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ABSTRACT 

 
China LEAd-based Reactor (CLEAR) which was performed by Institute of Nuclear Energy Safety 

Technology (INEST/FDS Team), CAS, was selected as the reference reactor for the China ADS project. 

The project objective of the first stage is to construct a 10MW Lead-Bismuth Eutectic (LBE) cooled 

research reactor named China lead-based research reactor (CLEAR-I). Based on the technology roadmap 

of CLEAR-I, the paper presents mainly validation strategies of materials, the development and status of 

compatibility facilities, representative results of corrosion and stress corrosion experiments. 

Validation Strategies of Materials for CLEAR-I 

Considering that the design specification and service environment of CLEAR-I (Zhan et al., 2012), the 

principle of material selection is as follows: mature materials with practical experience in nuclear 

energy fields, materials have referential data for sharing and materials with excellent fabrication 

and machining performance. Therefore, three main candidate structural materials are as follows, 

316L for the main vessel and most reactor internals, T91 for the heat exchanger and 15-15Ti for 

the fuel cladding tubes (Wu et al., 2014a, 2014b). The objectives of materials validation at the 

preliminary engineering design stage, the construction design stage and the engineering design 

stage are providing data for preliminary safety analysis report, safety analysis report and 

construction license, operational license, respectively. R&D program for materials validation 

includes general properties (physical, mechanical and machining performance) validation 

without LBE and service properties validation in LBE (liquid metal corrosion, liquid metal 

embrittlement (LME) and neutron irradiation & synergy effect with LBE). 

Developments of Compatibility Facilities 

To solve the difficulties of service properties validation in LBE, series PbBi experimental loops (KYLIN-

I and KYLIN-II) and some miniature corrosion devices had been developed. Figure 1a is the photo of 

KYLIN-II materials loop. A 3000h corrosion test (1m/s, 1~3×10-6 wt% oxygen, 500°C) in KYLIN-II has 

been completed and the data analysis is ongoing. In addition, a materials test at the same condition for up 

to 10000 h is under way, and all corrosion data will be used to develop and validate models of oxide scale 

growth in LBE for CLEAR-I in the future. Furthermore, facilities for mechanical tests in LBE including 

slow strain rate tensile (SSRT), creep, fatigue facilities has been already constructed in 2014, as shown in 

Figure 1b-1d. Fracture toughness facility is to be designed and constructed next year.  

Corrosion Behaviours of Materials 
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Using the miniature corrosion devices, corrosion behaviours have been studied in LBE with a flow rate of 

0.3 m/s at 480°C. The main research results are as follows: (1) when the oxygen content was not 

controlled, the thickness of oxide layer of 316L was very thin and stripping phenomenon was found; the 

oxide layer of T91 was thicker than 316L, and stripping phenomenon was not found, but the adhesive 

strength was less desirable. (2) At a high oxygen content (10-6wt%), the surface on 316L formed a single 

Fe-Cr spinel oxide scale with a thickness of 2 μm, and the surface on T91 formed a double-layer oxide 

scale (outer magnetite and inner Fe-Cr spinel) with a thickness of 18 μm. (3) At a low oxygen content (10-

8wt%), 316L showed a severe dissolution corrosion with a maximum LBE penetration depth of about 100 

μm, and T91 showed a slight dissolution corrosion with a maximum LBE penetration depth of about 30 

μm. 

 
 

Fig. 1 Compatibility Facilities: (a) KYLIN-II; (b) SSRT; (c) creep; (d) fatigue. 

 

Using KYLIN-II materials loop, corrosion behaviours have been studied in LBE with a flow rate of 1 m/s 

and an oxygen content of 1~3×10-6wt% at 500°C. As shown in Figure 2, the oxide scale of T91 steel 

consisted of an outer magnetite layer, a Fe-Cr spinel layer and an internal oxidation zone, after exposure 

for 1000h. The thickness of T91 steel was about 18.82μm, which means that the average corrosion rate is 

164.89μm/year. Moreover, the oxide scales of 316L/15-15Ti steels consisted mainly of a Fe–Cr spinel 

layer, and its average corrosion rate is 8.76μm/year.  

Stress Corrosion Behaviours of Materials 

To assess the LME susceptibility of T91 and 316L steels in LBE and Pb qualitatively, the wetting of 

LBE-T91, LBE-316L and Pb-T91 systems at the temperature among 200°C and 600°C was investigated 

with the sessile drop tests. The results revealed all the contact angles of the above systems were larger 

than 90°, and that of LBE-T91 was slight smaller. Furthermore, the addition of Bi into Pb reduced the 

wetting of LBE-T91, which might be caused by the surface segregation of Bi atoms. 

 

To study the effects of pre-exposure, oxygen content in LBE and surface stress concentration, the tensile 

tests of the non-exposed, pre-exposed and notched T91 specimens in LBE were conducted at 350°C. The 

results showed the LME effect occurred on the wet specimens and the ductility decreased more obviously 
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when pre-exposed in the lower oxygen content, as shown in Figure 3. Furthermore, the surface 

concentration has a reinforcing effect on the occurrence of LME. 

 

 

Fig. 2 Corrosion experiment results in KYLIN-II materials loop after 1000h exposure to LBE at 500°C 

(1~3×10-6 wt% oxygen, 1m/s). 

 

 
 

Fig. 3 Effect of pre-exposure in LBE with different oxygen contents on tensile tests of T91 specimens. 

 

The content strain stress corrosion tests of the C-ring specimens for T91 and 316L steels in LBE with 

saturated-oxygen content (~5×10-4wt%) and a low oxygen content (~10-8wt%) were conducted in 

corrosion device, respectively. No cracks were observed on the surface of all specimens, which was 

caused by a barrier formed by the duplex structure oxide layer on the specimen surface. Stress accelerated 

the growth of the both layers, especially for the outer layer.  

Conclusion 

Main structural materials of CLEAR-I have been selected, KYLIN-II loop has been in operation, and 

facilities of mechanical testing in LBE have been now ready. Basic fundamental researches on 

mechanisms of corrosion and LME effects had been started and further more careful studies will be 

needed. Materials validation is a very complex project, and wide international cooperation are welcomed 

for CLEAR-I development. 
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