear before the reduction 

of iron oxide, when compared with the EIS result. But this may be due to 

that fact that the reduction rate of the Fe oxide film is not exactly balanced 

with the oxygen removal rate in the LBE. If the reduction of the oxide was 

not fast enough compared with the oxygen removal in the cover gas, 

potential overshooting can occur until the oxide reduction rate could catch 

up to the oxygen removal rate. The effect of oxygen removal rate should be 

tested with various gas injection rates to verify this explanation. 
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Figure 8. Potential     variation of Ta wire in LBE with respect to SOS#1 

at 350 ℃.

Figure 9. Signal response of SOS#1 to the change of gas environment (from 

Figure 8).
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Figure 10. EIS results of Fe specimens before and during the gaseous 

reduction condition at 350℃.

A new calibration strategy combining the oxygen titration with 

electrochemical impedance spectroscopy (EIS) was performed with SOS#1 

last year and it showed reasonable result of -494 mV as magnetite 

formation equilibrium line of which the theoretical value is -482 mV at 350 
0C. 

 

나. Calibration experiment by using OCS (oxygen control system)

An oxygen control system (OCS) using H2/H2O gas mixture was installed 

to improve the control of LBE environment. The relation between dissolved 

oxygen concentration (CO) in LBE and the YSZ sensor potential (E) was 

already given by Equations (1) and (2). Upon the calibration of YSZ sensor 

using EIS, additional calibration using the OCS can be conducted for more 

confidence of sensor performance. Assuming a gas-liquid equilibrium, 

cross-checking of the controlled oxygen concentration in cover gas using 
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the OCS with the corresponding expected potential (E) signal can be used 

as one of the calibration methods. 

As described before, the oxygen concentration in LBE can be controlled by 

the oxygen partial pressure of the cover gas. It is assumed that the 

equilibrium between oxygen activity of the cover gas and LBE can be 

reached within reasonable time. Equation (3) is the relation between Co and 

PO2

(3)

where, P is the oxygen partial pressure in cover gas, C is the oxygen concentration in LBE, and T is temperature of system in K, respectively.

The desired oxygen partial pressure in the cover gas can be attained by 

flowing the mixture of hydrogen and water vapor usingthe oxygen control 

system (OCS). The oxygen partial pressure is determined with the H2/H2O 

ratio as shown by Equation (4), as follows;

(4)

The H2/H2O partial pressure ratio can be controlled using the mass flow 

controller (MFC) of OCS.

Desired oxygen partial pressure for LBE environments at 350℃was 

calculated by using Equations (1) ~ (4) as shown in Table 2. The nature of 

oxide film formed on a structural alloy in the liquid LBE environment is 

expected to vary with the oxygen concentration.
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At 350℃ Pb/PbO equilibrium line Fe/Fe3O4 equilibrium line

E [mV] 93.75 481.02

Co [wt%] 5.55×10
-5

3.02×10
-11

PO2 [atm] 1.82×10
-26

5.30×10
-39

PH2O/PH2 104.87 10-1.89

mH2O/mH2 105.82 10-0.44

Table 2. Calculated values for operating range of various parameters using 

Equations (1)~(4).

If the oxygen concentration in LBE is controlled to a stable value with 

theOCS, the sensor signal will also show the stable potential value that can 

be predicted by using Equations (1) ~ (4). On this scheme, we can confirm 

the accuracy of oxygen sensors by comparing the thermodynamically 

predicted potential value that is stably controlled by the OCS and the 

measured potential value. The presence or absence of oxide film can be 

detected in the calibration procedure by using EIS. This method can be 

conducted simultaneously with the calibration procedure using EIS.

A more accurate OCS which utilized the flow of H2/H2O gas mixture with 

controlled mass flow ratio was developed. Equation (4) shows that the 

oxygen partial pressure can be controlled by changing the mass ratio of H2 

and H2O (gas). The mass flow controller (MFC) was used to accurately 

control H2 mass flow rate. Liquid flow meter (LFM) and controlled 

evaporator and mixer (CEM) are used to control H2O mass flow rate. The 

CEM evaporate the liquid H2O by changing temperature. Then the second 

and the third oxygen sensor were tested.

Another oxygen sensor (ID=SOS#4) calibration was conducted by 

controlling the oxygen concentration using the OCS. Two MFCs were used 

to control 4.16 vol% hydrogen with argon balance, and the other stream of 

high purity argon, respectively. The total gas flow rate was set constant at 

300ml/min. Since the high purity argon gas was used as a carrier gas, 

hydrogen mass flow rate determines the oxygen activity. H2O mass flow 

was controlled at the value of 0.01gram/min by the CEM. The temperature 
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V4.16%H2

[ml/min]

mH2O

[g/min]
mH2O/mH2

Predicted potential vs. 

Bi/Bi2O3 [V]

1

0.01

103.45 0.240

5 102.75 0.283

20 102. 15 0.321

80 101.55 0.358

300 100.97 0.393

of the CEM was set at 95℃ which is sufficiently higher than the saturation 

temperature considering that the system pressure was atmospheric 

pressure.

Five levels of oxygen activity were achieved by changing the mass flow 

ratio of H2 and H2O as shown in Table 3. The measured YSZ oxygen 

sensor signals were compared with the thermodynamically predicted values. 

Because, the density of hydrogen gas ( 8.5×10-5[g/ml] ) is extraordinarily 

small compared with water, 4.16 % H2 and argon balanced mixture gas 

flow was controlled carefully by its volumetric flow rate. 

Table 3. Five different levels of oxygen concentration for sensor calibration 

using OCS and corresponding predicted sensor potential.

Figure 11 shows the result of the second YSZ sensor (SOS#4) signal with 

the excellent performance of OCS. Each oxygen level was stabilized to a 

steady state condition. The solid line is the trace of measured sensor signal 

while the broken bar is the calculated sensor signal based on 

mH2O/mH2ratio. There is relatively large discrepancy between the 

measured and expected signal in Steps 1 and 2 as shown in Figure 12. The 

difference between the two values in the Step 3 becomesmuch smaller. In 

Steps 4 and 5, there is excellent agreement between the expected and 

measured potential value, as shown in Figure 12.

Although we assumed that a steady state is reached between the oxygen 

activity in the cover gas and the oxygen activity in LBE, the exchange of 

oxygen atoms between the cover gas and LBE can be explained by 

diffusion which appears time-consuming. It took about 3,000 seconds to 
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reach a steady state. If the relationship between the oxygen partial pressure 

in the cover gas and the dissolved oxygen activity is accurately predicted 

by Equations (3) and (4), the thermodynamic equilibrium between the gas 

and the liquid phase was not attained even under steady states especially at 

high oxygen levels. 

Figure 11. YSZ sensor (SOS#4) calibration results using OCS at 350ºC.

Figure 12. Comparison between thermodynamically predicted potential and 

measured YSZ sensor (SOS#4) potential.

In this YSZ sensor (SOS#4) test, the developed OCS was found to perform 

very well. However, there was some discrepancy between the 

thermodynamically predicted value and the measured potential in 

steady-state at each oxygen concentration level in cover gas. When the 
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H2O/H2mass ratio is relatively large, the accuracy of the MFC of hydrogen 

correlates well withoxygen concentration. Another source of the discrepancy 

is the temperature of the gas inlet tube from the OCS to the cell. The 

heated mixture gas was slightly cooled while flowing to the cell despite an 

insulating material. Therefore, a little amount of water vapor might be 

condensed during gas flow. This suggests that the direct potential 

measurement like using residual gas analyzer (RGA) is essential to proper 

LBE chemistry control. The cover gas mass ratio control should be slaved 

to the measured potential in a feedback control scheme. In Figure 12, 

predicted and measured oxygen activity values are shown as function of 

mass ratio for the OCS used in this work.

For the purpose of formation and stabilization of the protective oxide film 

on structural materials in LBE-cooled facilities, the OCS is appropriate 

means for controlling oxygen activity. However, the range of the oxygen 

concentration desired for YSZ sensor calibration is too wide for the capacity 

of present OCS. Therefore, calibration of the YSZ sensor could be 

conducted by comparing the expected and measured potential value at 

discrete steps from the potential value around 400mV vs. Bi/Bi2O3. This 

modified procedure with the EIS calibration method will enhance the YSZ 

oxygen sensor calibration accuracy and reproducibility.

In summary, the oxygen control system using the reaction between 

hydrogen gas and water vapor was developed and tested to find an 

excellent stability. However, the oxygen concentration predicted based on 

the mass flow ratio (mH2O/mH2) revealed non-negligible discrepancy with 

measured oxygen potential. Therefore, it is suggested not to rely on the 

mass ratio control for accurate oxygen activity management over a wide 

activity range. The OCS was used in the calibration of the YSZ sensor at 

a several discrete oxygen levels. This new calibration procedure is a good 

option for confirming sensor accuracy in a desired range of oxygen 

concentration. 

3. Test and benchmarking

 Materials corrosion tests of various metals (SS316, EP823, T91 and HT9) 

were conducted for up to 1,000 hours with specimen inspection after every 
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333hours at 450 ºC in HELIOS.  Oxygen concentration was controlled at 

10-6wt% by using the direct gas bubbling of Ar+4%H2, Ar+5%O2 and pure 

Ar .All gases were injected at a constant flowrate of 40cc/min. The 

dissolved oxygen concentration in LBE was also monitored by two 

calibrated YSZ oxygen sensors located at different places under different 

temperatures within HELIOS.

Various methods for controlling oxygen concentration in LBE such as cover 

gas control method (using the OCS or switching the gas injection) and 

direct gas bubbling method were considered. However, in case of cover gas 

control method using gas/liquid equilibrium, quite slow process was 

expected because the quantity of LBE in HELIOS is substantial 

(~1800kilogram) in comparison with the gas/liquid contact area (<1 square 

meter). Because of that, a direct bubbling method was applied by injecting 

mixture in the riser section of HELIOS.

By direct gas bubbling with Ar+4%H2, Ar+5%O2 and/or pure Ar, the 

oxygen concentration of the test section was controlled at the intended 

condition of 10-6wt%. During the corrosion tests, dissolved oxygen 

concentration measured by two YSZ oxygen sensors are one shown in 

Figure13. The hot leg sensor was located in the test section at 450ºC and 

the other cold leg sensor was located next to the heat exchanger at 320ºC. 

In Figure 13 ①, ② and ③ indicates Ar+5%O2, pure Ar and Ar+4%H2 gas 

injection respectively.

 

Figure 13. Measured oxygen concentration during material corrosion tests in 

HELIOS.

To increase the oxygen concentration in LBE, Ar+5%O2 gas was injected 

as shown in Figure 13 and Ar+4%H2 gas was injected to decrease the 
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oxygen concentration. In case of pure Ar gas injection, oxygen 

concentration was maintained at a constant value. Three oxygen 

concentration control experiences confirmed that the direct gas bubbling 

method is a viable and practical option for controlling oxygen concentration 

in large loops including HELIOS.
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제 2  납합  루 에서의 재료 부식시험

1. Large Scale LBE Loop:HELIOS

A 12m tall LBE (lead-bismuth eutectic) coolant loop, named as HELIOS 

(Heavy Eutectic liquid metal Loop for the integral test of Operability and 

Safety of PEACER), has been developed by thermal-hydraulic scaling of the 

PEACER-300MWe (Proliferation-resistant, Environment-friendly, 

Accident-tolerant, Continuable and Economical Reactor).[1] Natural 

circulation experiments and material tests are principal purposes of HELIOS 

operation. Fig. 14(a) shows the entire loop configuration generated by 

CATIA® (a 3D CAD tool developed by Dassault Systems) without showing 

support structure and Fig. 14(b) shows the photograph of the HELIOS loop 

including the pipe and support structures.

 

                               

 

Figure 14. (a) 3D CAD drawing and (b) Side view of HELIOS at 

NUTRECK

 

2. Material Test Bypass of HELIOS
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The material test bypass (MTB) loop, located at the top level of HELIOS, 

is composed of two single test sections as shown in Figure 15. The upper 

section located in hotleg facilitates higher test temperature and the lower 

one in coldleg is used for lower test temperature. The lower temperature 

test section also serves as a filtering device for oxide particles. In order to 

allow specimen change without a complete loop shutdown, the single test 

section has three valves for bypass operation. During tests flow, LBE flows 

through the inverted-U shaped pipe line following red arrows in Figure 15. 

During specimen replacement, the flow runs straight through the horizontal 

bypass valve with flow isolation valves closed.

              

                   

Figure 15. Location of material test bypass (MTB) and Material test bypass 

of HELIOS

  

3. Specimen Cage Design

Thermal-hydraulic flow analysis was performed to design an optimized 

channel with uniform velocity development in the specimen cage. In 

addition, natural circulation capability of HELIOS was predicted using 

CFX® to explore options of running long-term corrosion experiments 

without pump operation. 

Figure 17 (a) shows flow velocity distribution in specimen cage and MTB. 

Detail flow velocity from inlet of specimen cage to outlet of that was shown 

in Figure 17 (b). The fully developed flow region appears at 15cm down 

from the inlet of specimen cage. Hence test specimens are located at upper 
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20cm section of specimen cage to maintain same flow condition as shown 

 

Figure 16. Specimen cage of HELIOS

            (a)                                 (b)              

Figure 17. (a)Flow velocity distribution in MTB calculated by 

CFX®,(b)Local maximum flow velocity from inlet to outlet of specimen 

cage

 

Figure 18. The specimens in the cage for material corrosion test
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4. Corrosion Test in HELIOS

The corrosion tests were performed in flowing LBE condition. Four types of 

steel (SS316L, HT-9, T-91, EP-823) were tested. 

All specimens except for HT-9 were acquired from LANC as a part of the 

collaboration program. HT-9 specimens were obtained from KAERI.

All specimens were put into the specimen cage and were loaded in the test 

loop without additional surface preparations. Experiments were carried out 

at 450℃for 333h, 666h, and 1000h. The specimen size was 35mm x 8mm x 

1mm. The LBE flowed over the 35mm x 8mm area parallel to the 35mm 

edge. The flow velocity at the test section was about 0.35m/sec. Figure 19 

shows the history of temperature and flow velocity in test section. 

 

Figure 19.  History of temperature (red line) and flow velocity (blue line).

The oxygen concentration in LBE was about 10-6 wt%. To control oxygen 

concentration in LBE, 5% O2-Ar balance, 4% H2-Ar balance and pure Ar 

gas were used. Figure 7 shows the history of oxygen concentration (wt%) 

at test section and cold leg. At the beginning of first period of test, O2-Ar 

gas was injected to increase oxygen concentration in LBE. After reaching 

to target oxygen concentration, pure Ar gas was injected. In Figure 20, ① 

indicates injection of O2-Ar balance gas and ② indicates that of pure Ar 

gas. At the begging of second 333h period, H2-Ar gas was injected to 

decrease oxygen concentration in LBE. In Figure 20, ③ indicates injection 
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of H2-Ar gas. The flow rate of injection gas was controlled at 40cc/min. 

 

Figure 20. History of oxygen concentration in test section (red line) and 

cold leg (blue line)

 

5. Results of Corrosion Tests in HELIOS

 

After testing, specimens were released from the cage and residual LBE 

were cleaned by washing the samples in hot glycerin in the temperature 

range of 150-170℃. Figure 21(a) shows specimen cage was extracted after 

exposure to LBE, Figure 21(b) shows specimens having been washed in hot 

glycerin. Weight change measurement, SEM and EPMA (Electron Probe 

Micro Analyzer) analysis were performed.

 

   

                (a)                                (b)

Figure 21. (a) Specimen cage discharged after exposure to LBE. (b) Test 

specimens washed in hot glycerin. 
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가. The weight change of specimen.

The weight changes of the steel samples after the corrosion tests provide 

direct information about the gross corrosion and oxidation effect. Figure 22 

shows the specific weight changes for all specimens. It was found that all 

specimen gained weight during exposure to LBE. It indicates that there was 

no significant dissolution of elements by LBE or protective oxide formed on 

the surface of specimens. The specimen of SS316L showed the smallest 

weight gain. After 333hr test, the weight gain of HT-9 was highest. After 

666hr, the weight gain of HT-9 was smaller than that of 333hr results. It 

indicates that the spallation of oxide scale was occurred in flowing LBE. 

T-91 and EP-823 showed similar trend in measured weight gains.

 

Figure 22. Specific weight changes of the steels tested in 450℃ flowing 

LBE.

 

나. SEM and EPMA analysis of oxide scale.

 

①  SS316L

 

Figure 10 shows oxide scale morphologies (SEM cross-sections) and 

EPMA line profiles of 316L after exposure to LBE at 450℃ for 333h, 666h, 

and 1000h. After 333hr, Thin Cr2O3 formed on the surface. The thickness of 

scale is about 1μm. The oxide scale was transformed to Cr enriched Fe-Cr 

spinel oxide after 666hr. The oxide scale was very porous and large amount 
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of LBE penetrated in the oxide scale. The thickness of scale is about 6μm. 

In Comparison with previous study [2,3], the result of 666hr is unusual. As 

mentioned above, H2-Ar gas was injected to decrease oxygen concentration 

in LBE at the beginning of second period. Then, the condition of oxidation 

changed from O2-Ar-LBE to O2-H2-H2O(g)-LBE. One possible 

explanation for these fast growth and porosity increase is the influence of 

hydrogen. It will be discussed later.

 

Chromium is founded to be a key element for passivation. If an alloy 

surface is depleted in chromium, these cracks and pores extended all 

through the scale. Eventually, the protective oxide scale will be removed by 

flowing LBE and the dissolution attack by LBE will may occur. But the test 

results after exposure to LBE for 1000hr show that the oxide scale was 

healed by formation of the spinel phase. There is limited amount of 

penetrated LBE in metal-oxide interface. In comparison with 666hr results, 

the thickness of oxide scale after 1000 hr decreased.

 

  

Figure 23. Oxide scale morphologies (SEM cross-sections) and EPMA line 

profiles of SS316L.
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 ②  HT-9

 

Figure 24 shows oxide scale morphologies (SEM cross-sections) and 

EPMA line profiles of HT-9 after exposure to LBE at 450℃ for 333h, 666h, 

and 1000h. After 333hr, a double layer oxide film formed of the steel surface 

of HT-9. The outer oxide layer is Fe2O3 and inner oxide layer is Fe-Cr 

spinel. The oxide layer thickness is about <10 μm. There is penetrated LBE 

between inner and outer oxide layer and into the metal-oxide interface. 

After 666hr, the oxide scale was found to be very porous and large amount 

of LBE penetrated into the oxide scale. The thickness of scale was about 16

μm. After 1000hr, large amount of oxide removed by flowing LBE and new 

double oxide layer   formed. But the oxide layer was observed to have been 

detached from metal surface. This detachment could have been caused by 

poor adhesion and compressive residual stress due to oxide volume 

expansion. In case of the growth of oxide scale governed by cation 

diffusion, the adherence of the oxide scale is very poor. From these 

detachments of oxide, it can be deduced that the oxide grows mainly at the 

LBE-oxide interface.

  

Figure 24. Oxide scale morphologies (SEM cross-sections) and EPMA line 

profiles of HT-9
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③  T-91

 

Figure 12 shows oxide scale morphologies (SEM cross-sections) and 

EPMA line profiles of T-91 after exposure to LBE at 450℃ for 333h, 666h, 

and 1000h respectively. After 333hr, a double layer oxide film formed of the 

steel surface of T-91. The outer oxide layer is Fe2O3 while inner oxide 

layer is Fe-Cr spinel. The oxide layer thickness is less than 4μm. There is 

penetrated LBE into the outer oxide layer. 

After 666hr, the oxide scale was very porous and large amount of LBE 

penetrated into the oxide scale. The thickness of scale was about 9μm. 

These changes of oxide morphology may have been caused by influence of 

hydrogen that was injected in the test.

After 1000hr, the oxide scale is denser than 666hr result. Like SS316L 

results, the oxide scale was healed.

 

Figure 25. Oxide scale morphologies (SEM cross-sections) and EPMA line 

profiles of T-91
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④  EP-823

Figure 26 shows oxide scale morphologies (SEM cross-sections) and 

EPMA line profiles of EP823 after exposure to LBE at 450℃ for 333h, 666h, 

and 1000h. After 333hr, a double layer oxide film formed of the steel surface 

of EP-823. The outer oxide layer is Fe2O3 and inner oxide layer is 

Fe-Cr-Si spinel. The oxide layer thickness is about <10μm. There is 

penetrated LBE into the inner-outer layer interface.

After 666hr, the inner oxide scale became very porous and large amount of 

LBE penetrated into the inner oxide scale. The thickness of scale is about 

9μm. These changes of oxide morphology may be caused by influence of 

hydrogen that was injected only during the second test campaign.

In comparison with T-91 and HT-9, there is no penetrated LBE into the 

metal-oxide interface in EP-823. This indicates that the oxide scale adhere 

much better to the surface of metal. This good adherence may be caused by 

the presence of silicon.

Figure 26. Oxide scale morphologies (SEM cross-sections) and EPMA line 

profiles of EP-823
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 6. Discussion

 

가. Influence of hydrogen on the oxidation kinetics and oxide growth 

mechanism.

 

At the beginning of the second period (t=333~666hr) of test, 4%H2-Ar 

balance gas was injected to decrease oxygen concentration in LBE for 30hr. 

The flow-rate of gas injection was 40cc/min. In comparison with 333hr 

oxide scale, 666hr oxide scales showed many pores and cracks. In case of 

316L, unusual thick oxide formed on the surface.

To explain these phenomena, it is necessary to focus on changing of 

oxidation condition from O2-LBE to O2-H2-H2O(g)-LBE.

Hultquist [4] measured the effect of hydrogen on the oxidation behavior of 

Cr-base alloys in pure oxygen. The adherence of the scale formed in 

oxygen and hydrogen environment was very poor. The observed 

phenomenon was interpreted in terms of increased metal transport in the 

oxide due to hydrogen dissolution in the oxide. In addition, an increased 

metal transport due to the presence of hydrogen in a FeCrAl alloy has been 

observed in dry oxygen. [5] Hence, the effect of the introduction of 

hydrogen into the metal and oxide lead to increased metal transport in the 

growing oxide.

One report has been found in the literature on the effect of hydrogen in 

lead-bismuth. Soler et el. [6] have studied the effect of the hydrogen 

content on the oxidation behavior in static LBE at 600℃. At lead oxide 

saturation condition, they injected two different gases. One is Ar+10%H2 

gas and the other is pure Ar gas. As shown in Figure 27. The oxide 

thickness formed in Ar+10%H2 gas flow condition was thicker than that of 

formed in pure Ar gas flow condition.

Generally, the formation of void and pore in the oxide scale is caused by 

fast outward diffusion of cations. Therefore it is conceivable that high 

porosity and fast kinetics of oxidation in the second period was caused by 

the effect of hydrogen. Further confirmation tests are needed to verify the 

postulation
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Figure 27. Oxide layer thickness formed on stainless steels in the oxidizing 

LBE at 600℃.  (wet : Ar-10%H2,  dry : pure Ar) [6]

 

 

7. Summary and Conclusion

The test results are summarized in Table 4. The following conclusions are 

drawn from corrosion experiments for representative steels in flowing LBE 

in flowing LBE in HELIOS.

-  Austenitic stainless steel 316L shows the thinnest oxide layer without 

dissolution of element by LBE and therefore has the most promising 

capability to withstand LBE corrosion at low temperature. (<450℃). Long 

time corrosion test at lower temperature (~400℃) are desired for PEACER 

application.

-  At same oxygen potential, the dissolved hydrogen may accelerate on the 

growth of oxide. Hydrogen might lead to increased metal transport in the 

growing oxide.

-  The oxide scale of EP823 shows much better adhesion to metal 

substrate. The good adherence may be caused by silicon.

-  It is necessary to control not only oxygen potential but effect of 

hydrogen and water vapor for the integrity of protective oxide scale.
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Materials Cr 
content

[wt%]

Exposure 
time[hr]

Oxide thickness[μm] Composition of Oxide
Inner 
layer

Outer 
layer

Total Inner layer Outer 
layer

SS316L 17.3 333 Single layer 1 Cr2O3
666 6 Cr enriched Fe-Cr spinel
1000 4 Fe-Cr spinel

HT-9 11.5 333 2 9 11 Fe-Cr spinel magnetite
666 4 13 16 Fe-Cr spinel magnetite
1000 2 2 4 Fe-Cr spinel magnetite

T-91 8.26 333 2 2 4 Fe-Cr spinel magnetite
666 4 5 9 Fe-Cr spinel magnetite
1000 4 6 10 Fe-Cr spinel magnetite

EP-823 12 333 1.5 8.5 10 Fe-Cr-Si magnetite
666 3 5.5 8.5 Fe-Cr-Si magnetite
1000 3 10 13 Fe-Cr-Si magnetite

Table 4. Summary of Corrosion Tests Results in HELIOS.
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제 3  납합  환경 재료 부식 실시간 측정연구

When dissolved oxygen concentration is sufficient to oxidize the submerged 

materials in LBE, the capacitance of the metal specimens will develop with 

the oxide film growth on the metal substrate. By measuring AC impedance 

and hence the electric capacitance of the oxide film, we can estimate the 

thickness of the oxide on the surface. In this work, the electrochemical 

impedance spectroscopy (EIS) is explored for use as an on-line 

oxide-thickness monitor.

Surface oxide layers of Cr-containing stainless steels consist of a porous 

outer layer and a dense inner layer.  The outer layer is usually much 

thicker than the inner one and contains various paths for LBE to penetrate.  

Therefore the outer is not protective and serves as a good electric 

conductor. The inner layer is dense and true barrier to the ingress of 

oxidants and LBE. The inner barrier layer also serves as a dielectric 

medium with relatively low electric conductivity. As the thickness of inner 

barrier layer increases the oxide resistance increases while its capacitance 

decreases, providing signatures for on-line monitoring. A method utilizing 

alternative current impedance measurement is used to measure the 

conductivity of the mixture of the conductor with either solid electrolyte or 

solid substance. 

 

1. Basic theory on on-line monitoring by electrochemical impedance

 

The frequency dependence of the impedance can be determined. This 

dependence on frequency is one of the major characteristics of various 

kinds of cells and electrodes. It is very useful to show the result of the 

AC-impedance (Z) measurement with Complex impedance diagram (Nyquist 

plot). This is done by expressing the impedance as a real number and the 

imaginary number with frequency as a parameter.

We examine what kind of Complex Impedance Diagram is drawn by the 

three cases consisting of resistance and capacitance. The alternating current 

can be expressed as function of the frequency ω. The voltage at time t is 

shown in the following equation.
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If alternating voltage is applied to an electrochemical cell, the resultant 

current also becomes an alternating function but with a phase shift as 

follows;

 

 

We may evaluate the above equations because the current changes in 

response to the voltage. We may assume that the difference in phases 

between the voltage and the current has an angle of φ. In short, the current 

vector lags behind in voltage by φ radian.

Impedance Z(ω) is expressed by the following equation:

 

 

This equation represents Ohm’s Law in a complex variable form. Generally, 

the impedance is presented as a function of the frequency ω, but with little 

dependence on . This postulation is true only when the voltage 

amplitude is sufficiently low (about 10mV), leading to linear characteristics.

The reciprocal of the impedance is called the admittance.

 

, , 

 

If we imagine the situation where several impedances are connected, each 

impedance is presented as , , , and  .

The total impedance of the parallel circuit is .

As shown above, , and the mixture of resistance and capacitance 

can be substituted with the following impedance:

 

 

There are three different circuits that are important in electrochemical cell 
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using the equation as the basis. The first one is the series connection of an 

ohmic resistance R and an ideal capacitance C as shown in Figure 28.

 

Figure 28. The series connection of R and C

 

Since impedance , the impedance of this circuit is given by 

 

 

where R is the real part of impedance, and   is the imaginary part of 

impedance. 

The second one is the parallel connection of an ohmic resistance R and an 

ideal capacitance C as shown in Figure 29.

 

Figure 29. The parallel connection of R and C
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 Since the impedance is , the impedance of this circuit is 

given by

 

 

The last one is that a parallel connection of a resistance R and a 

capacitance C is in series with a different resistance r as shown in Figure 

30.

 

Figure 30. The parallel connection of R and C is in series with r

 

Impedance of this circuit is presented as follows.

 

 

2. Impedance change with thickness of oxide film 

 

After the EIS test CNLS (Complex Nonlinear Least Squares) method is 

used to fit the measured impedance data. Using the result of the CNLS 

fitting, we can estimate the resistance and capacitance values of the system 

assuming that the system is an ideal electrical circuit.

As we mentioned above, the oxide works as a dielectric medium with 

relatively low electric conductivity. Therefore if we measure the capacitance 

value of this oxide, we can estimate the thickness of the oxide by Equation 

(1)

 



- 39 -

Oxidized substance Dielectric Constant( )
Fe Oxide 14.2
Zirconia 12.5

                               (1)

 

where A refers to the area of the electrode and therefore is considered as 

the area of the specimen. Likewise, d is considered as the distance between 

electrodes and therefore is the thickness of oxide film. The ε represents the 

permittivity of the oxide.

Usually, permittivity is expressed as a relative value of the permittivity of 

the vacuum (  ). ε0 is the permittivity of the vacuum with the 

constant value of mF /108541878176.8 12−×  . εr is the relative permittivity 

and also called as a “Dielectric Constant”.

 

Table 5. The relative permittivity of oxidized substance

 

If we know the dielectric constant of the oxide, the thickness of the oxide 

film can be estimated using the value of C which was obtained from the 

experiments.

 

3. Pre-test in mercury (Hg)

 

Before the application of the EIS technique to the LBE environments, 

pre-oxidized metal specimen was tested in mercury at room temperature 

which provides a similar condition. The mercury (Hg) contact used in the 

pre-test serves a conductor that allows electricity through flow easily. But 

unless it is superconductor, it cannot have zero resistance and therefore it 

can be represented as r with a very low finite value. When oxide film is 

formed on the surface of the metal, oxide film, since it is a insulator at low 

temperature, it does not allow the flow of electricity and can be represented 

by a high resistance values like R. Capacitance is formed by the existence 

of an insulating oxide between metal and Hg. Based on the theory, the 

current value of the insulator transforms in relevance to the thickness and 

permittivity, which are characteristics of the oxide film. Therefore, the 
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thickness of the oxide film can be estimated through the value of the 

estimated value of the capacitance.

Iron specimen was pre-oxidized during 48 hours at 600℃ using electrical 

furnace. And two zirconium specimens were pre-oxidized during 24 hours 

and 48 hours respectively at the same conditions. We dipped these 

specimens into mercury and measured the AC impedance of this system. 

The schematic diagram and circuit of test system is shown in Figure 31. R 

indicates the resistance of the oxide and C indicates the capacitance of the 

oxide. The resistance and capacitance values of Iron oxide and zirconia 

were estimated by fitting the measured impedance with CNLS (Complex 

Nonlinear Least Squares) method.

 

Figure 31. (a) The schematic diagram of the pre-test system (b) An ideal 

electrical circuit which describes the real system

 

At first pre-oxidized iron specimen was tested in mercury. The impedance 

was measured by EIS technique with the variations of frequency. The 

complex plot (Nyquist plot) and Bode plot are shown in Figure 32. The 

impedance values as a function of frequency from all three experiments are 

similar.
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Specimen Frequency(Hz
)

R(Ohm) C(F) R(Ohm)

Fe Oxide 106~102 22.97 2.35-9 104.2
Fe Oxide 106~106 21.93 2.40-9 96.33
Fe Oxide 107~103 23.31 2.48-9 89.7

Figure 32. The Nyquist plot and Bode plot of the iron oxide in Hg

 

The estimated values of resistance and capacitance using the CNLS fitting 

method are summarized in Table 6. 

 

Table 6. The fitted values of resistance and capacitance from the 

experimental impedance values

 

Pre-oxidized zirconium specimen during 24 hours and 48 hours were also 

tested in mercury. In Figure 33, closed-red-square is the specimen which 

was pre-oxidized during 48 hours and opened-black-square is the result of 

the specimen which was pre-oxidized during 24 hours. The different 

impedance plot is caused by the oxide thickness. The oxide of 48 hours 

oxidized Zr specimen was comparatively thick; hence the oxide works as a 

pure capacitance. However, the result of 24 hours oxidized specimen is 

similar to the case of the iron oxide due to the sufficiently thin oxide 

thickness.
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Specimen Frequen
cy(Hz)

r(Ohm) C(F) R(Ohm)

Zirconia(thin) 107~102 3.316 4.74-9 393.4
Zirconia(thick) 107~104 4.349 1.27-9 -

Figure 33. The Nyquist plot and Bode plot of the zirconia in Hg

 

The estimated values of resistance and capacitance of the zirconia are 

summarized in Table 7. 

 

Table 7. The fitted values of resistance and capacitance from the 

experimental impedance values

 

In the previous experiment, the impedance was measured between the 

dipped oxidized specimen and lead-wire. To check the combined effect of 

two different kinds of oxide, impedance was measured between the iron 

oxide specimen and zirconia specimen. The result of the experiment with 

the variation of different frequency is shown in Figure 34.
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Figure 34. The Nyquist plot and Bode plot of the zirconia and iron oxide in 

Hg

 

Unlike the semicircular shape results from the previous experiment, the 

distorted shape on the left side of semicircle was observed. In this test, the 

oxide film on two specimens affected the impedance simultaneously. 

Therefore the distorted shaped semicircle can be understood as a result of 

superimposition of the impedances of the iron oxide and zirconia.

In Figure 35, impedance of zirconia and iron oxide were indicated by 

opened-black square and diamond respectively for a comparison to the 

combined impedance.

 

Figure 35. The Nyquist plot and Bode plot of the zirconia and iron oxide in 

Hg
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R[Ohm] R1[Ohm] C1[F] R2[Ohm] C2[F]
16.07 77.76 2.91-9 430.1 4.29-9

 

When two specimens are dipped in mercury, measured impedance are 

combined values of each specimen. In this case, the real system can be 

approximated to the series of two oxidized specimens as shown in Figure 

36. C1 and R1 is the capacitance and resistance of Fe oxide respectively and 

C2, R2 is the capacitance and resistance of the zirconia respectively.

Figure 36. An ideal electrical circuit which describes the zirconia and the 

iron oxide combined system

 

The results of fitted resistance and capacitance values of each iron oxide 

and zirconia are summarized in Table 8.

 

Table 8. The fitted values of resistance and capacitance from the 

experimental impedance values

 

Using the values of Table 5~8 and Equation (1), the thickness of the oxide 

films can be estimated. From the data of Table 6 and 7, capacitance(C) of 

iron oxide is about 4.41-9 farad and zirconia is 4.74-9 farad. The dielectric 

constants  of each oxidized substance are 14.2 and 12.5 respectively from 

the data of Table 5. The dipped area was 1cm2. Therefore, the thicknesses 

of each oxide are as follows;

Thickness of Fe oxide : 

 

Thickness of zirconia :
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4. On-line monitoring test in static cell

 

Static cell experiment was performed in an environment that maintains high 

temperature and uniform oxygen concentration. Schematic diagram of static 

cell is shown in Figure 37. The test temperature was controlled by electric 

furnace. YSZ oxygen sensor, nozzle, and measurement tools were installed 

on top of the furnace. The oxygen concentration in LBE was controlled 

using cover gas injection into the furnace through the nozzle. In the 

pre-experiment, a metal specimen was inserted in Hg and its impedance 

was measured. However, in a static experiment, a metal specimen was 

inserted in lead-bismuth. As shown in Figure 37, test specimens were 

connected to commercial feed-through and electric conduction between 

lead-wire and experimental facility.

 

Figure 37. Static cell experiment for on-line monitoring

 

AC-Z of the specimen was measured during the test in static cell as shown 

in Figure 38. We expect that the values of AC-impedance will change 

gradually. By analyzing the changing values of impedance, we shall 
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estimate the change of the thickness of oxide film every moment. However, 

the results of EIS do not show any capacitance term of oxide film as shown 

in Figure 38. The reason why the EIS results do not show oxide formation 

is the un-uniform oxide. The EIS technique for estimating of oxide 

thickness assumes the uniform growth of oxide film on test specimen. 

However, in this experiment, SS316L specimen was used. And we observed 

un-uniform oxide on SS316L specimen during corrosion test by SEM. That 

is, in real cases, the LBE penetrate the oxide. Therefore electric circuit is 

formed between liquid LBE and inner base metal specimen, and the 

capacitance term of oxide cannot be measured.

 

Figure 38. The EIS results of on-line monitoring test in static cell

 

 

5. On-line monitoring test in HELIOS

 

Oxygen control and oxide film maintaining technologies are important in 

LBE facilities. HELIOS is the large scale LBE loop for thermo-hydraulic 
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test and material corrosion test. In HELIOS, preliminary online monitoring 

test was performed. Electrode for online monitoring of corrosion of 

Type316L SS was made and installed at material test section as shown in 

Figure 39. Commercial feed-through is used for electric insulation and 

SS316L cylindrical specimen was connected to this lead line. In flowing 

LBE condition, oxide formed on this specimen can be monitored by 

analyzing the changing values of impedance. Therefore the change of the 

thickness of oxide film can be estimated at every moment.

 

Figure 39. Schematic diagrams of online-monitoring system in HELIOS

 

 

In Figure 40, AC-Z of the specimen was measured during the material 

corrosion test in HELIOS. However, desired semi-circular shape was not 

observed also. Non-uniform oxide on SS316L specimen may be the reason 

of these results as explained in (1.6.4). In Figure 41, EIS was measured at 

the end of corrosion test one more time. The result shows a different signal 

compared to the previous results. Although the signal is not a predicted 

semi-circular shape, the EIS result can be interpreted as an evidence of 

oxide formation on the surface of SS316L. In the case of online monitoring 

test in HELIOS, EIS measurement system (Solatron 1260, 1287, PC, etc.) 

was far from the test section. Therefore long signal wire had to be used 

between the online monitoring electrode and the EIS measurement system. 
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And it can make an inductance effect on the EIS signal. Therefore, the 

signal of Figure 41 can be explained by the inductance effect.

Figure 40. The EIS results of online monitoring test in HELIOS

 

Figure 41. The EIS result of online monitoring test in HELIOS (Nyquist 

plot and Bode plot)

 

The last measurement of EIS (Figure 41) indicates that online monitoring of 
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oxide growth on the surface of materials is possible in flowing LBE 

condition if some modifications in the method of measurement are made.  

For online monitoring of oxide growth, there will be modification of the 

electrode and wiring system is needed. And more experiments in flowing 

condition are desired in the future.
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제 4  납합  환경 부식생성물 연구

1. Cold Trap in HELIOS

 

Corrosion products potentially present long-term and cumulative effects, 

mainly because of the dynamic mass transfer phenomenon that will occur in 

a non-isothermal system. For a lead or lead-alloy coolant system, which is 

desired to operate for 30 years or longer, as well as for ADS target loop 

systems, which, due to operating conditions, are expected to be operated 

only a few years, it appears necessary to trap continuously the impurities in 

a specific unit. Specific purification campaign during isothermal stand-by 

and cold shutdown should be foreseen as well.

The filtration system, possibly at the coldest point of the facility, appears as 

one of the most suitable processes for the lead alloy coolant. Its efficiency 

depends on numerous parameters, either constants or variables during the 

operation. Main factors of importance are as follows:

 

• Location in the system, geometry;

• Operation parameters: flow rate, temperature;

• Solid: nature, form and size, concentration, and particles size distribution;

• Filter medium: nature, surface, thickness, pore size, hydrodynamic 

resistance, mechanical resistance, etc.

 

 

2. Filtration Design for HELIOS

 

In HELIOS test, a filter was designed for installation into a downward flow 

after the heat exchanger. Stainless steel screen was used as filtering 

elements in the shape of a cylinder with its bottom end closed. The filter is 

installed in the middle of the pipe as shown in Figure 43. Its size is 150 

mesh.
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Figure 42. Photographs of the designed filtration system for filter test

 

Figure 43. Schematic diagram of filtration system which is located at cold 

section

  

 

3. Test and Results

 

The test was taken for 48 hours under the condition:  mass flow rate is 

about 0.9kg/sec at 350~400°C. Figure 44 shows the inner surface of the 
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filter screen after the test. There was a small amount of particles trapped 

inside the filter as shown in Figure 44. But they are identified as solid LBE 

oxide by EPMA (Electron Probe Micro Analyzer) analysis as shown in 

Figure 45. It was considered to freeze and attach the screen wall as the 

filter was cooled.

 

Figure 44. Photographs of filter inner surface after the HELIOS filter test
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Figure 45. EPMA spectrum of the particles found on the inner surface of 

filter screen

 

As a result, the filter test failed to collect corrosion products. It is expected 

that some oxide layers on test specimen and/or structure materials can spall 

out to become flowing particles. The negative observation may lead to the 
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following explanations;

1.  The particle size of the oxide is too small to be caught by the filter. 

2.  The oxide layer does fall apart from the wall. Or

3.  The particle density is smaller than LBE. So it floated on the LBE and 

does not flow down through the pipe.

Further experiments are necessary to identify the reason.
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제 5  납합  환경 재료 취화 연구

1. Literature study

 

Since early 1900’s, liquid metal embrittlement (LME) was studied by 

scientific or technological interest. Initial investigations were propelled by 

material scientist on various solid-liquid metal combinations having 

industrial demand [7]. Recently, liquid metal environment became a hot 

issue because the lead and lead bismuth eutectic (LBE) were considered as 

coolants of fast reactor system and accelerator driven system (ADS) for 

waste transmutation. Most studies on LBE system is focused on material 

corrosion and basic thermodynamics. But LME is regarded as one of the 

traditional issues in materials researches. We will briefly summarize the 

work of Nicholas and Old [7] representing the wide and various LME 

researches including theoretical approaches. In addition, recent studies on 

T91 and Manet steel in liquid lead or lead alloy will also be reviewed 

[8-13].

Nicholas and Old [7] reviewed LME studies from early 1900’s to late 1970’s. 

According to them, LME is a phenomenon occurring by the nucleation of a 

crack at the wetted surface of the solid and its subsequent propagation into 

the bulk. By this definition, LME causes a loss in ductility but other 

mechanical properties are usually unaffected. Elastic moduli are believed to 

be always unchanged, but in severe cases the ultimate tensile strength 

(UTS) and even yield strength may be decreased. 

There are two necessary prerequisites for LME [7]. The first is an applied 

tensile stress sufficient to produce plastic deformation and the second is 

direct contact on an atomic scale between the stressed solid and the liquid 

embrittler. But these are only necessary, but not sufficient conditions. Under 

these conditions, metals failing by LME usually fracture inter-granularly, 

but in some cases, trans-granular fracture was also observed [7, 12]. 

LME is dependent on temperature and strain rate, as shown in Figure 46 

and Figure 47. The onset temperature and the ductility recovery 

temperature were defined as ET  and RT ,respectively.There is thus a 

“ductility trough” over a particular temperature range but the width and 

depth of the trough can vary considerably from strain rate used during the 
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tests on a given system. Figure 47 shows the dependence of RT  on 

strain rate for an aluminum alloy in mercury-3%zinc, and titanium 55A in 

cadmium [7]. 

  

Figure 46. Effect of LME on the variation of ductility with temperature 

(schematic) [7].

  

Figure 47. Observations on the effects of strain rate on the brittle-ductile 

transition temperature for LME [7].
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Alloying with a liquid metal element can cause it to embrittle or change the 

severity if the liquid does so already, but substantial additions are often 

needed to produce significant effects. For example, cadmium is not 

embrittled by mercury at room temperature but its ductility and fracture 

stress decrease if the liquid is alloyed with more than 5 to 10% of indium 

while the opposite effect is observed for the embrittlement of silver [7]. 

The concept that low melting point metals can act as inert carriers for 

embrittling species may explain a number of experimental observations. 

Thus lack of embrittlement could be due to the RT  temperature for the 

particular solid metal/liquid metal combination being less than the melting 

point of the embrittler. However, additions of the embrittler to a lower 

melting carrier could result in LME. 

Because LME failure is usually inter-granular it is to be expected that 

variations in the grain size or structure or the grain boundary chemistry 

should influence the susceptibility of stressed solids. For example of micro 

structural effect, increasing the grain size worsens the embrittlement of 

copper and α-brass by mercury, and of aluminum by tin-zinc alloys, but 

the reverse behavior was observed for pre-strained aluminum stressed in 

contact with mercury-3% zinc. Besides grain size, the hardness and 

deformation behavior of the stressed solid can also affect its susceptibility 

to LME. The harder materials normally are more severely embrittled. 

Although alloying can inhibit or reduce embrittlement in isolated cases, the 

usual effect is to make the solid harder and more readily embrittled [7]. 

As described above, LME are resulted from various factors. Whether or not 

LME occurs on a particular occasion depends not only upon the composition 

of the solid/liquid combination but also upon the metallurgical state of the 

solid and the exposure conditions. However there are two common 

characteristics in embrittled systems; a low mutual solid solubility and a 

lack of intermetallic compounds. It seemed to be no conflict between the 

correlations of LME behavior with low mutual solubility and with chemical 

inertness as well as the requirement for wetting. Theoretical model to 

predict the LME occurrence have been developed broadly and some 

correlations were proposed. But the use of correlations to predict the 

susceptibility of uninvestigated systems is hazardous and will remain so 
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until far more experimental data are available, when the need for prediction 

of susceptibility will, of course, be less pressing [7].

The most promising models at present are those that invoke weakening of 

the interatomic bonds in the solid at the crack tip. Treating LME as a type 

of brittle fracture caused by a reduction in surface energy provides the 

plausible explanation of the present, inadequate, characterization data. 

Cleary there are difficulties in identifying the mechanism whereby the 

presence of foreign atoms at a surface or crack tip reduces interatomic 

bonding and in accounting for the influence of metallurgical and testing 

variables on LME susceptibility. However, the concept that the presence of 

foreign atoms at a surface or crack tip can reduce interatomic bonding is 

attractive particularly because it is amenable to quantitative evaluation [7]. 

Recent studies are in well accordance in these earlier works. 

Nicaise et al. [8] have performed tensile tests of T91 martensitic steel in the 

temperature range from 623 K to 773 K under liquid lead environment. 

Results were compatible with traditional mechanism mentioned above with 

showing dependence of embrittlement on micro-structural combinations, 

geometric and loading condition but no correlations with contact time of 

liquid metal to solid metal. Legris et al. [9] developed the ab-initio 

simulation model to reveal the correlation between the liquid metal 

adsorption and the surface energy reduction by interatomic adsorption of 

T91 steel in liquid LBE. Glasbrenner et al. [10] has conducted tensile tests 

with MANET II (11% CrMoVNb steel) in circulating Pb-Bi eutectic. Test 

temperatures were 180-300 ℃. A ductility loss was observed at the test 

temperatures of 250 and 300 ℃ with transgranular fracture. Authors said 

that the element Bi is responsible for the embrittling of the steel. 

More recent researches on the embrittlement of T91 martensitic steel are 

focused on the interatomic contact of liquid metal particle on the crack 

surface of solid metal [11-13]. Vogt et al. said that the main cause of LME 

appear to be the result of the decrease in surface energy caused by 

adsorbed atoms [11]. Auger et al. [12] confirmed that intimate contact 

between LBE and solid metal resulted in severe LME. Because the steel 

having chromium contents are impossible to avoid oxide film, surface 

treatment such as ion sputtering is needed to investigate the surface 

adsorption effect on LME [13].  
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Various experiments and theoretical researches have been performed to 

understand the LME. The most promising interpretation for LME is the 

surface energy reduction by liquid metal adsorption on the solid metal 

surface based on the fracture mechanics. It is necessary to test various 

kinds of steels under flowing or static LBE as well as T91 because there 

are many kinds of steels in the transmutation system.

 

2. liquid metal embrittlement by lead-bismuth

As mentioned above, liquid metal embrittlement (LME) is a concern with 

LBE cooled system. Therefore various experiments and theoretical 

researches are needed to understand the LME. It is necessary to test 

various candidate steels under flowing or static LBE. Before the flowing 

condition test, we have designed LME testing equipment as shown in 

Figures 48 ~ 51 for static condition test. 

 

 

Figure 48. Photograph of the liquid metal embrittlement testing equipment 

at SNU
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Figure 49. Schematic diagram of liquid metal embrittlement testing 

equipment at SNU

 

SS316 vacuum chamber is installed as shown in Figure 48 and Figure 49. 

To start the LME test, the metal specimen will be installed in the chamber 

first. The metal specimen is prepared as shown in Figure 52 before the test. 

Surface of the specimen is polished with 600-grit SiC papers. After the 

installation, pre-heated liquid LBE in the melting furnace next to the 

chamber will be transferred into the chamber. The pre-heating of the 

melting pot is done by band heater. Gas environment control is needed to 

pre-heat the LBE in the melting pot, and therefore gas in-and-out line is 

installed on the top of the melting pot. We can also check the pressure of 

the melting furnace using pressure gauge. After the liquid LBE fill the 

chamber, test conditions like temperature, and loading condition is controlled 

during the LME test.
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Figure 50. Photograph of upper part of the liquid metal embrittlement 

testing equipment at SNU

Figure 51. Photograph of lower part of the liquid metal embrittlement 

testing equipment at SNU

 

                                                     

Figure 52. Liquid metal embrittlement testing specimen (all dimensions in 

mm) 
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LME behavior depends on temperature and strain rate as shown in Figure 

1 and Figure 47 [7].  Therefore we need to control the working temperature 

and the tensile strain rate. The temperature of the LBE was controlled by 

band heater installed in the chamber. The actual LBE temperature was 

checked by thermocouple. Another important parameter, strain rate was 

controlled using stepping motor. The actual displacement and strain rate 

were measured by LVDT (Linear Variable Displacement 

Transducers).There are sufficient experiences and existing studies in 

controlling the strain rate of almost same equipments in slow strain rate 

test (SSRT) of water condition in the area of environment assisted cracking 

(EAC) researches. The established procedure was adapted in this work.

  

We conducted the LME test by the following methods. 

 

(1) We prepared the four kind of samples T91 (9%Cr1%MoVNb), Type316L 

SS, EP823 and HT9. : especially, 9%Cr1%Mo martensitic steel frequently 

designated Grade 91 is a good candidate as structural material in a 

spallation target environment containing liquid lead because it exhibits good 

swelling and creep resistance under irradiation up to 773K and it is 

subjected to a reduced dissolution in lead due the absence of Ni [8]. 

Another material, Type316 Low-carbon stainless steel (SS), which is the 

austenitic steel, is the candidate target container material of the spallation 

neutron source (SNS) [9]. EP823 and HT9 are also studied for the materials 

which can be used in liquid metal environments. 

(2) We will control the temperature which is one of the main parameters in 

LME. : We would like to determine the temperature effect on the 

susceptibility to LME of the materials whilst put into contact with LBE 

(lead-bismuth eutectic). Therefore the LME test will be conducted in the 

various temperature ranges between 200°C and 450°C at a constant strain 

rate.

(3) We will control the strain rate which is one of the main parameters in 
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LME. : Strain rate has a strong influence on the embrittling effect. 

Therefore, LME test will be conducted at the various strain rates (3 

×10-5s-1,7×10-5s-1and10-4s-1)holdingthetemperatureandotherparametersfix

ed.

(4) To confirm the liquid metal embrittling effect on the materials, we will 

test the same materials in gas environment, controlling all the parameters. 

The results will be compared with the results of test in liquid LBE.

(5) After the LME tests, the microscopic observations will be conducted 

using SEM or FE-SEM to analyze the fracture surfaces. The test results 

obtained in gas environment and in liquid will show different fracture 

modes, like transgranular fracture or intergranular fracture. We could get 

abundant fracture information doing the fracture surface observations.

 

At first, baseline test in air was conducted as shown in Figure 53.  The 

Figure 53 shows the stress-strain curve of SS316L specimen which was 

tested in air. The baseline test was conducted at room temperature with the 

strain rate of 3 ×10-4s-1.  After the test the fractured specimen shows 

about the 90% elongation to failure as shown in Figure 54.

 

Figure 53. Stress-strain curve of baseline test for SS316L at room 

temperature air
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Figure 54. Photograph of 316L specimen (a) after and (b) before testing

 

To confirm the liquid metal embrittlement effect, slow strain tests are 

conducted in inert gas environment at controlled temperature and the strain 

rate. Figure 55 shows 6 tensile test curves of SS316L materials which were 

conducted at different temperatures and strain rates for the purpose of 

comparing with the LBE condition.

 



- 65 -

0.0 0.1 0.2 0.3 0.4 0.5

0

100

200

300

400

500

 200oC, 100x10-6

 300oC, 100x10-6

 200oC, 70x10-6

 300oC, 70x10-6

 200oC, 30x10-6

 300oC, 30x10-6

St
re

ss
[M

Pa
]

Strain

Figure 55. Six different stress-strain curves of SS316L which were tested 

in gas environment. 

 

During the gas environment test, 5%H2+Argon balanced gas was flowed to 

maintain the reducing condition. In the case of relatively high temperature 

of 300°C, tensile curves show serrated curves which can be explained well 

by a dynamic strain aging (DSA), due to dissolved carbon.

Figure 56 shows tensile curves of SS316L in gas and LBE environments at 

different strain rate of 3x10-5 s-1, 7x10-5 s-1 and 1x10-4 s-1 at 300°C. 

These curves show a slight reduction of elongation to failure at each 

condition. Figure 57 shows tensile curves at 200°C.
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Figure 56. Tensile curves of SS316L in gas and LBE environments at 

different strain rate of  (a) 3x10-5s-1(b)7x10-5s-1(c)1x10-4s-1at300°C
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Figure 57. Tensile curves of SS316L in gas and LBE environments at 

different strain rate of (a) 3x10-5s-1(b)7x10-5s-1(c)1x10-4s-1at300°C
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Strain rate 300℃ 200℃
gas LBE gas LBE

3x10-5/sec 0.504 0.489 0.484 0.495

7x10-5/sec 0.51 0.495 0.479 0.493

1x10-4/sec 0.529 0.513 0.466 0.446

In Table 9, elongations to failure of SS316L at different conditions are 

summarized. Figures 58~ 60 show the variation of elongation to failure at 

different conditions. At 300°C, the elongations to failure are slightly reduced. 

However the results that obtained at 200°C do not show such a systematic 

behavior.

 

Table 9. Elongations to failure of SS316L at different conditions

 

Figure 58. The effects of strain rate on the elongation to failure of SS316L 

 

Figure 59. The elongations to failure of SS316L which were obtained at 

300°C
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Figure 60. The elongations to failure of SS316L which were obtained at 

200°C

 

During the test, 5%H2+Argon balanced gas was injected to the chamber to 

maintain the reducing environment. However this injected gas pressurized 

the chamber and it gave an initial load to the specimen. This initial 

pressure load caused different elastic region tensile curves as shown in 

Figure 61. Therefore it might have altered the elongation to failure of the 

specimen. Because all the tensile tests at gas environment were tested at 

pressurized condition, one test was repeated without pressure. This 

unpressurized test results showed consistency with LBE test data. 

Therefore it is concluded that LME effect is negligible for SS316L at the 

test conditions.
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Figure 61. The effect of pressurized gas on the tensile curves of SS316L 

which were tested at 200°C 

 

The elongation to failure of each specimen shows that the liquid metal 

embrittlement effect is not crucial at tested conditions. More tests at same 

conditions are desired to confirm the results. More tensile tests at different 

temperature and strain rate are also desired in the future.
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제 4 장  연구개발 목표 달성도  외 기여도

납비스무스 환경에서 요한 용존산소의 농도를 정확하게 측정하기 한 산소 

센서를  성공 으로 개발하 다. YSZ를 고체 해질로 이용하 으며, 기 극

으로는 Bi/Bi2O3를 사용하여 납비스무스 환경에서 산소 농도 측정의 신뢰도를 

높일 수 있었다. 세라믹과 속 몸체 사이의 연결은 Eletro-magnetic swaging 

방법을 사용하여 기존산소센서의 문제 인 leakage 문제를 해결하 으며 신호

의 hysteresis를 개선하 다. 한 개발된 산소센서는 EIS 방법을 통해 교정을 

진행하 고, 이는 OCS를 통한 산소 농도 조  값과 일치하여 센서 신호의 신

뢰성을 확보하 다.

개발된 산소 센서는 확장된 LBE 루 인 HELIOS에 사용되어 실제 1000시간 

이상의 장기 시험에 사용되어 성공 으로 산소 농도 변화를 기록하 다. 재료 

부식 시험에는 SS316, T91, HT9, EP-823과 같은 주요 구조재를 모두 사용하

으며, 생성된 산화막을 EPMA, SEM, FESEM 등을 통해 분석하여 그 특성

을 연구하 다. 

한 액체 속에서 주요 구조재의 취화를 연구하기 해 SSRT 장비를 활용하

여, 액체 속 취화를 연구할 수 있는 장치를 만들고 SS316 재료에 해 다양한 

온도  strain rate 에 해 실험을 진행하여, 산소농도가 조 되는 경우 재료 

취화 문제가 없다는 결론을 얻었다.
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표 1. 세부연구목표, 평가 착안   목표 달성도

세부연구목표 평가의 착안   척도 가 치 (%)
가  목표 

달성도 (%)

산소 센서 개발
산소 센서 설계, 제작  

교정
40 40

센서의 장기 루  

시험

산소 센서 제작  공동연구 

기 에 제공, 부식 푸르에서 

장기 시험

10 10

 실험용 LBE 

루  확장

LBE 환경 부식 식 실험을 

한 루  확장
10 10

온 액체 속 

부식 특성 연구

온 액체 속 부식 특성 

실험  분석
30 30

온 액체 속 

환경 재료취화 

연구

온 책체 속 재화 손상 

특성 분석
10 5

계 100 95
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제 5 장  연구개발결과의 활용계획

  

1. 용존산소 장기간측정 센서개발

주요 연구기 들의 납합 냉각재내의 용존산소측정은 정기 , 연속 으로 이

루지지 못하고 있는 것에 반해, 본 연구에서 개발된 산소센서는 장기간 신뢰성 

있는 측정을 할 수 있었다. 산소 농도 측정 기술은 연구개발  향후 원 의 

운 에 필수 인 기술인만큼, 지속 인 연구를 통해 기술을 가다듬을 경우 , 

큰 경제  효과를 낼 수 있을 것이다.  개발된 극은 향후 납합 로용 신소재 

개발을 한 국제공동연구의 구축에 활용할 수 있을 것이다.

2. 납합 냉각재 환경 부식 특성 연구

납합 냉각재 환경 부식 특성을 연구하기 해 Static cell  flowing 환경 시

험을 한 HELIOS라는 루 를 제작 하 다. 이를 통한 부식 시험은 성공 으

로 이루어 졌으며, 납합 냉각 원자로 연구 개발을 한 주요 구조재 선정에 

지속 으로 이용될 수 있을 것이다. 한 개발된 산소센서를 이용하여 다양한 

조건에서 부식 시험이 진행될 수 있고, 이를 통한 구조재 부식 문제의 해결을 

한 방안 한 개발될 것으로 측한다.
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