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Oxidizing and reduction (Redox) potential  
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Anodic reaction: 𝑀 → 𝑀𝑛+ + 𝑛𝑒−

Cathodic reaction:𝑂𝑥𝑛+ + 𝑛𝑒− → 𝑅𝑒𝑑

Overall reaction:M+ 𝑂𝑥𝑛+ → 𝑀𝑛+ + 𝑅𝑒𝑑

𝐸𝑀𝑛+/𝑀 (𝑣𝑠. 𝐶𝑙/𝐶𝑙−)=𝐸𝑀𝑛+/𝑀
𝑜 +

𝑅𝑇

𝑛𝐹
ln

𝑎𝑀
𝑛+

𝑎𝑀

Redox Potential (Nearnst Equation)

𝐸𝑀𝑛+/𝑀
𝑜 (𝑣𝑠. 𝐶𝑙/𝐶𝑙−)=Δ𝐺𝑓

𝑜(𝑀𝐶𝑙𝑛)/𝑛𝐹

𝑎𝑀 = 1 for pure metals
𝑎𝑀
𝑛+ = 𝛾𝑚

𝑛+𝐶𝑚
𝑛+ ≈ 𝑥0 (for comparison)

Standard 
electrode potential

Activity for relevant
species

Redox potential with hydrogen as a reference

Standard Gibbs free energy of formation

Activity coefficient



Oxidizing and reduction (Redox) potential  
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Redox potential of various redox couples as a function of temperature in 
fluoride and chloride salts. Solid line: metal dissolution at  𝑎𝑚

𝑛+ of 10−6

[Guo et al., Progress in Material Science 97 (2018) 448-487] 

What these figures mean: 

1. Cr is most prone to oxidation
among major alloying elements 
(Fe, Cr, Ni) 

2. Ni is least prone to oxidation 
among major alloying elements 
(Fe, Cr, Ni) → Basis of our interest in Ni 
based alloy !

3. If an oxidant with its reduction potential 
above the solid line is present in the melt, 
the metal will be corroded until the 
concentration of dissolved 𝑀𝑛+ elevates to 
the equilibrium level at which 𝐸𝑀𝑛+/𝑀 =

𝐸𝑂𝑥/𝑅𝑒𝑑

4. Major salt constituents  (Li, K, Na, Mg) are 
far below the oxidation potentials of 
structural metals, indicating that cations of 
salt constituents are not expected to cause 
considerable corrosion of metals.

5. Dissolved Actinides and other impurities 
are the major cause of corrosion.
i.e.: structural alloys can be corroded by the 
reduction of 𝑈𝐶𝑙4 to 𝑈𝐶𝑙3
U IV + e− → U III is very oxidizing !

Increasing
strength 

as a reducing
agent 
(less 

thermodynamically
stable)



Selective corrosion of Cr: key concern for corrosion in MSR 
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Typical photomicrograph of Inconel 600 after exposure to molten fluorides

[Manly et al., ORNL, ORNL-2349, 1957] 



Major oxidizing factors 1: Actinides and fission products
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Actinides can act as oxidants to cause metal corrosion depending on their reduction potentials 

𝐸𝑈(𝐼𝑉)/𝑈(𝐼𝐼𝐼) = 𝐸𝑈(𝐼𝑉)/𝑈(𝐼𝐼𝐼)
∗ +

𝑅𝑇

𝑛𝐹
𝑙𝑛
𝑋𝑈(𝐼𝑉)

𝑋𝑈(𝐼𝐼𝐼)

Where formal potential 𝐸𝑈(𝐼𝑉)/𝑈(𝐼𝐼𝐼)
∗ = 𝐸𝑈(𝐼𝑉)/𝑈(𝐼𝐼𝐼)

𝑜 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝛾𝑈(𝐼𝑉)

𝛾𝑈(𝐼𝐼𝐼)

Formal potentials of actinides and fission products in molten chlorides and fluorides, mostly based on the work 
done for MSREs 

[Guo et al., Progress in Material Science 97 (2018) 448-487] 

Obtaining relevant formal potentials in the relevant molten salt, with understanding of 
inter-species interaction constitutes the key required thermodynamic data base



Major oxidizing factors 2, 3, and 4: 
Structural metal impurities, moisture, and oxygen
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② Presence these structural metal impurities in molten 
salt will corrode : i.e., 𝐶𝑟 → 𝐶𝑟2+ + 2𝑒 −

𝐻2𝑂 𝑔 + 2𝐶𝑙− ↔ 𝑂2− + 2𝐻𝐶𝑙(𝑔)

HCl is assumed to be fully dissociated in molten chloride salts as 𝐶𝑙−is an 
exceedingly weak conjugate base . 

𝐻+ + 𝑒− →
1

2
𝐻2

③ Reduction of dissociated 𝐻+

𝑂2 + 2𝑒− → 𝑂2
2−

𝑂2
2−+2𝑒− → 2𝑂2−

𝑂2+2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−

④ Oxygen gas is a strong oxidant in molten chloride salt



Factor for kinetics of corrosion
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Corrosion rate is controlled by reaction rate, solid-diffusion, and mass 
transfer across the fluid boundary layer. 

Because of its complexity, it is best addressed by experimental investigation.



Flow accelerated corrosion in LBE at SNU Fuel Materials 
and Safety  Lab
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Schematic drawing of (a) whole experiment apparatus, 
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Affected zone thickness measured through EPMA line scan following flow 
velocity, and differentiation of corrosion regions according to thickness 

changes



Flow velocity dependent LBE corrosion 
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Reciprocal of affected zone thickness with respect to flow velocity 

(
1

𝑙
= 𝑎′ + 𝑏′𝑣−0.792, 𝑎′ = 0.02223, 𝑏′ = 0.07869, R-square = 0.69). 

𝐽𝑑𝑖𝑠𝑠 =
1

𝐴

𝑑𝑚𝑀

𝑑𝑡
=

𝐾𝑚𝑘𝑑
𝐾𝑚 + 𝑘𝑑

𝑆𝑀 − 𝐶𝑀
𝑏 = 𝑅 𝑆𝑀 − 𝐶𝑀

𝑏

𝑆ℎ =
𝐾𝑚𝑟

𝐷𝑀
= 𝐶𝑅𝑒𝜔

0.896 𝑆𝑐0.249

1

𝐽𝑑𝑖𝑠𝑠
=

1

𝐾𝑚𝑐1
𝐾𝑚 + 𝑐1

𝑐2

=
1

𝑐4𝑣0.792𝑐1
𝑐4𝑣0.792 + 𝑐1

𝑐2

= 𝑎 + 𝑏𝑣−0.792

𝐽𝑑𝑖𝑠𝑠𝐴𝑡 = Δ𝑚𝑀 ≈ 𝜌𝐴𝑙

1

𝑙
≈ 𝑎′ + 𝑏′𝑣−0.792

Aන
0

𝑡

𝐽𝑑𝑖𝑠𝑠𝑑𝑡 = න
𝑚𝑀,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑚𝑀,𝑓𝑖𝑛𝑎𝑙

𝑑𝑚𝑀 ≈ 𝜌𝐴න
0

𝑙

𝑑𝑙

)𝐽𝑑𝑖𝑠𝑠 = 𝑘𝑑(𝑆𝑀 − 𝐶𝑀
𝑤

𝐽𝑑𝑖𝑓𝑓 = −𝐷𝑀 ቤ
𝜕𝐶𝑀
𝜕𝑦

𝑦=0 𝑤𝑎𝑙𝑙

= 𝐾𝑚(𝐶𝑀
𝑤 − 𝐶𝑀

𝑏 )

Flow-dependent corrosion rate modeling



Historical development of corrosion resistant alloys for MSRs
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Late 1940s: Aircraft Nuclear Propulsion (ANP) Program 

• Pure Mo-Ni: Outstanding corrosion performance. Poor physical properties and 
fabrication difficulties

• Hastelloy B (Ni-28Mo-5Fe) and Hastelloy W (Ni-25Mo-5Cr-5Fe) were satisfactory, but 
became brittle due to the formation of Ni-Mo intermetallic compounds.

1954: Aircraft Reactor Experiment (ARE) – 2.5MW reactor with 𝑵𝒂𝑭−𝒁𝒓𝑭𝟒-𝐔𝑭𝟒

• Inconel 600 (Ni-15Cr-7Fe) operated successfully for nine days at ~900℃ without a 
problem. Post operative examination showed a depth of corrosion attack up to ~100𝜇𝑚

• ~120-180 𝜇𝑚 at 1000h, ~350 𝜇𝑚 at 3000h, ~630 𝜇𝑚 at 8300h at ~870 ℃ in the 
subsequent loop experiments

Cottrell WB eta l.,. Disassembly and postoperative examination of the aircraft 
reactor experiment, ORNL-1868. Oak Ridge, TN, USA:Oak Ridge National 
Laboratory; 1958.

Manly WD,, et al. 
Aircraft reactor 
experiment –
metallurgical aspects, 
ORNL-2349. Oak Ridge, 
TN, USA: Oak Ridge 
National Laboratory; 
1957.



Historical development of corrosion resistant alloys for MSRs
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Extensive loop tests during 1958-1964:  
• Extensive tests conducted to examine the corrosion resistance of Hastelloy N (Ni-16Mo-

7Cr-4.5Fe) and Incoloy 600 in flowing 7𝐿𝑖𝐹 − 𝐵𝑒𝐹2 at ~700℃ up to one year.

• Velocity: 0.006 to 0.025 m/s (natural convection) and 2.3-5 m/s (forced convection)

• Hastelloy-N backgrounds: compared to Hastelloy B and W, the Mo content was reduced to 
15-17 wt% to preclude the aging embrittlement. 6-8 wt% Cr is necessary to provide 
sufficient resistance to air oxidation.

• The corrosion resistance of Inconel 600 is found inadequate considering the 40 year 
service 

• Hastelloy-N showed little corrosion attack with smaller corrosion depths (≤ 51𝜇𝑚)



Historical development of corrosion resistant alloys for MSRs
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MSRE during 1965-1969:  “Limitations of Hastelloy-N”
• All metal components exposed to the molten salt were made 

of Hastelloy N. Corrosion of Hastelloy N was found acceptable.

• Hastelloy-N thermal convection loop operated with MSRE fuel 
at maximum temperature of 704℃ for 9.2 years- corrosion 
depth less than 76 𝜇𝑚 .

• Two main problems of Hastelloy N were discovered: 
① Irradiation embrittlement, 
② tellurium induced intergranular cracking

Distribution of Te for the Ni sample annealed at 
(a) 700℃ (b) 800℃ (c) 900℃ (d) 1000℃
[Journal of Nuclear Materials,441,372-9, 2013]

58𝑁𝑖 + 𝑛 → 59𝑁𝑖
59𝑁𝑖 + 𝑛 → 4𝐻𝑒 + 56𝐹𝑒

[Materials Science and Technology, 33,518-536, 2016]

[ORNL-TM-4189.1972]



Historical development of corrosion resistant alloys for MSRs
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1970s: Modified Ni-based alloy development- Ti/Nb added Hastelloy-N
• Fine and dispersed carbides are formed within the grain matrix which trap the helium and 

prevented its migration to the grain boundaries. 

• 1 to 2% Nb improved the resistance to Te-induced IGC.

• Understanding of the importance of the Cr and Fe 
contents : 
Stainless steels and nickel-based alloys with more 
than 20wt% Cr are considered inadequate for MSRs
although they may exhibit improved resistance to 
Te-induced IGC [ORNL/TM-5920, 1978]

[ORNL/TM-4286, 1972]

20wt% Cr 
is the limit



Importance of redox control 

17[Journal of Nuclear Materials 496 (2017) 197-206]



Today’s MSR materials 
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Rule of thumbs (key lessons learned from the past): 
• ① Don’t go above 20wt% Cr

② Add small Ti and Nb to avoid Te-IGC and Irradiation embrittlement
③ Classic Hastelloy-N may need to be avoided 

Hastelloy-N Hastelloy N 
Ti-mod

Hastelloy
N Nb-mod

HN80MT HN80M-
VI

HN80MTY Incoloy
800H

SS 316L

Ni Base Base Base Base Base Base 30.0-35.0 10.0-14.0

Mo 16-17 11-14 11-13 12.1 12.2 13.2 - 2.0-3.0

Cr 7.1 6-8 6-8 7.02 7.61 6.81 19.3-23.0 16-18.0

Fe 4-5 0.1 0.1 <0.33 0.28 0.15 39.5 (Max) Balance

Mn 0.55 0.15-0.25 0.15-0.25 <0.1 0.22 0.013 - 2.00

Ti <0.01 0.5-2 - 1.72 0.001 0.93 0.15-0.60 -

Nb - 0-2 1-2 - 1.48 0.01 - -

Al 0.03 - - - 0.038 1.12 - -

Si 0.57 0.1 0.1 <0.05 0.04 0.04 0.15-0.60 0.75

W 0.14 - - - 0.21 0.072 - -

Co 0.03 - - - 0.003 0.003 - -

Cu - - - <0.01 0.12 0.02 - -

C 0.06 0.05 0.05 0.004 0.02 0.025 0.1 0.03

Base of MOSART

Codified in AMSE section III Division 5



Today’s MSR materials: performance of a codified materials-
Incoloy 800H
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Unacceptably poor performance of bare Incoloy 800H

• The high Cr content (≥ 20𝑤𝑡%) undesirably increases corrosion rate.   

Mass loss of Incoloy 800H/HT in additions of various 
fluorides. Test duration: 8h; Temperature: 650℃
[Progress in Materials Science 97 448-487(2018)]

Container Temp
(℃)

Time (h) Corrosion rate (𝝁𝒎/𝒚𝒆𝒂𝒓)

Incoloy 800H Ni 850 500 727.2

Hastelloy N Ni 850 500 15.8

Cr Ni 700 500 1027.5±120.0

Corrosion of materials in contact with dissimilar 
materials in molten FLiNaK
[Progress in Materials Science 97 448-487(2018)]



Today’s MSR materials: performance of a codified materials-
SS 316L
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Recent movements to revisit the performance of 316L

Average mass-loss (mg/𝑐𝑚2) in nickel and ferrous-based 
alloys after exposure to KCl-𝑀𝑔𝐶𝑙2-NaCl salt at 800℃ for 
100 hours. [Brendan D’Souza, Ph.D thesis, Virginia Tech 2021]

Fe base, Ni 10%, Cr 16.56% 

Fe base, Ni 24.98%, Cr 19.93% 

Variants of Hastelloy-N

Inconel 718 (Ni base)

SEM characterization of (a) SS316L (b) 709-4B2 (c) 709-RBB, and 
(d) 709-RBB* after exposure to KCl-𝑀𝑔𝐶𝑙2-NaCl salt at 800℃ for 
100 hours. 

Some MSR developers have selected SS316 as a construction material for 
their first-to-market strategy.  



ASME codification status for Ni-based alloy
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MSR이 NRC의인허가를통과하기
위해서는구조재료의 ASME 
Section 3 Division 5 (High 
Temperature Reactors)통과가
필요함. 

기존의 Hastelloy N도코드통과를
위해서는상당량의추가실험이
필요한상황임. 따라서새로운
Nickel기반합금개발을추천함. 

기존의실험데이터를활용하여 Hastelloy N의
빠른코드통과를지원하는것을주장함. 
그러기위해부족한데이터를정확히
파악하는연구가중요하다함. Hastelloy N의
경우도 10년은족히소요될것으로예상됨.

새로운 Ni 합금및 Hastelloy N variant 개발을
위해서는많은시간이필요한만큼 GIF등을
통한국제협력의필요성을언급함. 



ASME codification status for Ni-based alloy
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• MSRE showed acceptable compatibility of highly pure 
fluoride salts with Hastelloy-N, but data acquired under 
other conditions are scattered and not well controlled.

• Data on materials in chloride salts are especially limited.

• There is a need for rate modeling to predict lifetimes of 
salt-facing materials.

• There is a significant lack of quality irradiation data for 
many of the metals, including Hastelloy-N. The selection 
of any material for an MSR must consider the combined 
effects of irradiation and corrosion, for which there are 
very limited data for any of the materials under 
consideration.

• A strategy of cladding corrosion-resistant materials on 
salt-wetting surfaces of MSR components constructed of 
qualified materials is considered in nth-of-a-kind MSR 
systems. Yet, not much research has been conducted 
(Tensile strength, Creep, Fatigue, Corrosion, Weldments). 



결론및제언

제 2장



MSR 구조재료연구개발동향
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Codified Ferrous Alloy 연구
• SS316L과같은 Codified된재료가 쓰일수있는 MSR 환경및컴포넌트연구
• 1차측의특정부분 (예: 저온, 저유속구간) 에서는 SS 316L가사용될수있을것으로사료됨. 

최근의 SS 316L이 Chloride환경에서괜찮은부식저항성을보고하는연구결과가발표되고
있음.

Codified Alloy + Corrosion resistant material weld-overlay연구 (근시일대안) 
• Codified ferrous 및 Ni alloy에표면에코팅을적용하는연구
• ASME에서도 clad 합금의평가방법및설계기준확립필요를언급
• SS316/Incoloy 800H, Ni-201/Incoloy 800H, Hastelloy-N/SS316  

등을아우르는 Bi-Metallic Alloy 연구를추진해볼필요가있음

Ni-based Alloy ASME codification 연구 [국제협력]
• 국제협력을통해진행하는것이바람직 (The Generation 4 International Forum등)
• Hastelloy-N 방사선조사가상대적으로덜한 component등에는선택적으로활용될가능성

있음 (T<700℃)
• 펌프의임펠러, 노심중앙부분컴포넌트등에는신형 Ni-based alloy나 Hastelloy-N variant가

필요하다는것이중론

Redox potential 제어연구
• MSR환경에서 Redox potential 기초열역학데이터구축연구
• 구현가능한 Redox potential 제어시스템설계연구



제언: 기초염화학-재료부식연계연구와실증실험중점초기연구
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기초염화학-
재료부식연계연구

❶ ‘쇼스토퍼 (Show-stopper)’ 확인
❷기술확신도증진

종합실증연구시스템설계연구및
분리효과시험 (SET)

- 재료부식-염화학
연계기초연구
-염화학기초물성확보

실증실험지원
예: 염조성범위, 온도,  유속범위

-병렬 Loop 실증실험
-병렬 Pool 실증실험

기초물성과열역학데이터가없는
현재의상황에서의완성도가낮은

Paper시스템설계연구개발은
지양해야함. 

내실있는기초물성확보 (실험 + 계산),
종합실증실험(구현가능한 Redox 

제어방법실증포함)에
자원을집중하는것이중요하다판단됨



제언: 용융염파생기술개발 (용융염열저장)
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• 단기간의 기술개발을통해활용할수있는용융염열저장기술개발등을아우르는과제를
기획하여 기업의적극적참여를유도.

• 비원자력분야의국내외용융염/구조재료부식 전문가참여를진작시켜연구기반확충.

• 경수로시스템 – 용융염열저장연계시스템개념설계지원등을통하여국내원자력연구인력
참여확대. 



제언: 법및정책지원 [미국의신형원전삼법]
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NEICA
[2018]

The Nuclear Energy
Innovation 

Capabilities Act

• U.S NRC에비용분담 (Cost-share)을 강제하여
민간사업자의규제신청비용 절감

• 고속로개발을위한 고속중성자재료실험 장치
지원 (VTR)

• 신형원전실증실험 지원
• 신형원전컴퓨터코드개발 지원

“기반시설구축
(Dream enabler)”

NEIMA
[2019]

The Nuclear Energy
Innovation and 

Modernization Act 

NELA
[2020]

The Nuclear Energy
Leadership Act

“차세대원자로
규제지원”

• 규제비용투명성 및예측가능성제고
• 가동원전규제비용 투입제한
• 차세대원자로 규제체계를 2027년까지 확립

• 신형원자로에 관하여 미국국방부 (DoD)가 첫번째 고객
(customer)가 되는것을 지원하는법령

• 규제가철폐된에너지 시장에서비록가격경쟁력이
부족하여도 미국의패권을위해신형원자로의 실증을
가능케하는 것을주요골자로함

• 초소형원자로를주로 염두하고있는것으로보여짐

“차세대원자로
고객확보”

노형에대한기술뿐만이
아니라 핵심연구시설및
제도적기반을마련하는
기회가되었으면함.



경청해주셔감사합니다.


