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ABSTRACT

This study encompasses various aspects of corrosion in chloride molten salt environments,
employing electrochemical techniques and a forced convection loop. It explores corrosion
thermodynamic properties, electrochemical corrogiaetics and flowinduced dynamic
corrosion. The studydeveloped a novel electrochemical method for measuring
thermodynamic properties of corrosion products and develops a new analysis theory for
potentiodynamic polarizatiodata obtained from cathoddiffusion-controlledreactions
Additionally, the design and operation experienca fofrced convection chloride molten

salt loop is shared. Particularly, the study presents novel findings on the turbulent flow
induced corrosion phenomenon and mechanism dfased alloys in Mdpased chloride
molten salt. These outcomes provide valuabdggints into the corrosion mechanisms and
flow-induced corrosion of Fbased alloys in chloride molten salt. The results and
experiences sharad this paper have implications for the successful implementation of
molten salt as an advanced heat transfer fluid and thermal energy storage material in high

temperature applications, benefiting the nuclear and concentrating solar communities.
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GENERAL AUDIENCE ABSTRACT

This study explores thaorrosionbehavior of materials chloride molten salt, which is used

in advanced energy systems. By using advanced techniques, the researchers investigated
how these materials react and corrode in different conditions. They developed new methods
to measure the propes of the corrosion products and analyzed how different factors
affect the corrosion process. Additionally, they shared their experiences in building and
operating aflow loop to simulate these conditions. The study digred interesting
phenomena, such as how the flownobltensalt can cause corrosion in certain types of
metals. These findings provide important insights for improving the use of molten salt as

a heat transfer fluid and energy storage material in advanced energy technologies.






ACKNOWLEDGMENTS

| would like to express my heartfelt appreciation to my advisor, Dr. Jinsuo Zhang, for
providing me with the invaluable opportunity to pursue my Ph.D. studies under his
guidance. Dr. Zhang's extensive knowledge of corrosion and his profound understanding
of life hastruly helped me grow as both an engineer and an individual. Throughout my
Ph.D. journey, our frequent conversations were a constant source of inspiration for me. Dr.
Zhang consistently encouraged me to think critically and express my idegsfirstring

an environment of open discussion and learning. His unwavering support and guidance
pushed me to practice my skills to the fullest, enabling me to tackle challenges with
confidence. Whenever | encountered obstacles, Dr. Zhang always provaledtim
invaluable suggestions that paved the way for finding solutions. His vast expertise in
multiple areas of research motivated me to work harder and strive for excellence in my
work. Beyond being my advisor, Dr. Zhang has also become a dear frierydlifie,rand

his encouragement and trust have been instrumental in my Ph.D. journey. | consider myself
extremely fortunate to have had Dr. Jinsuo Zhang as my advisor and mentor during my
graduate studies. His unwavering support, profound knowledge, andsinip have made

a lasting impact on my academic and personal growth, and | am deeply grateful for his

mentorship.

My dad Hongliang Zhang andny mum GuojunYao have always been my pillars of
strength, providing me with the emotional support and motivation | needed to pursue my
academic goals. Their unconditional love, guidance, and sacrifices have been a driving
force behind my achievements, and | am truly grateful for their presence in nTyhifie

unwavering support has enabled me to overcome challenges and persevere, and | am



forever grateful for their belief in me. | am fortunate to have such loving and supportive
parents, and | dedicate my achievements to their unconditional love and suexomness

my deepest gratitude to my parents for their unwavering encouragement, love, and
sacrifices, which have been instrumental in my Ph.D. journey. Their constant support has

been a source of inspiration for me, and | am truly blessed to have thegdige.

| would also like to extend my heartfelt appreciation to my frieBdsRuihao WangDr.

Yugqin Li, Dr. Amanda LeongNagihan Karakayalaewoo Parkand Xiaoran Wangfor

their constant encouragement, understanding, and camaraderie throughout my Ph.D.
studies. Their unwavering support, friendship, and positivity have made my academic
journey more enjoyable and fulfillind.hey have been a constant source of motivation,
providing me with emotional support during challenging times, and celebrating my
achievenents with me. Their presence has been a source of comfort and joy, and | am
grateful for their unwavering belief in mé&heir friendship has not only enriched my life,

but it has also contributed to my personal and professional growth. Frenightestudy
sessions to brainstorming ideas, their input and perspective have been invaluable. Their
unwavering encouragement askared experiences have made my Ph.D. journey more
meaningful and memorablé.am deeply thankful to my friends for their unwavering
support, laughter, and friendship throughout my Ph.D. studies. Their presence in my life
has been a constant source of motivation, and | am grateful for their unwavering belief in
me. | cherish the memories we have created together, and | look forward tanoeny

years of friendship and shared adventures.

| would like to express my sincere appreciation togoljeagus, Siheng RenWeigian

Zhuo,Qiufeng YangDr. Jianbang Ge, Dr. Shaogiang GBognt DavisandEmily Meilus



for their camaraderie, collaboration, and support throughout my Ph.D. stuekésnd my
special appreciation to Dr. Brendan Dsouza for providing me with invaluable experience
and knowledge on the forced flow loop. His guidance and support in shaping my research
direction have been immensely valuabléheir companionship and teamwork have
contributed significantly to my research journey, making it a truly enriching experience.
Theyhave been my close allies in the pursuit of knowledge, and we have sbangiéss
discussions, experiments, and moments of scientific discovery together. Their willingness
to share their expertise, offer feedback, and collaborate has been invaluable in shaping my
research and expanding my horizohkeir camaraderie and support have also provided
me with a sense of community and belonging in the lab, making it a vibrant and inspiring
environment to work in. Whether it was a challenging experiment or a tight deadline, their
encouragement and assistarmave helped me navigatedhgh tough times and achieve

my research goal$.am grateful for the friendships and professional relationships | have
developed with mgolleaguesand | am fortunate to have had them as colleagues during
my Ph.D. studies. | would like to extend my heartfelt thanks tacatpaguedor their
unwavering support, collaboration, and friendship, which have enriched my academic

journey in countless ways.

| would like to acknowledge tHandings upport of the U.S. Depart me
of Energy Efficiency and Renewable Energy (EERE) under Solar Energy Technologies
Office (SETO) Agreement Number BEE0008380 and Prof. Zhan@ &/irginia Tech

Startup funding



Table of Contents

Chapter | INTRODUCTION. ....uuiiiiiiiiiiiiiie ettt enee s 1
O = 7= Tl (o | (o 11 [ P 1
[.2. Significance of the Problem...........cccooooiiiiiiiieee e 9
1.3. Problem State€ment............oviiiiiiiiieee et 11
[.4. Research hypotheSes.......coooii oo 12

Chapter Il LITERATURE REVIEW.........cuutiiiiiiiiiiiiiiieeeiiieieeieeeee e 13
II.1. Coolant salt chemistrgelection, and application MSR & CSP..................... 13
[1.2. Molten salt corrosion MEeChaNISM............uvviiiiiiiireee e 20

[1.2.1. Static state corrosion MeChaniSML...........cccuuveiiiiiecc e 20
[1.2.2. Dynamic corroSion MechaniSmL...............uuuuuiiiccmreeeeiiiiiiieeee e e e e e e enennnns 23
[1.2.3. Corrosion types in molten salt..............oooiiii e 26
I1.3. Electrochemical measurement methods................coooiin 31
[1.3.1. Electrochemical Cell............ooooiii e 31
[1.3.2. Electrochemical eXperiments...........cccuuuuiiimiiimeeriiiiiiieieeee e 33
[1.4. Force and Natural convection StUAY...........oooiiiiiiiimmmn e 38
[1.4.1. Forced convection molten salt loop experience...........cccevvvvvieeevvnnnnen. 38
[1.4.2. Flow induced corrosion in molten Salf..........cccccooiiiiiiacn 42

Chapter [l EXPERIMENTAL METHOD........cuuiiiiiiiiie e eeeeeee s 46

[11.1. Thermodynamic properties measuremMent.............ocoeuvvimmmneeeeecieiniinnennne 46
[11.1.1. Redox potential measurement method development..............ccceveeeen. 46
[11.1.2. Redox potential measurement in Magnak.salt....................cccee........... 48

[11.2. Electrochemical corrosion study in Magnak salf.............c.ccooviiimmieiinneenn. 53

[11.3. Forced convection molten sate loop design and experience..................... 59



1 20 AW D] =V = L S 59

[11.3.2. Pump and Storage tank ..........cccooeeieiieeceeeiiiiie e eeeveree e 60
[11.3.3. LoOp and test COIUMMN..........ccooiiiiiiieeeee e 65
[11.3.4. GAS SYSIEM....ciiiiiiiiie et et et eee e e st e e e et e e e ea e e e eammnes 69
[11.3.5. Heating and isolation SYStem.............cccoiiiiiiiieeeii e 70
[11.3.6. Temperature and flow measure SyStem.........ccccoeeeeeeeeececicciiiiiieeeeeeennn d 2
13,7, SEAIS... ..ttt ettt rrrree e e e e e e e e e e e snmmmeeeeeeee e d D
[11.3.8. VAIVES.....ceiiiiiiiet ettt e e eeee e e 78
[1l.4. Forced convection molten salt l00p teSLS..........uveiiiiiiiiiccecieceee e, 79
[11.4.1. General experimental CONAItIONS............ovviiiiiiiiiieeeiiieeeeeeee e 79
[11.4.2. FCL-50: 50 hours forced convection Ioop tesk.............euveeeieiiieecvvennnnn. 80
[11.4.3. FCL-80: 80 hours forced convection Ioop tesk.............euveeeiiiiieccvrnnnnnn. 81
[11.4.4. FCL-100: 100 hours forced convection I0op test............eeveeeeeiiieeeennee. 82
Chapter IV RESULTS AND DISCUSSIONS........ooovuiiiiiiiiis i e e e e e e eee e 84
IV.1. Thermodynamic properties measurement..........ccoooeuveimmmneeeeesesiiiieeenes 84
IV.1.1. Redox potential measurement method development....................ce... 84
IV.1.2. Redox potential measurement in Magnak.salt............ccccevvvieevninnnee. 97
IV.1.3. SUBCONCIUSION......oiiiiiiiiitiie e e e e e e e e e 112

IV.2. Electrochemical corrosion test of pure metal and alloys in Magnak.salt.114

IV.2.1. Electrochemical corrosion test of pure metal..........cccccooevviiiecceennnn. 114
IV.2.2. Electrochemical corrosion test of SS316 and A709.........ccocvvevinnea. 128
IV.2.3. SUBCONCIUSION . ... 138

IV.3. Lessons Learned from Operation of a Forced Convection Loop Using Chloride
MOIEN SAIL..... et 139

IV.3.1. Salt I0AdiNg.....cceeiiiiii e 139



IV.3.2. Salt purification and solid salt preelt.............cccoovvvviiiiiccc e 140

(AVARCIRCIICT= 118 (7= 10 IS oo 1 7= 1o ] o USSP 143
[V.3.4. Salt CIFCUIALION ......ceiiiiiiiiiii e 147
IV.3.5. SAlt AraiNage.......uueeeieiei i et eeer e e e e e e e e e e e e e e eeaaaaaanes 155
[V.3.6. SUBCONCIUSION........oiiiiiiiiiiiiiiii et 157
IV.4. Forced convection molten salt [00p teStS.........vvvvvveiiiiiiceeeeeee e, 158
IV.4.1. Corrosion behavior of SS316 in chloride FCL..........cccovvveiiiiccennnnee 158
IV.4.2. Corrosion behavior of A709 in chloride FCL..........cccccoiiiiiieeeienen 171
IV.4.3. Flow induced corrosion of alloys in chloride molten salt................... 182
IV.4.4. SUBCONCIUSION. . ..ottt e e e eeee e e e e e e as 198
Chapter V CONCLUSIONS. ... ...ttt see i e eeese e e e e e e e eaaeens 200
Chapter VI REfEIENCE........ooo ittt e e e e 204

ChapteV Il APPENGIX.....cceiieiiiii i eeeeeee e eeneai bbb e e e e e e e e e e e eenes 218



Table of Figures

Figure IF1 Liquidus projection of the ternary halide salts (KCI, NaCl and MySistenf®.

Figure IF2 Schematic of corrosion mechanism of alloy in Magnak salt at static state.

(REProduce frORFEO8Y . .. ettt e 22
Figure IF3 Corrosion mechanism for acidic Magnak salt.................covvveeeeeenn, 23

Figure IF4 Depth of corrosion attack in Inconel 60Migtural convection molten fluoride

salt as a function of eXPOSUIe tRAE...........ccceciiee et 25

Figure IF5 SEM surface images of HAYNES3(® alloy after exposure to molten KCl
MgCl>-NaCl salt at 806C for 100 h. (a) HP salt purified without Mg. (b) HP salt purified

with Mg. (c) I CL salt not purifi ¥d..28 d)
Figure 16 IGC mechanism in molten salt. LEOHG..........cccvvvviieeei e 29
Figure 17 Schematic of alloy EC mechanism in-BbKondo et af®....................... 30

Figure 18 Schematic of potential gradients in a THEC sysjemand Jl'are the potential
change at the working and counter electrode interfé;ftfédsisthe potential change caused

DY the SOIULION reSISTANCE. .. ..uu it 32

Figure 19 Reaction and the pathway near the inert working electrode stofes@uble

Y0 ] (0] 0] (SN (=T: o3 1 (0] 0 L= TR TR TR 34

Figure 110 Reaction and the pathway near the corrosion sample surface.......... 35



Figure Ill-1 Schematic drawing of the thre&ectrode electrochemical cell............... 47

Figure 1lI-2 Schematic of experimental setup thedectrode electrochemical cell (1) metal
reference for single valence state cations, (2) metal reference with alumina membrane for

Cations iN an INTEIMEAIALE STATE......ie et 52

Figure III-3 (a) Design of liquid magnesium electrode. (b) schematic of liquid magnesium

IN the AlUMINGA CONTAUINE ... c. et et 53

Figure Ill-4 The thermal purification profile and operations timeline..................... 53

Figure III-5 Pictures of Mg reference electrode (Left) and Mg reference container (Right).

............................................................................................................................... 58
Figure III-6 Top view of the electrochemical corrosion tests setup........................ 59
Figure III-7 Stuffing box design and real pictures..............coovvviviieemeeeee e, 63
Figure I1I-8 lllustration of Graphite seal pack..............cccceoviiiiieeen i 64
Figure I1I-9 Drawing of the pump system. Unit: inCh..............cccooiiiiiiieecinn 65
Figure I1I-10 3D drawings of the initial loop design...............ooovvviiiiicceeeeeeeeeieiinnnn 68
Figure 1l-11 Detailed sample holder drawing and dimensions. Unit: inch............ 68

Figure 11I-12 Sample assembly overview. Left: sample assembly -sext®n

demonstration. Mid: sample assembly before test. Right: sample assembly after 100 hours



Figure I1I-13 lllustration of the principle of ultrasonic flow meter..............c...........c. 73

Figure IIl-14 Profile of Flexpro style ZA gasket, * from Flexitallic document.........75

Figure 1lI-15 Pictures of podest gaskets. Top: The gasket exposed to the salt. Bottom: the

gasket does Not CONtACE SAlL.............ooveiiiiiiiieeee e 76

Figure Ill-16 FCL posttest samples preparation...........cccocoeeeeeeecceeeiciiiiieeeeeeeeeeeen 80

Figure IV-1 Cyclic voltammetry curve for the blank molten LiKCI salt at 723 K. WE:
Tungsten, CE: Graphite, RE: 10 wt% AgCI in LiKCI and Ag wire contained in Pyrex

(0] o To TR or=1 o W = (0 N 1 0 N Y/ A OO OP TR UPRUPR 85

Figure 1V-2 (a) Chronopotentiometry curves at different current densities; (b) Linear
correlation between applied currents and measured stable potentials with CP method.
Working Temp: 748K. Molten salt system: LHBICI-AgCl (X=0.0145). WE is anm

graphiterod, RE and CE arethm SilVer Wir€s............ooovvvvvvueiiiiimeeeeeeeiineeee e 87

Figure IV-3 Potentiodynamic curves measured at various scan rates and 748 K-in LiCl

KCI-AgCI(X=0.0145) molten melt. WE is-Bim graphite rod, RE and CE arerin silver

Figure IV-4 (a) Temperature dependence of equilibrium potentials with different
concentration of AgCl; (b) Temperature dependence of formal potentials measured by
chronopotentiometry and potentiodynamic scan technique for AgCIl/Ag in-KGTI
molten melt. VE is 3mm graphite rod, RE and CE arerin silver wires. (Yang and

Hudsort®, Shirai et al®® , Yoon et al® Fusselman et @PY...........ccoovvveivevreee.. 93



Figure IV-5 Cyclic voltammetry curve of clean Magnak chloride mixture at 873 K, the

scan rate is 150MV/S. WE: C, CE i e e 99

Figure IV-6 CP curve with different currents at 923 K and the analytical data for different

temperatures in X=0.0293 Ce@h Magnak chloride.............cccccuvviiiirieemiciiiiiiiinne. 107

Figure IV-7 Redox potential and formal potential of four CGr&@ncentrations in Magnak

chloride, the red line in (b) is the fitted linear relation................cccoeeeveeeeeieeeeeee. 109

Figure IV-8 Redox potential and formal potential of three Ni€incentrations in Magnak
chloride, the red line in (b) is the fitted linear relation. (1) and (2) refer to two independent

L (01T 1 =T T UPPRRTR 111

Figure V-9 Comparison of Mg (1) / Mg redox potential and Cr (Il) / Cr and Ni(ll) / Ni

formal potential in Magnak Chloride...............uuiiiiiiiieeece e 112

Figure IV-10 Cyclic Voltammetry scans of each doditch salt at 600C the scan rate is

100 mV/s, the WE is tungsten, the RE is Mg metal, and CE is tungsten............ 115

Figure IV-11 Onehour OCP curve of pure Fe sample before conducting PD scan. WE:

iron, RE: magnesium, CE: tUNGSIEN...........ouviiiiiii e 117

Figure 1V-12 Potentiodynamic scan of pure metals in Magnak salt at (a)&Q®) 650

°C, (c) 70C°C. (d) lllustration of the PD curve driven by impurities..................... 123

Figure 1V-13 lllustration of the correlation between the OCP corrosion current density and

PD COrroSion CUMENt AeNSItY........oiiiiiiiiiiie e eieeee e e e e e eeeee e e e e eeanes 127



Figure 1V-14 Potentiodynamic scan of alloys. (a) Original data of the first sample of SS316

and A709 at 600C. (b) Smoothed PD curves of three A709 samples at®00......134

Figure 1V-15 The smoothed potentiodynamic scan curves of first sample of A709 and

SS316 and pure metal PD curves at various temperatureS...........ccoeeeeevveeeeeeennn. 137

Figure IV-16 Corrosion potential from potentiodynamic scan of pure metal and &288y.

Figure IV-17 lllustration of the purification tank. 1. Drain hole. 2. Pressure transducer port.
3, 5, &7. Purging ports. 4. Exhaust line. 6. Thermal couple port with thermowell. 8. Cover

gas line and evacuation line. 9. Heaters.............ccoovivvieeee e, 143

Figure 1V-18 lllustration of the salt transportation process. 1.Cover gas inlet. 2. Gas

exhaust. 3. Heater. 4 Thermowell. 5. Ball valve. 6. Purging.line........................ 146
Figure IV-19 Auxiliary tank after first batch of salt transportation........................ 146
Figure IV-20 Solidified salt vapor at the auxiliary tank salt loading port............... 147

Figure 1V-21 lllustration of the salt circulation process. 1. Pump. 2. Outlet. 3. Ultrasonic
flow meter. 4. Sample insertion port. 5. Gad valve. 6. Loop ball valve, 7 Transportation

DAIl VaIVE. 8. TN . . e e 148

Figure IV-22 accident #1 Images of the chlorine electrolysis and electrochemical corrosion

failure at one of the welding JOINtS...........ooi i 152

Figure IV-23 Temperature profile of the loop body and storage tank on the day of salt

circulation. Red line: storage tank process temperature. Black line: storage tafiknftigh



temperature. Blue line: test column temperature. Other color dashed line: loop body

L0 0] 01T = LU PP 155

Figure IV-24 lllustration of the salt drainage process. 1. Storage tank covering gas line. 2.

Storage tank exhaust line. 3 Drain line ball valve. 4. Auxiliary exhaust.line.......157

Figure IV-25 BED/SEM inner and outer cressction images of SS316 sample in FCL
test. (a) As received sample. (b) F6QSS316. (c) FCi80-SS316S1. (d) FCL80

SS316S3. (e) FCE100-SS316S1. (f) FCL-100-SS316S2. (g) FCl-:100-SS316S3.. 161

Figure IV-26 BSE/EDS crossectional true mapping of SS316 exposed in 50Ltest.

(left) Outer surface facing the flow. (right) Inner surface without flaw................. 162

Figure IV-27 EDS line scan data of SS316 surface exposed in30Cest. (al) & (bl)

Outer surface facing the flow. (a2) & (b2) Inner surface without flow................. 163

Figure IV-28 BSE/EDS crossectional true mapping of SS316 exposed in80ltest. (a)

Outer surface facing the flow. (b) Inner surface without flow..................ccceoeeeei. 166

Figure 1V-29 BSE/EDS mapping and point spectrum of the MgQcoexisting layer on

FCL-80-SS316 INNEE SUIMACE. ... e e 167

Figure 1V-30 BSE/EDS crossectional true mapping of SS316 exposed in AOQ test.

(a) Outer surface facing the flow. (b) Inner surface without flow......................... 168

Figure 1V-31 EDS line scan data of SS316 surface exposed inle0OLtest. (a) Outer

surface facing the flow. (b) Inner surface without flow...............ccccooiiieeeeiei s 169



Figure IV-32 BED/SEM inner and outer craessction images of A709 sample in FCL test.
(a) As received sample. (b) FEH0-A709. (c) FCL:80-A709-S1. (d) FCL80-A709-S3. (e)

FCL-100-A709-S1. (f) FCL100-A709-S2. (g) FCE100-A709-S3.....coeeiiiiiiiiieeeeene 174

Figure IV-33 BSE/EDS crossectional true mapping of A709 exposed in F&ILtest. (a)

Outer surface facing the flow. (b) Inner surface without flow...............cccoeeeieeeeis 175

Figure IV-34 EDS line scan data of A709 surface exposed in-bClest. (al) & (a2)

Outer surface facing the flow. (b) Inner surface without flow................cccceeeeeeeis 176

Figure IV-35 BSE/EDS crossectional true mapping of A709 exposed in F&Ltest. (a)

Outer surface facing the flow. (b) Inner surface without flow...............cccoeeeieeeeies 178

Figure IV-36 BSE/EDS mapping and line scan of the outer surface of sampl8®CL

AT OG-S et 179

Figure IV-37 BSE/EDS crossectional true mapping of A709 exposed in FI{IO test.

(a) Outer surface facing the flow. (b) Inner surface without flow......................... 180

Figure 1V-38 EDS line scan data of A709 surface exposed in-E@) test. (a) Outer

surface facing the flow. (b) Inner surface without flow...............cccccoiiiceeiiiiinnnn, 181

Figure IV-39 BED/SED SEM images of the pdest sample surface. (al) FQDO-

SS316. (b1) and (cl) different magnifications of FTI0-A709..........ccveeveeeveennnnnn. 189

Figure IV-40 SEM images of the FCLO0-SS316 sample surface after testing. (a) and (b)
depict SED images taken at different locations. (c) BED images reveal distinct regions with

Varying OXYgEN CONTENT........uuuiiiiiiiiiiiie s cereie e e e e ettt e e e e e e et e e e e e e et e e e e e easenann 190



Figure IV-41 Observation of flow induced surface corrosion on f80iSS316, BED

images and EDS chromium MapPing...........uuuuiiiieeesceeereeniiiseseaeeeeeeeeessmensaeee s 191

Figure 1V-42 Observation of surface removal on FBRSS316, with three different

(o0 ] 1017 (0] g TN F= =T £ 192

Figure IV-43 Observation of particle removal on FED0-SS316.........cccceeeeeeeennnn. 193

Figure 1V-44 Observation of surface removal on FBRA709, with a NiFe strip showing

SIgNS Of PEEIING Off ... 194

Figure IV-45 Observation of surface erosion on FOM0-A709............ovvvvviiiieeeennnn. 195

Figure 1V-46 Flow induced corrosion mechanism of-Based alloy in chloride molten salt.

Figure IV-47 Quantitative mapping reveals flow effects in the bump. (a) FTESS316

S1. (0) AN (C) FCLLOO-ATOD-S v oo eeeeeeeeeeeeeeseseeeees e ese s sseenerseseeseneens 197

Figure VII-1 BSE/EDS crossectional true mapping of SS316 outer (facing to flow)
surface exposed in FCRBO test. (a) & (b) are different locations BEL-80-SS316S1.

(C)&(U) MSL-80-SSBLBS3.......veveeeeeereeeeereeeeeeesseseseeseseseeseeseeesesseseeeseseeseseaneneens 218

Figure VII-2 BSE/EDS crossectional truemapping of SS316 inner (facing to fixture)

surface exposed in FCRO test. (a) FC180-SS316S1. (b) MSI-80-SS316S3.......... 219

Figure VII-3 BSE/EDS crossectional true mapping of SS316 outer (facing to flow)
surface exposed in FGL00 test. (a) FC1100-SS316S1. (b) MSI-:100SS316S2. (c)

MSL-L100-SS3BLBS3.....oieeiiiiiieie e r e e e e e 220



Figure VII-4 BSE/EDS crossectional true mapping of SS316 outer (facing to fixture)
surface exposed in FG100 test. (a) FC1100-SS316S1. (b) MSI:100-SS316S2. (c)

MSL-100-SS3LBS3.....ooiiiiiiiiiiie e 221

Figure VII-5 BSE/EDS crossectional truenapping of A709 outer (facing to flow) surface
exposed in FCI50 test. (a) & (b) are different locations on FEQRA709-S1. (c) & (d)

MSL-50-AT09-S3... e ———— 222

Figure VII-6 BSE/EDS crossectional true mapping of A709 inner (facing to fixture)

surface exposed in FERO test. (a) FCI50-A709-S1. (b) MSL:50-A709-S3............ 223

Figure VII-7 BSE/EDS crossectional true mapping of A709 outer (facing to flow) surface
exposed in FC180 test. (a) & (b) are different locations on FBRA709-S1. (c) & (d)

MSL-8O-AT09-S3.... it 224

Figure VII-8 BSE/EDS crossectional true mapping of A709 inner (facing to fixture)

surface exposed in FC&O test. (a) FCI80-A709-S1. (b) MSL:80-A709-S3............ 225

Figure VII-9 BSE/EDS crossectional true mapping of A709 outer (facing to flow) surface
exposed in FCHL00 test. (a) FC1100-A709-S1. (b) MSI-:100-A709-S2. (c) MSL-100

401 2 YC TP PP PPPPPPPPPPPPPN 226

Figure VII-10 BSE/EDS crossectional true mapping of A709 outer (facing to fixture)
surface exposed in FCLOO test. (a) FC1100-A709-S1. (b) MSI-:100-A709-S2. (c) MSL:

LOOATOG-SS. et et 227



Figure VII-11 Special evidence of MgO effect in FIC in Magnak salt(d®)FCL-50-

A709-S3. (§-(g) FCL-80-A709 S3. (h) and (i) FCIBO-AT09-S1.c....voveerereererereeene. 230



Chapter INTRODUCTION

l.1. Background

The escalating issue of energy consumption and its detrimental impact on greenhouse gas
emissions presents a formidable global challenge. Despite coneéfded by governments to
address the root causes of global warming, carbon dioxide emissions from energy and industrial
activities have surged by 60% since the United Nations ratified the Framework Convention on
Climate Change in 1992. According to a regday the International Energy Agency (IEA), global
energy consumption has risen by 26.3% from 2005 to 2019, with electricity accounting for 19.7%
of total energy consumption #0192 The demand for electricity continues to outstrip other
energy sources on an annual basis. Electricity is a secondary form of energy that is converted from
primary sources through mechanical energy systems. While coal remains the predominant source
for eledricity generation presently, there is a growing trend towards renewable and clean energy
sources. It is projected that renewables will constitute nearly 90% of electricity generation in the
United States by 2050, with nuclear, solar, wind, and hydrElgmower plants at the forefront

of this transition. Consequently, the development of renewable energy sources has become

increasingly compelling.

Nuclear and solar energy are projected to play pivotal roles in future electricity generation among
sustainablenergy sources. Over the past several decades, extensive research has been conducted

since the 1950s to develop more secure and efficient nuclear and solar poweFptadtslear



energy, oe notable development is the proposal of using molten salts as fum@adt in these
reactors, with significant progress made in the past 10 years in many courtigesrigins of

molten salt reacto(MSR) concepts can be traced back to the molten salt reactor experiments
(MSRE) conducted at ORNL in the 1966s The MSRE successfully demonstrated the MSR
concept, operating for over #24 hours without incident. Despite funding diversion, interest in
MSR technology has been rekindled in recent years as-@eexeactor conceépiThe advantages

of molten salt reactors can be categorized into three aspects: sustainability of the fuel cycle,

economics, and saféty

One key benefit of molten salt reactors is the use of liquid fuel, which allows for online fission
product removal and fuel refueling, thereby increasing fuel efficiency. Economically, the ability
to refuel online enables continuous electricity generatibmout the need for reactor shutdowns,
makingMSRsmore economically viable. Additionally, molten salts can operate at much higher
temperatures and have lower vapor pressure compared to traditeeatoolants, resulting in
higher thermal efficiency oélectricity generation and smaller containment vessels, which can

further enhance profitability.

Safety is a critical consideration in nuclear power plants, given the historical incidents such as
Fukushima and Chernobyl disasters. Molten salt reactors have inherent safety features, as they
require very low excess fuel due to their refuellable naflines minimizes the risk of shifts in
reactor vessel geometry and power spikes. Furthermore, sinteltla@d coolant are operated at

lower pressure, any leak of fuel and coolant would notlt@sinazardous expulsions. Molten salt

is generally not higlyl reactive to the environment, mitigating the risk of hydrogen explosions or
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sodium fires that have been associated with other types of reagittgsvater or sodium as coolant
The unique feature of liquid fuel reactors is that the fuel can drain out of the core in case of

emergencies, further enhancing safety measures.

In the selection of liquid fuel for molten salt reactors, several criteria have been defined by
researchers. The elements in the liquid fuel should have low capture cross sections and high
solubility of fissile (e.g.2%%U, 233U, or 2%%Pu) andor fertile (e.g.,2*?Th) materials. The liquid fuel
should also be compatible with, or less aggressive towstrdgturalmaterials. Additionally, it
should be thermally stable at operating temperatures and radiolytically stable wcdee in
condition$®°. Various fluoride and chloride salts have been considered for use as liquid fuel and
coolant in molten salt reactors. Fluoride salts, such as LiF, NaBekiadhave been found to be
relatively thermally and radiolytically stable, and among them, only. BeB ‘LiF remain as
preferred diluent candidates due to their nuclear properties, stability, and cortbs@ttyer
systems, such dsaFBeF system?, LiF-NaF~BeF: system?!3 NaFZrF, system, LiFNa~KF
system LiF-NaFZrF4 system, and some chloride syst&h$ have also been studied as potential

fuel and coolant options.

In recent years, further research has been conducted to evaluate the suitability of different fuel salt
options by considering factors such as melting temperature, boiling temperature, neutron capture
crosssection, partial vapor pressure, heat capadigrntal conductivity, toxicity, cost, and the
possibility of effective regeneratiéh'®. These studies contribute to the ongoing efforts in selecting

the most suitable liquid fuel for molten salt reactbystaking into account various technical,

safety, and economic considerations.



For solar energy, oiten salt is commonly used as a heat transfer fluid and thermal energy storage
medium in Concentrated Solar Power (CSP) systems, where the thermal stability of the molten
saltis crucial for efficient operatidt?? In CSP systems, a binary mixture of 60% NaN@&d 40%
KNOs by weight is commonly used, and the mixture is maintained within a temperature range of
290°C to 565°C between the cool and hot storage taffkSeveralstudieshave given the
thermophysical properties of solar nitrate salts, including viscosity, density, specific heat capacity,

and thermal diffusivity, up to temperatures of about 6202C

However, the next generation of CSP systems aim for higher power cycle efficiency, operation at
temperatures higher than 70Q°@erefore,chloride molten salts are considered promising
candidates for highemperature CSP applications due to their favorable thermophysical properties
for heat transfer fluid and thermal energy storage metliuialditionally, chloride molten salts

have the potential for lower costs compared to other types of molten salts. For example,
MgClI2/KCI/NaCl has a cost of less than $0.35/kg, compared to carbonate mixture$ZBIKg))

and traditional nitrite mixtures ($080.8/kg¥° The lower cost of chloride molten salts makes
them an attractive option for negeneration CSP systems, where higher operating temperatures

may be required to achieve increased power cycle efficiency.

Material degradation is one of the significant challenges associated with utilizing molten salt in
both nuclear and solar powglants, and it is influenced by the chemistry of the molten salt and
the properties of containment vessel matetfdfs The redox potentials of fuel components,
corrosion products, and fission products in molten salt have been summarized by Gtto et al.
From the charts, it can be observed that the salt mixture itself is not corrosive. However, fission
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reactions, generation of transmutation products, and contamination of the salt with metal ions or

other oxidizing impurities can affect the redox potential and corrosion behavior of the miterials

To control the redox potential and mitigate material degradation, online methods such as redox
potential control have been proposed. The principle of redox potential control is to maintain the
potential range of the salt lower than the redox potentifieofitost susceptibt®rrosionelements

in the containment vesselPurification of the salt, adjusting the cover gas partial pressure, adding
reacting metals, and introducing soluble redox buffers are some of the methods used for redox
potential contro®°. Electrochemical and optical spectroscopy studies are typical methods used

to measure the redox potential and kinetic data of species of interest in mofterBaatd on

existing experience and databases, redox potential control has been demonstrated as a practical
method to adjust the salt chemistry and mitigate material degradation in molten salt systems used

in nuclear and solar power plants.

The selection of vessel materials for storing and operating molten salt at high temperatures,
typically in the range of 650°C to 800°C, is a challenging aspect of molten salt reactor design for
long-lived nuclear or solar power plants. The development arestigation of suitable materials

started around the same time as the concept of molten salt reactors was proposed. One of the first
materials developed for use with molten fluoride salts was a Aigsad alloysuch adHastelloy

N which was developedt ©ak Ridge National Laboratory (ORNP) In recent years, several

alloys derived from Hastelloy N have been studied to address some of the issues identified in

molten salt applicatiorts



Tablel-1 andTablel-2 summarizes the worldwide development of Hastelloy N, along with some
other nickel and cobaliased superalloys that have been developed and tested for molten salt
applicatiors*’. Nickel and cobalbased alloys are preferred due to their excellent physical
properties and corrosion resistance. However, the high cost of nickel and cobalt due to metal
reserves and demand from the battery industry makes building power plants outrali®gpe
economically challenging. As a result, research on the compatibility of molten salts with iron

based stainless steel has been actively putstfed

Surface treatment techniques have also been exploredrethadto increase the corrosion
resistance of metallic materials and reduce the cost of power plant construction. Carbtiization
and boronizatioff are two examples of surface treatment technologies. These methods involve
forming unique stable compounds of the bulk metal with carbon or boron on the metal surface to

increase corrosion resistance whileserving the mechanical properties of the material.

In summary, the selection of vessel materials for molten salt applications is a challenging aspect
of molten salt reactor design, and various materials and surface treatment techniques have been

investigated to address issues such as corrosion resistahcesteffectiveness.



Table I-1 Chemistry of alloys that have been investigated for MSR structppdicationé:.

Element Ni Cr Mo Ti Fe Mn Nb Si Al w
Hasbegoy'\' Bal. 752 16.28 026 397 052 - 05 026 0.06
HaStﬂ'gyNM Bal. 7.3 136 0520 <01 014 - <001 - -
HNBOM-VI g5 761 122 0001 028 022 148 0040 0.038 0.21
Russia
HN8O[ T o 681 132 093 015 0013 00l 0040 1.12 -
Russia
HN8OL T . 19 17 ; ; ; ] ; 6
Russia
MONICR — n. 6585 158 0026 227 0037 <001 0.13 002 0.16
Czech Rep
GH3535 o, 688 159 - 41 049 001 101 088 -
China
EM-721 638 57 007 013 005 008 - 0065 008 252

France




Table I-2 Chemistry ofnickel andcobalt-basedsuperalloys.

Element Inconel 625 Inconel718 A-286 188 alloy L605
Ni 58 50-55 24-27 22 10
Cr 20-23 17-21 13.516 22 20
Mo 8-10 2.80-3.30 1-1.4 - -
Fe 5 Bal. Bal. 3 <3
Mn 0.5 <0.35 <2 1.25 15
Nb 3.154.15 4.755.50 - - -

Ti 0.4 0.651.15 1.92.35 - -

Si 0.5 <0.35 <1 0.35 <04
Al 0.4 0.20-0.80 <0.35 - -
Co 1 <1.00 - Bal. Bal.
Cu - <0.3 - - -
W - - - 14 15
B - <0.006 0.0030.01 0.015 -

C 0.1 <0.08 0.08 - 0.1
P 0.01 <0.015 0.025 <0.04
Vv - - 0.1-:0.5 -

S 0.1 <0.015 0.025 <0.03
La - - - 0.03 -

In academia, the databases on molten salt corrosion have largely been compiled fresnadenall
capsule or crucible setups under static conditions. In such static environments, the corrosion
parameters such as its kineta®influenced by factors such as the contact area to salt volume
ratio and the solubility limit of corrosion products, which eventually reach equilibrium. However,

it is important to note that the corrosion behavior in flowing molten salt environmentsssirch
molten salt reactors or concentrating solar power receivers, may not always follow the same
equilibrium behavidY. In power plant applications, where structures are exposed to flowing

molten salt conditions, the corrosion process is influenced by the fluid dynamic parameters of the



molten salt,including flow conditions attacking effects from insoluble impurities, and mass

transfer effects of impurities and corrosion products.

There have been some thermal convection loop tests using molten fluoride salts reported by Oak
Ridge National Laboratory (ORNL) over 50 years“d§® and forced convection molten salt loop

tests have been announced by Brookhaven National Laboratory, ORNL, and the University of
Wisconsift®2, However, corrosion results from forced convection loops are not readily available
due to the significant expenses associated with building and operating these loops, as well as
compatibility challenges with critical components such as valves, flangesspantpsealants. It
should be noted that all the flowing tests conduatefibrced convection loopo far have used
fluoride fluid medium. Therefore, there is a need to develop chloride flow systems for corrosion

testing of candidate alloys that havebeelected through statiesting.

[.2. Significance of the problma

The corrosion of materials in molten salt environments is a significant problem with broad
implications for various industries and applications, including nuclear energy, concentrating solar
power, and other higtemperature processe€omprehending and addressing molten salt
corrosion is of utmost importance to ensure the secure and effective functioning of equipment and

structures that are exposed to molten salt environments.

In the context of nuclear energy, molten salt corrosion can pose challenges to the integrity and
durability of materials used in molten salt reactors (MSRs), which are a promising type of

advanced nuclear reactor technology. MSRs use liquid fuel in timedfomolten salts as both the
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fuel and the coolant, and materials exposed to these harsh environments must withstand high
temperatures, radiatidevels and corrasn of the molten salts. Corrosion of materials in MSRs
can result in material degradation, reduced performance, and potential safety concerns, which can

limit the viability and deployment of MSR technology.

Similarly, in concentrating solar power (CSP) systems, molten salts are used as a heat transfer
medium to transpornd/or storehermal energy, and materials used in CSP receivers and heat
exchangers are exposed to htgmperature molten salt environments. Corrosion of materials in
CSP systems can impact the efficiency and reliability of the system, leading to reduced

performanceincreased maintenance costs, and potential safety risks.

Moreover, molten salt corrosion has implications beyond nuclear energy and CSP. It is also
relevant to other higkemperature industrial processes, such as in metallurgy, chemical processing,
and thermahnd chemicaénergy storage. In these applications, corrosion of materials can lead to

equipment failure, reduced productivity, and increased costs.

Therefore, understanding the fundamental mechanisms of molten salt corrosion, developing
effective corrosion mitigation strategies, and obtaining reliable data from realistic operational
conditions, such as flowing molten salt environmeats, importanfor various industries and
applications, and can contribute to the advancement and safe deployment of mebeseshlt

technologies.
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[.3. ProblemStatement

While there have been numerous corrosion studies conducted in static conditions using fluoride
salts, there is a lack of comprehensive data for chloride salts, which acaradisdates for nuclear
fuel and/orcoolant andCSP heat transfemnd thermal storagapplications. Additionally, there is
a dearth of corrosion data from flowing molten salt environments, such as forced convection loops
and thermal convection loops, which are more representative afoeal operating conditions in

power plants and oth@rdustrial processes.

The lack of corrosion data for chloride salts and flowing conditions poses several challenges.
Firstly, it limits the understanding of the corrosion behavior of materials in these environments,
which can impede the development of effective corrosion mitigation gigateSecondly, it
hinders the selection and qualification of suitable materials for use in chloride salt systems and
flowing molten salt environments, which can result in uncertainties and risks in the design and
operation of related equipmeand structures. Thirdly, it restricts the ability to accurately predict
the performance and lifetime of materials in chloride salt systems and flowing molten salt
environments, which can impact the safety, reliability, andefiettiveness of molten sdiased

technologies.

Addressing the data shortage in corrosion studies for chloride salts and flowing conditions is
critical for advancing the understanding of corrosion mechanisms, developing effective corrosion
mitigation techniques, and ensuring the safe and reliable @mpeaitequipment and structures

exposed to these environments. This requires dedicated research efforts, including experimental
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studies, data collection, and data sharing, in order to generate comprehensive and reliable corrosion
data for chloride salts and flowing molten salt conditions. Such data can inform materials selection,
design criteria, and operational guidelines, andrdmute to the development and deployment of

molten sakbased technologies with improved performance, durability, and safety.

l.4. Research hypotheses

Hypothesis 1The thermodynamic properties of Ni, Fe, and Cr corrosion products in chloride salt
systems differ from those in other salt systems, such as fluoridarghlbitrate salt, due to

differences in salt chemistry, thermodynamics, and transport properties.

Hypothesis 2 Flowing conditions, such as forced convection and thermal convection, have a
significant impact on the corrosion behavior of materials in molten salt environrnectsisef

flow velocity that leads to convection ofass transfer.

Hypothesis 3 The corrosion rates and mechanisms of materials in chloride salt systems and
flowing molten salt environments are influenced by various factors, including alloy composition,

temperature, salt chemistry, flow velocity

Hypothesis4: Developing chloride flow systems for corrosion testing of candidate alloys will
provide valuable insights into the corrosion behavior of materials in chloride salt systems under

realistic flowing conditions.
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Chapter IILITERATURE REVIEW
[I.1. Coolant salthemistry selectionand application itMSR & CSP

Molten salts have become a crucial component in various industrial engineering applications,
particularly in those involving higtemperature fluidic systems. These salts are utilized as
working fluids for a wide range of higiemperature processing appliions, such as acting as a
catalyst and fluid reaction bed, as well as a heat transfer medium fogasifitatiory>>*
Additionally, they are used as a pypoocessing fluid for metal productit®, a means of
separating uncleavasté’®, and as an electrolyte in advanced theiadtierie§'-%2 The focus of

this dissertation, however, is their application in Molten Salt Reactors (MSR) and Concentrated
Solar Power (CSP) systems, where they mmposed tdoe as heat transfer fluids (HTF) and

thermal energy storage (TES) salts.

Molten salt refers to an inorganic salt or mixture of salts that is normally sotidratemperature
andatmospher@ressure butan become liquid at high temperatures. The choice of salt depends
on the specific application and environment. For instance, in CSP plants, molten salt working
fluids must have a lower freezing point to prevent salt from freezing in the tubing. Cureently
eutectic mixture of sodium nitrate and potassium nitrate, known as "Solar Salt," is used in
commercial systems. Solar shits a melting point of approximately 236 °C. Similarly, in Molten
Salt Reactors (MSRS), tipeimary molten salt must not onlye stability at high temperatures, but

also possess desirable neutronic and radiation stability prop&tesrally we will consider

mo | t e nthesmatphyysicdl properties such aselting point, boiling pointvapor pressure,
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density thermal conductivity, specific heat capacity and viscosityd molten saléschemistry

such asolubility, thermal stability an@orrosivity.

Molten chloride salts are considered one of the most promising TES and HTF materials-for next
generation molten salt technology due to their high thermal stability and low Geststal
research groups have conducted selection and optimization of promising chloride salt mixtures for
the next generation of molten salt technology by reviewing the literature or conducting
measurement#és shown inTablell-1, chloridemixtures have high thermal stability (greater than
800°C), comparable thernphysical properties, but potentially much lower priéesgardinghe
thermosphysical properties and material pritiee interested chloride saithcludeLiCl, MgClo,

CaCb, ZnCbh, BaCbh, AICl3, SrCh, NaCl, and KCI.
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Ding et al® provided an overview of thproperties of single salts and binary salt mixtures,
highlighting that alkali metal chloride salts such as KCI and NacCl offer high heat capacities, low
vapor pressures at high temperatures, weak hygroscopic properties, and affordable prices, although
their high melting temperatures pose a challenge. To expand the operational temperature range,
the melting temperatures of single alkali metal chloride salts can be significantly reduced through
mixing with alkaline earth metal chlorides (e.g., MgQTaC}, SiCl,) or other metal chlorides

such as ZnGland AICk. However, salts based on Za@hd AICk, although having lower melting
temperatures than other candidates, are not favored fogeegtation MSR/CSP development

due to their high vapor pressuresaatemperatureabove 720 °C which can be & operation
temperature of an advanced MSR and (88tead, salt mixtures containitNpCl, KCI, CaC4,

and MgCl; have shown promising properties. Among théli MgCl> has a relatively low
melting temperature (426), low vapor pressures at high temperatures, and low material costs.
The addition of inexpensive NaCl to this mixture could further lower the melting temperature,

reduce costs, and increase heat capacity.

Since the 1920s, researchers have conducted experimental and simulation studies to determine the
eutectic composition and thermophysical properties oMbh€EIl-KCIl-NaCl molten salt mixture.

Leung etal 83 (2015) reported a detailed phase diagrgigurell -1, of the NaCl, KCI, andigCl,

system, which included a melting temperature as low as 383°C estimated by FactSage software
with compositios of 27.5MgCb i 52.5KCI 20NaCl (mol.%) 44.7 MgCh i 25.8 KCIi 29.4

NaCl (mol.%) Two eutectic points were found at the liquidus boundary with similar melting

temperaturesThermophysical properties for more than different eutectic compositions of the
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MgCl.-KCI-NaCl molten salt mixture were summarizedTiablell-2, with experimental melting
temperatures ranging from 38980°C and specific heat capacities measured aro@@I0Q O

0 at 700°C. However, vapor pressure measurements d¥figf@.-KCl-NaCl system varied

greatly in accuracy, withVandg® reporting 10 kPa and Villada et%Ireporting 1 kPa at 800°C.
Therefore, vapor pressure measurement techniques need to be optimized to obtain consistent and
reliable results. Despite the slight dependence on eutectic composition, the thermophysical
properties of the mixture were generallgnsistent. In 2019, the National Renewable Energy
Laboratory (NREL) selected the eutectic composigCl>-KCI-NaCl (44.7/25.8/29.4 mole%)

as a candidate fahird generatiorCSP (Gen. Il CSP)plants forHTF and TES salf’. In this
dissertation, we investigate the NREL composiiilototh CSP and MSRpplication,which is

referred to as Magnak sat this dissertation
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Table Il -1 Properties and prices of molten salts as TES/HTF iff€SP

. Melting Thermal , Heat Capacity Price
Comgs)'“on Point Stability (.‘Dei‘,s'ty QQ o (YWD
i (°C) Limit (°C) L 0 ) 00
KNO3-NaNOs “1.8(00  ~1.5 (400
(40160 24( 530565 0 o) 0.5
KNO3s-NaNOs-
NaNQ 142 45054C" 1'?&()400 1.5(400°C) 0.9
(53/35/33)
Li ,CO-K2COx-
Na:COs 397 S650°  2.0R(700°C) 1.9°(700°C)  ~1.3
(32/35/33)
KF-LiF-NaF . . f
(59129/15) 458 S700  2.0*(700°C) 1.9°(700°C) 2
ZnCh-KCI-NaCl . 0.8°
68.6/23.9/75) 294 850 2.0°(600°C) (3506000c)  OF
MgCl,-KCI-NaCl o ~1.0°
(68.2/17.8/14) 380 >80C° 1.7° (600°C) (500-800°C) <0.35
CaChNaCliKCl gy 850  1.8(800°C)  ~0.80

(66.0-27.5 6.5)

arefers to the Ré&¥. brefers to the REC. ¢ refers to the RéL 9 refers to the Réf.

Ref, f refers to the Ré&¥. G refers to REP
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Table Il -2 Eutectic compositions anthermosphysical propertie®f MgCl.i KCIi NaCl from

literature.

Melting Point ~ Vapor pressure Heat Capacity

MgCl.  KCI  NaCl (°C) (kPa) Qa2 )
mol % 49 185 325 38574
wt% 58.7 174 239
385°

mol% 454 216 33 1.01 (400°C)

' 6 0

wt % 55 20.5 245 383 0.07(800°C) 1.18¢ (455-600°C)

38776
mol% 471 227 302 -
W% 565 213 22.2
mol% 447 258 294 - ~1.03°
W% 539 244 21.8 (420800°C)
mol% 47.1  22.7 302 . . ;
nolye el 227502 3g54 1.04 (420-800°C)
mol% 465 22.2 313 . o
Wt% 56 209 23.1 385 1°(804°C)
mol% 40 325 275 - P 1.040.99°5
Wt% 4859 30.91 20.5 383 10 (800°C) (600-750°C)
mol% 47.9 212 309 - s oo 1.01-0.94°
Wt% 57.39 19.89 22.72 390° 8" (800°C) (600-750°C)
mol % 44.36 27.25 28.39 - e 1.07-1%5
Wt% 53.37 25.67 20.96 382 10 (800°C) (600-750°C)

0

mol% 60 20 20 38072 ~17°(500.800°C)

wt% 68.2 140 17.8
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[1.2. Molten salt corrosion mechanism
[1.2.1. Static state corrosiomechanism

Despite its promising cost and thermophysical properties, the commercial application of Magnak
salt as HTF andTESsalt for third generation CSPs is hindered by its strong corrosivity towards
structural materials, especially metallic materials. In recent years, extensive studies have been
conducted on the interaction of metal materials wittg€l.i KCIi NaClsysteni®®?, and several
review papers have focused on the corrosion mechanism in chloride sa&ff-6282 While

pure Magnak salt does not corrode metal materials significantly due to the limited dissolution
concentration of metallic corrosion prodiuétst is wellestablished that the corrosion of metal in
chloride salt is mainly driven by nemetallic impurities such as 8, HCI, &, or Cb. The
hygroscopic nature of Mgein the Magnak salt can easily combine with moisture in the air to
form hydrates, increasing its corrosivity. Therefore, investigations on the purification o-MgCl
based saltare essential for commercialization. Recent stuali@ssearch groups such@srman
Aerospace CentéDLR), National Renewable Energy Laboratory (NREAndShanghai Institute

of Applied Physics, Chinese Academy $tiences$INAP-CAS) have confirmed that MgOHs

the primary corrosive impurity in the molten Mg Cl-NaCl salt de to its high solubility and
thermal stabilit§®. Figurell-2 is the schematic of corrosion mechanism of alloy in Magnak salt at
static statelt is important to note that MgOHCl is a byproduct of thermal treatment and dissolves
in the molten salt due to its high solubilitgs expressed iEquationll-1 and Equationll-2.
However it is thermally stable up to around 555°C and gradually decomposes to MgO precipitates
and HCI gassexpressed iEquationll -3.
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The following are decomposition pathways of anhydrous MgGhe presence of moistiife

0 "Qax 00 © 0 "Q0 00 6 N2 00, T=182°C Equation Il -1
0 "Qa JO0 © U "QU 00 ®O !N, T=350°C Equation 1l -2
0 Q0 08 ® Qi 06 M, T=554°C Equation Il -3

Similar to aqueous solutions, the principle of corrosion in chloride molten salt is an
electrochemical process. Bell et al. (2019) proposed that the molten salt solutiorclzssified

as either acidic or basic depending on the oxide ion concentration, based on-tedduacid

base modéf. This approach can be useful in identifying the corrosion pathways in the molten
salts. According to Bell et al.'s theory, Magnak salt can be defined as an acidic molten salt due to
the low concentration of formed from impurity source€onsequently, the corrosion products
(metal oxides) dissociate to fornf@nd metal ions (M), which then dissolve into the salt. The
detailed process is illustratedfingurell-3. Therefore, unlike in aqueous solutions, the formation

of a passive metal oxide layer to protect the metal is not stable in molten salt solutions.

Under static state conditions, as illustrakeégurell-2, the corrosion process is governed by the
rate of diffusion of corrosive impurities to the interface, the rate of corrosion reactions, the rate of
diffusion of alloying elements to the interface, and the rate of dissolution of corrosion products
into the sd. In an ideal situation where the bulk salt is infinite, the impurities continuously dissolve

into the salt system, and the metal is thick enough, the thickness of the porous corrosion layer will
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continue to growvith a decreasing ratand eventuallgtop growthas the layer becomes thicker.

But inreality, once the corrosion products saturated the bulk salt, the corrosion stopped.

Figure 1l -2 Schematic of corrosion mechanisifnalloy in Magnak salat static state(Reproduce

from68,85,8€)
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Metal Oxidation layer - Molten salt

Figure 1l -3 Corrosion mechanisifior acidic Magnak salt

11.2.2. Dynamic corrosion mechanism

The corrosion studies in static conditions do not account for other influential factors such as
temperature gradient effects and fleffect$®. Figurell-4 illustrated the flow inducedorrosion
processinitially the corrosionprocess is dominated liypurities then the corrosiohappens at

a lower and constantatedriven by thermal gradienthe flowfactors includéut not limited to
temperature gradient, flow velocity, flow viscosignd pressure gradiefit Different from the

staticcorrosion, the flow induced corrosican begovernedy one ofrates of or a combined rate
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of masdransferof corrosive impurities to the interface, the rate of corrosion reactiadthe rate
of diffusion of alloying elements to the interfadbe rate of erosionand the rate ofmass

transportation.

[1.2.2.1Temperature effects

All the governing rates mentioned above are temperaependent, and a higher temperature
leads to higher rates, resulting in a higher corrosion rate. In a closed loop with a temperature
gradient, corrosion will continuously occur in the hot leg dueh&drecipitation of corrosion
products in the cold leg, and the corrosion product will never saturate thd-igalte 11-4
demonstrates that once the system reaches equilibrium, the temperature gradient becomes the
major factor affecting corrosion. Even for loops with the same highest temperature and other
hydraulic parameters, corrosion rates can vary if the loops are apenater different streamwise

temperature profilé8,
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[1.2.2.2Mass transfer effects

[1.2.2.2.1.1sothermalflowing molten salsystem.

Under static conditions, the transport of corrosion products from the interface to the bulk salt
occurs solely through diffusion. However, under flow conditions, both diffusion and convection
can contribute to the transport of corrosion products fromntfeeface to the bulk salt. The flow

velocity plays a key role in determining the degree of convettidihe effects of flow velocity

on singlephase flow ifiquid leadisothermal systeris summarizedy Zhang and L.

[1.2.2.2.2.Nornrisothermal flowing molten salt system.
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In a nonisothermal flowing molten salt system, as previously discussed in séicBdhl, the
temperature gradient plays a crucial role in corrosion when aisptmermal loop reaches
equilibrium. In this scenario, corrosion products dissolve into the stream at high temperature
regions and precipitate out at low temperature regions in thedbmetal or corrosion products.

Zhang and.i® outlined three phenomena of corrosion product deposition in liquid metal, which
can also be applicable in the molten salt system. Depending on the case, the precipitated corrosion

products may accelerate or inhibit the corrosion in high temperature regions
[1.2.3. Corrosion typein molten salt

[1.2.3.1. Pitting corrosion

Pitting corrosion refers to the localized attack of metal or metal elements, resulting in the formation
of pits, holes, or voids due to corrosion. This forntafrosion commonly occurs in molten salt
environments where unstable alloy elements are dissolved, resulting in a porous surface. Pitting
corrosion is hazardous as it is challenging to detect and predict when it will occur, making it
difficult to design aginst the formation of pitsASTM-G46* defines various types of pits,
including uniform, wide, shallow, narrow, or deep, which perforate the metal's wall thickness.
Figure ll-5. illustrates the pitting surface of HAYNES 230 alloy in K@4Cl>-NaCl salt. Pit

induced fatigue and stress corrosion cracking (SCC) are responsible for several failures. Fatigue
occurs when repetitive loads weaken a material, while SCC presents itself as a crack that grows
due to a combination of stress and a corrosiwgronment, usually resulting from high stresses in

the pits.Since the oxide scale is not stable in molten g@tpitting corrosion mechanisms should
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be different from these in agous corrosion in which the pits can beassivatedy new oxide

scale formation

[1.2.3.2.Galvanic corrosion

Galvanic corrosion occurs when two dissimilar metals in an electrolyte solution undergo an
electrochemical process, with one being less corrosion resistant than the other. The less corrosion
resistant metal serves as the anode, while the more corrosgtanemetal acts as the cathode.

The two metals, when in contact with an electrolyte solution, create a closed circuit, allowing
electrons to flow between them. In a study \Wang et aP? galvanic corrosion testing was
performed on pure metals in fluoride molten salio et af' summarized the galvanic series in

both chloride and fluoride molten salduring scientific research to study tha&loy corrosion

performance under specific conditiogalvaniccorrosionmustbe avoidedor minimized.

[1.2.3.3.Intergranular corrosion

Intergranular corrosion (IGC) refers to a type of localized corrosion that occurs at and near grain
boundaries (GB)This corrosion leads to the disintegration of the metal alloy and a loss of its
strength. IGC can occur due to impurities present at the GBs and depletion or enrichment of
alloying elements in the GB region. For instance, in stainless steel, the forimatbromium
carbide at the GB regions results in sensitization, leading t§*1G@is phenomenon is also
observed in molten salt environments, as depictdegarell-6. There are numerous reports in

the literature of IGC in alloys in molten salt. In both chloride and fluoride salt mixtures, Cr is the
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most easily dissolvable element into the salt. Researchers have found that Cr can dissolve along

the GB in bulk alloy near the surface. Subsequently, Mo or Nb is enrichedGDthé?:89.94.95

Figure 1l -5 SEM surface images of HAYNE3® alloy after exposure to molten KGAgCl-
NaCl salt at 806C for 100 h (a) HP salpurified without Mg (b) HP saltpurified with Mg (c)

ICL salt not purified(d) ICL salt purified withMgD 6 Sou z% et al
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Figure Il -6 IGC mechanism in molten salteond”’.

[1.2.3.4 Erosioncorrosion

Erosion corrosion (EC) refers to the accelerated form of metal corrosion that occurs due to the
relative movement between metal surfaces and a corrosive medium. The corrosive medium can
take many forms, such as fluids (e.g., water or solutions with suspgr@ganics, liquid metals,

or molten salt. The metal surface becomes damaged due to mechanical or hydraulic wear or

abrasion caused by the medium's flow. Failures due to EC can occur unexpectedly and in a
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relatively short time, particularly if the previous corrosion evaluations were conducted under static
conditions or if the effects of erosion were not taken into accénnnolten salt, especially
chloride salt, the metal surface is not protected by corrosion products, and EC occurs immediately
when induced by the flow. Increased velocity typically results in increased EC. While EC effects
have been studied extensively liquid metals forTES and HTF applications, no reports are
available for molten saknvironmentsFigurell-7 depicts the EC mechanism of an alloy in Pb

Bi, but it will differ in molten salt due to the lack of corrosion product protection. Molten salt EC

will be discussed in sectidiv.4.3.
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Figure Il -7 Schematic of alloy E@echanisnin Pb-Bi. Kondo et aP®.
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[1.3. Electrochemicaimeasurement methods

Electrochemistry is a field of physical chemistry that focuses on the connection between
measurable electrical potential difference and identifiable chemical changganlines how a
specific chemical change can lead to an outcome of potential difference, orevsz¥. In
electrochemical studies, measurements are performed using an electrochemical cell comprising
two or more electrodes, along with electronic circuitry for controlling and measuring the current
and potential. Electrochemical measurements serve as a bitgdyive tool for quantifying and

monitoring the corrosion process in molten salt systems.
11.3.1. Electrochemical cell

[1.3.1.1.Two-electrode electrochemical cells

Two-electrode electrochemical cellsWEC), also known as galvanic cells, are the simplest setup

for electrochemical experiments. This configuration consists of a working electrode (WE), where
the desired chemical reactions take place, and a counter electrode (CE), which completes the cell.
In TWEC, the currentarrying electrodes are also utilized for sensing measuremBnts.
electrode setups are employed in specific cases. Firstly, they are used when measuring the overall
cell voltage is crucial, as inlextrochemical energy devices such as batteries, fuel cells, and
supercapacitors. Secondly, they are suitable when the counter electrode potential is expected to
remain stable throughout the experiment. This is typically observed in systems with lovisgurren
short timescales, and a wetlatched counter electrode. For instance, a micro working electrode

paired with a larger silver counter electrode can be used in such cases.

[1.3.1.2Threeelectrode electrochemical cell

The threeelectrode electrochemical cell (THEC) is composed of a working electrode (WE), a

counter electrode (CE), and a reference electrode (RE). The RE serves as a reference point for
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measuring and controlling the potential of the WE, with no significant current passing through it.
The primary function of the RE is to maintain a stable potential, which ideally only relies on
temperature. In practical terms, a small or negligible amolucdirrent may pass through the RE

to complete the circuit. However, the potential drop resulting from the solution resistance between
the WE and RE is minimal.hepotential gradients in a THEC systameillustrated inFigurell -8.

This characteristic enables the THEC to provide more precise control and measurement of the WE
potential. Due to this advantage, the thegectrode configuration is the most commonly employed

setup in electrochemical experiments.

®

—@-

Reference
Electrode

CALAREIN|

CALAREIN|

Working Counter
Electrode Electrode

Figure Il -8 Schematiof potentialgradientsn a THECsystemp, and riare the potentialhange

at the working and counter electradeerface. ;4 yis the potential changsusedy the solution

resistance
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[1.3.2. Electrochemical experiments

The objective of an experiment is to gather valuable information about a system's thermodynamic
and kinetic properties by analyzing excitation and response functions, as well as utilizing
appropriate models. In the case of an electrochemical system,ctigeifoon investigating the
electrochemical behavior of the working electrode (WE) by manipulating specific variables within
the cell and observing corresponding changes in other variables. Several parameters are of

significance in an electrochemical céficluding:

1 System Temperature: The temperature at which the electrochemical system operates is an
essential parameter that influences the kinetics and thermodynamics of the electrochemical
processes.

1 Working Electrode Variables: Variables related to the working electrode, such as its
material composition, surface condition, geometry, and surface area, play a crucial role in
determining the electrochemical behavior and responses.

1 Solution Variables: Various factors related to bk solutionsare important, including
the choice of solvent, its concentration, the presence of impurities, and any other relevant

chemical species.

[1.3.2.1.Reaction mechanismear thevorking electrode surface

Figurell-9. illustrates the mechanism of reactions occurring on the surfaae wiertworking
electrode (WE). The process begins with the transport of reactants from the bulk solution to the
region near the electrode surface. In this region, the half redox reaction takes place, involving
either oxidation or reduction of the reactamsiring the electron transfer process, electrons are
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eitherabsorbednto or desorbed from the electrode surface as part of the redox reaction. At steady
state conditions, the electron transfer occurs through the electrode, bridging between the reactants
and products, rather than through a chemical reaction in the butlosol'he changes in potential

or current resulting from these electron transfer events can be detected and measured using external

devices, allowing for the analysis and characterization of the electrochemical system.
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Figure Il -9 Reactiorand thepathway near thimert working electrodsurfacefor solublesoluble

reactions

In corrosion testing, the working electrode typically consists of a sample rather thaertan
material. Figure 11-10 depicts the mechanism of electrochemical corrosion testing. The
electrochemical corrosion process involves not only the transportation of solution species between

the bulk solution and the electrode interface but also the mass transfer of metal elemests be
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the bulk electrode and the electrode surface. Similarly, all electron transfer processes occur through

the electrode.
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Figure Il -10 Reaction and the pathway near the corrosion sample surface.

[1.3.2.2 Thermodynamic property measurement method

In electrochemical experiments, potentials are typically measured relative to a stable reference
electrode, allowing researchers to focus on the working electrode where the reactions take place.
In the case omolten saltsolutions, the commonly used reference electrode is the AgCI/Ag
electrode, which consists of an Ag wire immersed in an Ag@taining salt and separated from

the main electrolyte by an ieconductive membrane such as quartz, alumina, borosilicate glass,

or glassbonded mullite. Howeverhe potential of this reference electrode (compared to #&ICl
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reference) requires additional measurement due to the uncertain activity of AgCl dissolved in the
salt.In the 1950sYang et aft°° conducted pioneering research on the equilibrium potential of the
AgCI/Ag redox couple in LIGKCI molten salt at various temperatures and concentrations using

a two-electrode cell configuration: Ag(s)|AgCl in molten sali(§)|graphite. This method and the

data obtained by Yang et al. gained wide acceptance, to the extent that som¥sftidizectly
extrapolated the redox potential of 1 wt% AgCl from Yang's dataset without conducting further

experimental measurements.

Subsequent studi#81°410” have measured the potential of the AgCI/Ag redox couple in molten
chloride salts under various conditions, involving different salts or experimental setups. Shirai et
al%® for instance, reported the equilibrium potential of the AgCI/Ag redox couple iRHQTI
eutectic over a concentration range of 0.01 mol% to 20 mol%. Their results exhibited significant
deviations from those of Yang et al., even within the similar cdretgon range of AgCI. This
discrepancy might be attributed to the variable” A&gncentration of the A¢AgCl reference
electrode during the electrochemical measuremémesrecent study by Yoon et@P, the redox
potential at lower AgCl mol&actions (X=0.0043 and X=0.00039) in LKBICI eutectic melt was
investigated using a thredectrode electrochemical cell with chlorine gas injected into the salt.
Their results showed good agreement with Yang's data, providing further support for Yang's

findings.

Since the redox potential is an important thermodynamic data that can be used to predict the
corrosion reactions, measurements of redox potential of metal ions in Magnak chloride salt are
essential. Traditionally, redox potential is measured in a suitablargalcell or a double
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concentration cell by using emf methi8¢1°5119111n those cases, an independent chlorine source
must be supplied to establish a chlorine electrode, which makes it difficult to assemble the setup
in a glovebox. To simplify the experimental setup and improve operational ,safatye
researchers'?'® have developed a threectrode electrochemical cell that uses a real reference
electrode (e.g. AgCI/Ag) to measure redox potential, but the application is very limited. For
example, it cannot measure the redox potential of a major component of tledaks the Mg

ions in Magnak chloride. A new method has been developed in our previous study to address this
limitation. With a metal reference electrode, the behavior of the chlorine formation on a graphite
working electrode was recorded, which simpéifredox potential measuremétt However, our
previous experimental setup is only suitable for cations that have a single valence state, such as
Ag(l), Mg(ll), and Ni(ll). For metals with more than one stable valence state, such as Cr (Cr(ll),
Cr(111)) 3¢, the electrolysis process of chlorine is accompanied by the oxidation state change of
cations, which makes the cation concentration in the bulk salt unpredictable. $tuthes we

proposed a solution to overcome the limitations of the previous setup.

[1.3.2.3 Electrochemical corrosion measurement method

Electrochemical corrosion measurement methods are widely used to evaluate the corrosion
behavior of metals and alloysmder corosive environment$’''® These methods involve the
application of electrochemical techniques to assess the rate and extent of corrosion processes
occurring at the metadlectrolyte interfacé®!?L. One of the commonly used electrochemical

corrosion measurement methods is knowpasntiodynamic polarizatiofiPD) measuremert?.
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Potentiodynamic polarization measurement is a valuable tool for evaluating the corrosion behavior
of materials in molten salt environments. It provides crucial data for materials selection, corrosion
mitigation strategies, and the development of new nads&ri?*12% Advanced characterization
techniques such as-8itu electrochemical impedance spectroscopy (B¥8f coupled with
potentiodynamic polarization measurements have provided insights into the film formation and
breakdown processedlost corrosion studies of structural alloys in molten salts have been
performed using longerm (up to a few thousand hours) static capsule orlibmp tests followed

by characterization of near surface regions of the safiglesspite the challenges associated with

the hightemperature and corrosive nature of molten salts, recent advancements in experimental
techniques and materials design have expanded our understanding of corrosion mechanisms,

paving the way for improved maieis performance in these challenging environments.

Il.4. Force andNatural convection study

I1.4.1. Forced convection molten salt loegperience

The Molten Salt Reactor (MSR) concept has been identified as a promisingenexation
advanced nucleaeactors®®. Molten salt advanced features make molten salt an exceptional heat
transfer fluid. Over the past few decades, numerous studies have been conducted to understand the
chemistries, physical properties, and thermodynamic properties of different salts flutwade

and chloride form. However, most databases on molten salt corrosion have been compiled from
smallscale capsule or crucible setups under static conditions. In such scenarios, the corrosion

process is influenced by factors such as the contactasedt volume ratio and the solubility limit
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of corrosion products, which ultimately reach equilibriddonetheless, it is impossible to apply

the results from static tests to explain the corrosion behavior in flowing molten salt environments,
such as irthe coolant system ®8iSRs or CSP which may not always follow the same equilibrium
behaviof’. In power plant applications, where structures are exposed to flowing molten salt

conditions, the corrosion process is influenced by fluid dynamic parameters

Conducting corrosion tests under flowing molten salt is of utmost importance, as it sirasldtes
simulates realor neasreal world conditions in which structures are exposed to molten salt. The
significance of this type of testing was initially demonstrated by the Oak Ridge National
Laboratory (ORNL) in the 1950s, during the Aircraft Reactor Experiment (ARE) and Molten Salt
Reactor Kperiment (MSRE) programs, where molten salt was used as a heat transfer fluid in
nuclear reactor applications. ORNL built and operated several nature convection loops (NCL) and
force convection loops (FCL) between the 1950s and 1970s, to study the lroatepatibility of

various moltersalt®4® Unfortunately, the study of molten salt loops (MSL) came to a sudden halt

with the termination of the MSRE program.

In recent years, a few MSLs have been constructed and operatétingsé®®, Russiah®,
Japanedé?, and U.$*3'34groups. However, from the limited MSL publications available, NCL
studies dominate due to their simple structure and ease of operation. FCL investigations are scarce
due to the significant expenses associated with building and operating these loopé,aas we

compatibility challenges with critical components such as valves, flanges, pumps, and sealants.

39



In 1998, the Tohoku University and National Institute for Fusion Science in Japan constructed a
FCL to study the heat transfer properties of molten salt using Flibe as a coolant. However, due to
the high melting point of Flibe, the Japanese group neveritiaad instead used a simulant, heat
transfer salt (HTS) which istditec salt((KNO3: NaNGy: NaNGs, 53-40-7 mol%) eutectic salt with

a lower melting point. The group reported various findings including HTS melting sound
phenomena, HTS invasion into gas line incident, HTS residuals at some welding joints
phenomena, and wmiform pipe heating phenoméra The heat transfer test of the Japanese

MSL was completed in 2007, using HTS at a temperature ofG6®¢

In 2010, Sabharwall et &.publisheda report on the FCLxperimens. The report provided a
detailed design of the FCL for fluoride salts (FLiNaK) and magnesium chloride saltsftMGQ|

and suggested four different molten salt flow measurement methods including GE Ultrasonic Flow
meter, Bundle waveguide transducers, Foxboro vortex flow meters, and UW customized thermal
flow meters. The report also discussed different kinds of spedssure drop measurement
methods, different jointing implemented by UW, andbellow valves for flow controlling.
Sabharwall et al. provided a comprehensive design lesson on FCL, but did not include any
operational reports of the FEL. In the same year, Sohal et al. proposed a conceptual design of

forces convection molten salt heat transfer testing'fdop

In a2014 publication, Yoder Jr. et &f reported on the construction of a forced convection liquid

salt test loop at the ORNL. The loop is capable of circulating FLiNaK salt and operating at
temperatures up to 700°C and has been specifically designed to support the FHR concept by
facilitating thermal, fluid, and component testing necessary for the development of this reactor
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design. However, the authors noted that they were only in the initial stages of conducting material

compatibility tests under static conditions at the time of their report.

Arora et al*®*® (2021) conducted a study on the development of advanced flow and temperature
measurements in an FCL operating at 600°C. Their research was funded to advance the
understanding of measuring theramgdraulic parameters in FLiNaK. They employed the
FLEXIM ultrasoric flowmeter and NakKilled pressure sensor to measure flow rate and validate
the ultrasonic flowmeter readings within a broad range of flow rates. Additionally, they confirmed
the practicality of using Optical Fiber Distributed Temperature SenaFDTS) in MSL

environments.

In 2023, Head et af° published their experience testing an FCL, similar in construction to the
FCL developed by Arora et &% but using a eutectic mixture Hftec molten salat a temperature

of 200°C. The purpose of their reactor was to serve as a test bed for fluoride salt MSR technologies,
specifically in the areas of instrumentation, reactor component development, and online
monitoring of salt and system chemistry. Thegyagescribes in detail the components of the FCL,
including the pump, sump tank, heater, cover gas system, and trace heating system. While they
gained valuable experience in MSL operations, the duratitimeeoftesting period was shoand

the operation temperature was low

It is worth noting that the majority of MSL tests conducted to date have focused on fluoride salt.
Despite several FCLs having been tested or operated in the past 25 years, none have been able to

match the achievements of ORNL in the 1970s, with significdower operation temperatures
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and durations. Thistudyaims to share our experiences and lessons learned from our three long
term tests, lasting 50, 80, and 100 hours, on an FCL utilizing Magn2k(stCl>-KCI-NaCl) at

650°C, including design modifications and operational procedures

[1.4.2. Flow inducedcorrosion in molten salt

In the real world, flowinduced or dynamic corrosions are more complex than static corrosion
cases. This complexity arises due to the involvement of forced mass transfer processes, which
require considering additional parameters such as temperature tgaffienvelocities, and fluid
hydraulic properties. As a result, the results obtained from static corrosion tests may not accurately
represent the conditions experienced in fioduced corrosion environments. However, static
corrosion tests are still uable and costffective as an initial step in material selection before
proceeding to expensive dynamic corrosion telt® most commonly used dynamic corrosion
facilities include rotatingcylinder electrodes on crucible scales, which have been extensively
utilized in agueous solutiot$46. However, these facilities are rarely found in molten salt
corrosioncondition*”. Other widely employed options for dynamic corrosion studies are natural
convection corrosion loops (NCL) and forced convection corrosion loops (H®k).recent
literature reviewis focusedon the avidable data regarding the NCL and FCL in molten salt

environment.

The majority of molten salt corrosion research can be traced back to the 1950s at Oak Ridge
National Laboratory (ORNL). In the early stages of the Aircraft Reactor Experiment (ARE), static

and seesaw tests revealed that nitdesed alloys and austenititaisless steels exhibited
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promising corrosion resistance in molten salt fludh#e’. Subsequent tests were conducted on
these alloys in NCL, where one loop leg was heated while another was cooled to achieve a flow
velocity ranging from two to six feet per minute (fpm) at temperatures ranging from 1300 to 1500
degrees Fahrenheit. In a 198port, it was observed that molten fluorides caused subsurface voids
in Inconel. Chemical analyses of the molten fluorides indicated a decrease in iron and nickel
content and an increase in chromium content. Severe chromium loss occurred in the [Blog leg
formation of voids was attributed to chromium oxidation, oxide removal from the material surface,
and chromium diffusion within the bulk materials. It is worth noting that the voids beneath the
surface were empty and did not connect to the surfacghdtmore, the voids tended to
agglomerate and increase in size with time and/or temper&igteell-4 presents the results of

other NCL experiments®.

The ARE program successfully implemented FCL to conduct corrosion experiments. Apart from
materials, the tested parameters included corrosion time, temperature, the ratio of structure
materialsurface area to the volume of salt, and flow velocity. It veamd that the maximum

depth of attack was proportional to the operating tiimee the loop itself served as the corrosion
specimen, the temperature at the vgall interface was a crucial factor. Notably, even after 1000

or more hours of recirculatiomhe salt in the cold leg did not reach equilibrium, and corrosion
continued in both the hot and cold legs. The mass transfer attack was limited to a small region near
the point of highest wall temperature. The ratio of struetuag¢erialsurface area to #wolume of

salt played a significant role in determining the depth of attack in the hot region, with a larger ratio
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resulting in less attack depth. A comparison between NCL and FCL results indicated that the effect

of flow velocity was minorbutthis conclusion isiot solid sincenly three data pointsvailablé®:.

During the development of the Molten Salt Reactor Experiment (MSRE), corrosion
characterization of fluoride salts was extensively studied. In March 1960, an important report was
issued regarding the corrosion behavior of nidkased alloys, specificallNIOR-8 and Inconel,

in a LiFBeR-UF4 (62-37-1 mole%)FCL. The FCL design and operation were reported later than
the results presented by Crowley et®aI The results for INORB showed that after 5000 hours of
operation, corrosion in the loop leg had ceased, and all the couples exhibited a corrosion band
approximately 25 to 50 athick. Below the band, recrystallized fine grains were observed. In the
case of Inconel, FCL experiments were conducted using three different salBekiF; (62-

37-1 mole%), NaFLiF-KF (11.546.542 mole%), and LiBeR-UF4 (60-36-4 mole%). Severe
corrosion occurred in the heated regions, while significantly less corrosion was observed in the
unheated and cold legs. Interestingly, no deposits were observed in the cold legs. Similar to the
findings in the ARE program, chronmudissolution was idetfited as the primary cause of material

corrosior®?

The MSRE research spanned the 1960s, with the reactor being constructed in 1964 and achieving
criticality in 1965. After four years of operation, the reactor was shut down in 1969. However, the
investigation into material compatibility continued until 19F®llowing the reactor shutdown,

the research focus shifted towards developing an alloy that could withstand irradiation and grain
boundary embrittlement causedteituriun®1541°|n the MSRE report of 1975, corrosion results

of SS316, Hastelloy N, and Inconel in fuel salt, coolant salt, and blanket salt were presented. The
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experiments utilized both natural convection loops (NCL) and forced convection loops (FCL). The
results consistently showed relatively low corrosion rates, typically arouhdi2Blotably, even
with the higher flow rates in the FCL, the corrosion rate did not increase significantlyaed

to NCL resultg®8,

After a hiatus of 40 years, the study of flawduced corrosion in higtemperature molten salts

has regained attention within the research community. However, the focus has primarily been on
natural convection loop (NCL) corrosion experiments. Raimarl.®f aonducted a corrosion
investigation on 316H in FLiNaK salt, operating for 1000 hours at 650°C. Similarly, Kelleher et
al1*3reported NCL work ranging from a few hours to over 10,000 hioutgn NaCMgCl, and
MgCl>-NaCHKCI salt. Unlike fluoride salt corrosion, the chloride salt corrosion experiments not
only observed chromium dissolution layers and voids but also encountered instances of
intergranular cracking. Kelleher et al.'s work provided a comprehensive examination ofImateria
compatibility with chloride salt in NCL, thus paving the way for future forced convection loop
(FCL) tests. In this article, we will present owrimsion studies of SS316 and A709 in an FCL

utilizing Magnak salt.
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Chapter IIEXPERIMENTAL METHOD

[ll.1. Thermodynamic properties measurement

[11.1.1. Redox potential measurement method devekemt

The experimental setup used is illustrateBigurelll -1. The following chemicals with high purity

levels were purchased: anhydrous LiCl (>99%), anhydrous KCI (>99%), and AgCl (99.999%)
from Sigma Aldrich. A reference electrode and a counter electrode were made from 1 mm diameter
silver wires (99.999% purity, Adf Aesar). A working electrode was made from a 3.05 mm
diameter graphite rod (99.9995% purity, Alfa Aesar), with the tip end section roughened using
120-grade sandpaper to absorb and store the produced chlorine. The electrodes were connected to
a potentiosdt instrument (Gamry Interface 1000) for electrochemical tests. The heating instrument
was a muffle furnace equipped with a digital single setpoint temperature controller. The furnace
exhibited £7.8 °C uniformity and +£0.3°C stability at 1000°C. The expartswere conducted in

an Argon (>99.999% purity) filled glovebox (PureLab Higldve 1950mm, Inert), maintaining

oxygen and moisture levels lower than 5 ppm.

To prepare the eutectic salt (45wt% LiCl, 55wt% KCI), high purity anhydrous LiCl and KCI were
weighed using a high precision digital balance (MS 105DU Mettler Toledo) and mixed (~50 g).

The mixture was loaded into an alumina crucible and heated & 30@he furnace for at least 8

hours to remove residual moisture from the salt. A heating rate of 3°C/min was set to avoid thermal
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expansion of the alumina crucible and safety dish. The salt was then heated to the target working
temperature and kept in the furnace for 8 hours to stabilize the system. AgCIl was added to the
alumina crucible in the desired amount, and the temperaturmaiatained for several additional

hours before the electrochemical experiments were conducted.

In this experiment, the formation of chlorine gas atdhaphite working electrode surface was
achieved through either chronopotentiometry or potentiodynamic scan methods, instead of direct
injection of chlorine gas into the system, which is inconvenient from an experimental standpoint,

as explained earlier. This required unique constant current values (ranging from 0.018A/cm
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Figure 11l -1 Schematic drawing of the thredectrode electrochemical cell.
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0.03 Al/cn?) for chronopotentiometry and scan rag@nging from 50 mV/s to 250 mV/s) for the
potentiodynamic scan, which will be described later. The equilibrium potential of the graphite
working electrode was measured with an Ag wire serving as a reference electrode, and it
corresponds to the potentidltbe Cb/CI couple versus the A{Ag reference couple. As sufficient
chlorine gas is produced at the graphite electrode using these two techniques and the system is
saturated with chlorine ions, the activities of &id Cl are assumed to be unity, and the potential

of the working electrode is fixed. Activity coefficient calculations are then performed.

[11.1.2. Redox potential measurement in Magnak salt

To conduct the electrochemical experiments, a thleetrode electrochemical cell was
constructed using a working electrode (WE), a counter electrode (CE), and a metal reference
electrode (RE), as shown kigurelll -2. In the magnesium and chromium tests, both the WE and

CE were graphite rods with a 3.05 mm diameter and 99.9995% purity. In the nickel test, a 3 mm
Ni rod was used as the CE. The immersion surface area of the CE was over four times greater than
that of theWE. The surface areas of the WE and CE were determined by measuring the immersion
length and diameter of the electrode after the experiment. Two different types of REs were used
for different element experiments. In the chromium test, a Cr metal refesguteolyte was
contained in a onend closed, alumina tube with a 4.78 mm inner diameter and a 6.35 mm outer
diameter (McDanel Advance Ceramic Technologies, 99.8%). The etogbavas polished to a

wall thickness of about 0.40 mm or less. For the nickdlraagnesium tests, the metal references
were directly exposed to the salt matrices. However, since the melting point of magnesium is lower
than the operating temperature and magnesium has a lower density compared to the salt matrices,
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a test fixture was designed for the magnesium test, as shdwguirelll -3 (a). The outer alumina

tube used was the same as the chromium test, but a hole was drilled near the closed end instead of
polishing. An operend tube with an OD of 3.96 mm and an ID of 2.39 mm was then inserted into
the bottom of the alumina tube. At the cemikthe fixture is a 1 mm diameter tungsten rod, which

is used as an extension wire to make the liquid magnesium connectable. Three electrodes were
connected to a Gamwyorkstation(Interface 1000), which was controlled and monitored by a PC
using its software.

To prepare the Magnak salt mixture, a total of 50g of anhydrous @@, American Element),

KCI (>99%, SigmaAldrich), and NaCl (>99.5%, Sigmaldrich) were weighed using a high
precision digital balance (MS 105DU Mettle Toledo) in a 100ml {iggn alumina crucible
(AdValue Technology). As chloride salts, especially MgG@re hygroscopic and can absorb
moisture to form hydrates during transportation, a thermal purification procedure of the mixed salt
powder was developed based on Vidal and Klammer's Pép®he temperature profile of the
furnace (FB1315M, HOGENTOGLER&CO.INC) and operations are shovgurelll -4 . The

long holding time and stirring operation were designed to help release hydrates.

[11.1.2.1. Chromium test

For the electrochemical experiments, 0.3g of Magnak reference electrolyte was mixed well in the
alumina tube with the desired amount of Gr(8igmaAldrich, 99.9%). The tube was inserted

into the furnace, but it was hanging above the bulk salt at the beginning of the thermal purification
procedure. After stabilization at 873 K for 8 hours, samples of both the RE salt and bulk salt were

collecied for further Inductively Coupled Plasma Mass Spectrometry-KISIP concentration
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analysis. The tube was then immersed in the salt, and a chromium rod (99.95%, American
Element) with a 2.54 mm diameter was inserted into the reference electrolyte to establish an
equilibrium Cr(I)/Cr couple. After 4 to 5 hours, CP tests were performadugtly with a 50 K

temperature gradient from 873 K to 1073 K.

[11.1.2.2. Nickel tess

In this experiment, a desired amount of Ni(88%, SigmaAldrich) was added to the bulk salt.

As nickel ion has only one stable valence in the molten salt, the alumina tube used in the chromium
test was not necessary, as shown in a prexstuy/*6. During the CP test, the concentration of

NiCl2 did not change, as confirmed by KBS results. The experimental setup was the same as

in the previoustudy*'%, with a 3.2 mm diameter NRE rod (99%, Alfa Aesar) exposed to the bulk

salt. The CE was the same material as the RE. The heating procedure was the same as before. To
verify the results, two independent experiments were carried out at different temperature ranges
with the same NiGlconcentration. One experiment was conducted from 773 K to 973 K, and the

other was conducted from 873 K to 1073 K. More details are discussed below.

[11.1.2.3.Magnesium test

For the magnesium experiment, a magnesium ball (99.99%, Amazon) weighing 0.176g was added
to the tube as shown Figurelll -3.(a). This weight was calculated based on liquid Mg density
data reported by McGonigal at!®”. The weight ensured that, in the liquid state, the Mg was
higher than the hole but lower than the bulk salt after immersing the RE into the bulk salt. Firstly,

the tube with solid Mg was inserted into the furnace without touching therepared bulk sal
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and heated to 1023 K at a heating rate of 3 K/min to ensure that the Mg was melted, which is
higher than Mg's melting point of 823 K. Secondly, the-ema open alumina tube was inserted

into the liquid Mg to be in contact with the bottom of the outer ttiben a W rod was inserted

into the tweend open tube to touch the liquid Mg. Finally, the RE was inserted into the bulk salt.
At this time, because liquid Mg has strong surface tension, it blocked the hole on the outer tube
instead of flowing out. Evernbugh the density of Mg is much smaller than the density of salt, the
bulk salt would not flow into the tube due to high surfaxesiort®® The schematic explanation of

Mg RE is shown irFigurelll -3.(b). After the experiments, no Mg metal was found in the salt, and

no salt was found in the RE alumina tube, indicating that there was no mass exchange between
liquid Mg and molten salt through the hole. The experiments were performed at a temperature
gradien of 25 K from 1023 K to 1073 K. Then it was cooled to 923 K and reheated to 998 K with

a temperature gradient of 25 K. All operations were carried out in a high purity Argon (99.997%)
filled glovebox (Inert), which maintained the moisture lower than prd pand oxygen lower than

0.1 ppm. After inserting the CE and WE, CP tests were performed. After the test, samples of the

reference electrolyte and bulk salt were collected for furtheftSRconcentration determination.
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Figure Il -2 Schematic of experimental setup thedectrode electrochemical cell (1) metal

reference for single valence state cations, (2) metal reference with alumina membrane for cations

in an intermediate state.
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Figure IIl -4 The thermal purification profile and operations timeline

[11.2. Electrochemical corrosion study ilagnak salt

The electrochemical corrosion test was conducted within a glove box filled with pure argon gas,
ensuring an oxygen level of 15 parts per million (ppm) and a moisture level of 2.3 ppm. To assess
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the corrosion potential, corrosion rate, and surface conditions of the sample,-alébteme
electrochemical setup was employed. This setup facilitated measurements through various
techniques, including conduction potentiodynamic scan (PD), electrazdemmpedance
spectroscopy (EIS), open circuit potential (OCP), and cyclic voltammetry scan (CV) during the

initial 10-hour immersion period.

The salt mixturdMagnak)used in the experiment was composedgiCl>-KCI-NaCl in mole
percentages of 44.7%, 25.8%, and 29.4% respectively. The individual chlorid&géits, KCI,

and NaCl, were separately purchased from Thermo Fisher Scientific with a purity of 99%. Prior to
conducting the experiments, the salts were stored in ambient conditions. It should be noted that
chloride salts have hygroscopic properties, which mélaeng tend to absorb moisture during

shipping and storage.

To mitigate the moisture content, the salts were transferred into a glove box and subjected to
separate thermal purification processes using alumina crucibles at a temperature of 200 °C for over
24 hours. During this step, the moisture and oxygen levétsnathe glove box were monitored

and observedhcreasing themeturn to their original values. A total of 70 grams of Hesdted

salts were accurately weighed using a kpgécision digital balance (MS 105DU Mettle Toledo)

and physically mixed in a 10@l high-form alumina crucible (MSE Supplies). The mixture was

then subjected to a thermal purification process following a method developed layp .otie

process involved heating the mixture to 500 °C and allowing it to settle for at least 5 hours before

gently pouring it onto a pure nickel plate to rapidly cool and solidify the salt. It is important to note
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that during this process, some insoluble particles settled at the bottom of the crucible, and caution

should be exercised to avoid pouring out the precipitates.

After this step, approximately 60 grams of the quenched salt were obtained. Subsequently, a clean
alumina crucible was used to melt approximately 120 grams of the thermally purified Magnak salt
at 500 °C. Following that, 105 wt% magnesium balls (99.99%rfy, sourced from Amazon)

were added to the salt. The magnesium balls were cleaned using a 0.5 mole/sdiNiOn for

30-60 seconds, followed by rinsing with deionized water and ethandivacuum drying The

system was then heated at a rate of 3 #€Imtil reaching 800 °C, where it was held isothermally

for 2 hours Afterward, the system was cooled down to 550 °C, and the remaining magnesium was
separated from the salt. It should be noted that the magnesium typically maintained a spherical
shape, but occasionally merged into larger balls or formed individual snelleihe chemically
purified salt was allowed to settle for at least 8 hours at 550 °C to allow the precipitation of MgO.
The same quenching process as before was employed, and approximat&B5 1fi@dms of
chemically purified salt were collectedthe Oand Hanalysiswere conducted to thehemical

purified salt to determine the impuritgontain.

Three batches of thermally purified salts were prepared and labeled as A, B, and C. The details of
the test matrix can be foundTablelll -1. The materials investigated in ttaidy includeNi (99%,

Alfa Aesar by thermo fisher scientificFe ©9%), and Cr (99.95%, American Elements)
Additionally, two alloys, namely SS316 and A709, were studied. The chemical compositions of
these alloys are provided Tablelll -2. Except for the A709 samples, all other materials were in

rod shape. The A709 samples, on the other hand, were in plate shape with dimensions of 3 mm
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width and 1.5 mm thickness. The immersion depth of the samples was measured after the

experiments were conducteBlefore the experiments, all sample surfaces underwent a polishing

process using SiC sandpaper with gradually increasing grit sizes from 240 to 1200. Following the

polishing step, the samples were stored in the glovebox.

Table Il -1 Electrochemical corrosion tessmatrix

Magnak salt weight (g) Temperature(°C)

Batches SubBatches SampleMaterial

Al Ni 30 600 650 700

A A2 Fe 30 600 650 700
A3 Cr 30 600 650 700
Bl A709 30 600

B B2 A709 30 650
B3 A709 30 700
C1l SS316 30 600

C C2 SS316 30 650
C3 SS316 30 700

Table Il -2 Chemical composition d8S316 and\709.

Elements Cr Ni Fe Mn Mo Si Nb Ti
A709 1993 2498 Bal. 091 151 0.44 0.2 0.04
SS316 1820 11-14 Bal. 125 23 0.30.65 _

Elements Cu N C P B S
A709 0.148 0.066 0.014 0.0045 -

SS316 0.75 0.03 0.03 0.03
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Figurelll -6 illustrates the arrangement of electrochemical tests conducted in this study. One of the
objectives of this research was to determine the corrosion potentials of pure metals and alloys in
Magnak salt, therefore careful consideration was given to the design of the reference electrode
(RE) section. In the current study, a magnesium (Mg) metal reference electrode, modified based
on our previous work, was utilized. The Mg RE was prepared using the sametracited Mg

balls employed in the chemical purification process.

To fabricate the Mg reference electrode, 0.37 grams of Mg balls were placed in a cleaned alumina
tube, and the temperature gradually increased to 700 °C. Subsequently, a 1 mm tungsten rod was
inserted into the tube, and the system was allowed to coolatigturhis entire Mg electrode
fabrication process was performed within the glovebox. Finally, the aluminum tube was broken,
and the Mg electrode was acid cleaned, followed by rinsing with deionized water and ethanol. The
image of the Mg electrode can bees inFigure Ill-5. The Mg reference electrode also
incorporated an alumina tube with a 1 mm hole drilled at the bottom. This hole allowed the salt to
flow into the tube and nue contact with the Mg electrode while slowing down the diffusion

process of corrosion products towards the Mg electrode.

The experimental procedures for the electrochemical corrosion study of pure metals and alloys
differ, asindicated inTablelll-1. The subbatch salts are separated from the same chemically
purified batches to ensure that the 4alich salts have similar conditions, especially in terms of
impurities.For the study of pure metals, electrochemical corrosion experiments were conducted at
three different temperatures gradually increasing from 600 to 700 °C. The procedure involved
ramp heating a 30 g stiatch salt in an alumina crucible at a rate of 5 i@/amtil reaching 600
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°C. At this temperature, IGRIS samples were collected, and CV scan was performed using a
tungsten electrode before switching to corrosion specimens. Once the corrosion specimens were
set up, an OCP measurement was performed for 1 hour, followed by aaRhdbe positive

direction at arate of 2 mVv/$?* within ascan window of +0.25 V relative to the OCRx ensure
consistency and avoid introducing excess corrosion products into the molten salt for the subsequent
tests, a carefully selected scan rate was applied during the experimentation process. The chosen
scan rate was designed to minimize the amounbobsion products released into the miEkte
temperature was then increased to 650 °C, and the same procedure was repeated with a new set of

corrosion samples.

Figure 11l -5 Pictures of MgeferenceelectrodgLeft) and Mgreference contain€Right).
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Figure Il -6 Top view of theelectrochemical corrosion tesistup

[11.3. Forcal convection molten sate loop des@md experience

A forcedconvection molten salt loop was designed and constructed in Nuclear Material and Fuel
Cycle Center at Virginia Tech. The loop consists of an SS316 auxiliary tank, an SS316 storage
tank, a centrifugal sumfype pump system, an SS316 loop, a vertical sampdztion column, an

SS316 drain line, a cover gas and pressurizing system, heater zones on tanks, trace heating system
for all pipes, and temperature and flow measurement system. This section will give details of each

system.

[11.3.1. Auxiliary tank

The auxiliary tank serves as both a reservoir and purification tank and is constructed of 316
stainless steels. The tank is comprised of a cylindrical body, an ellipsoidal bottom, and a flat flange

lid that are welded to ensure a proper seal. Its innenetexr measures 16 inches, outer diameter
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16.5 inches, and depth 8.5 inches. With a total capacity of 18a0aty.the auxiliary tank can

hold up to 1190 ctinch of liquid salt and 610 cinch of cover gas. A-inch schedule 160, SS316

pipe is welded to the center of the ellipsoidal bottosetwe as the connection point to the storage
tank. The powdesalt loading port measures 2.5 inches and is located on the lid. Seven 0.5 inches
FNPT ports are present, serving as the cover gas port, exhaust port, pressure transducer port,
thermowell portand three purging ports. The tank bottom also featuresiacdh55S316 tubing

underneath the purging port, enabling flushing of the powder or liquid salt for purification.

[11.3.2. Pump and storage tank

The storage tank functions as a critical component in the molten salt circulation loop system. Once
the salt is purified in the auxiliary tank, it is transferred to the storage tank in preparation for
operation. The storage tank shares similar specifitatigth the auxiliary tank, consisting of an
SS316 cylindrical body with an SS316 ellipsoidal bottom. It features an inner diameter of 12.4
inches, a depth of 15.5 inches, and a wall thickness of 0.25 inches. The total volume of the storage
tank amounts td950 cuwinch. At the top of the storage tank, there isiach thick SS316 flange

with an inner diameter of 12.5 inches and an outer diameter of 17.5 inches. This flange is used to
connect to the sump pump system. To ensure a reliable seal, both thamulistorage tank flanges

are equipped with concentric grooves and sealed with a metallic gasket from Flexitallic that covers
the entire surface. It is noteworthy that we have encountered no issues with this setup during our

operations.
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The centrifugal pump used for the molten salt circulation is fabricated entirely from SS316,
ensuring its durability and resistance to corrosion. It is driven byplaa8e variable frequency

motor with a maximum power rating of 3 HP. The motor is condeittdhe pump via a chain
coupling, which effectively eliminates shaft vibration and efficiently transmits torque. To address
the potential impact of thermal expansion on the dynamic balance of the shaft, a shaft with a
diameter of 1.5 inches is utilizegtending along a length of 30 inches. Moreover, in consideration

of the high operating temperature of the system, the pump shaft bearings and supports are cooled
using an industrial fan, as the bearing grease cannot exceedC2&® maintain optimal
performanceFor reference, the pump system drawing is illustratefigurelll -9, providing a

visual representation of the pump and its components.

One of the primary concerns in a molten salt loop system is the seal around the shaft, as leakage
can result in air diffusing into the system and causing the salt to become aggressive. To address
this concern, a stuffing box is designed for the shaft asalepicted ifrigurelll -7. The stuffing

box is composed of five components: an SS316 seal box, an SS316 lid, an SS316 flange, a metallic
raising surface gasket, and a pack of graphite seals. The gasket is compressed between the box and
flange using only four 3/8 inch SS316 boltsth the compression force being limited. Concentric
grooves are fabricated on the flange and stuffing box surfaces to enhance the sealing performance.
Furthermore, a customized raisiagrface metallic gasket from Flexitallic is utilized to reduce the
corntact surface area and increase the compression pressure, ensuring a tight seal. Three layers of
die-formed graphite seal sets, gure Il -8, obtained from American Seal and Packing, are

installed in the orientation illustrated in the figure and then compressed with the lid by tightening
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the four bolts. The diéormed graphite seal is a hasdlid ring at room temperature but becomes
softer as the temperature increases, making it an ideal material for working with the rotating shaft
to provide a seal with minimal friction. However, it lmportant to note that graphite material is
not suitable for use in an oxidizing environment above ®)0and as a result, the pump flange
cannot be thermally isolated to prevent material failure. Proper care and monitoring of the stuffing

box and graphitseals are crucial to ensure effective sealing in the molten salt loop system.
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Figure Il -7 Stuffing box design and real pictures
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Figure Il -8 Illustration of Graphite seal pack.
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Figure Il -9 Drawing of the pump systertnit: inch.

[11.3.3. Loop and test column

The loop body of the molten salt loop systesmown inFigurelll -10, consists of four main parts:

a 17 ft long closed circuit, a 6.5 ft long salt supply line, a 2 ft long drain line, and a 2 ft long vertical
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test column associated with the closed circuit. All of these components are made of schedule 160,
1-inch SS316 seamless pipe with a 1.3125 inches outer diameter (OD) and a 0.815 inches inner
diameter (ID).The salt flow in the system is controlled by several figghperature ball valves

that were ordered from Gosco Valves. However, issues were encountered with the valves during
application, particularly with regards to leakdl. other connections between the pipes and valves
were welded using both the setkand butt weld connection methods at different joint locations

to ensure a reliable seal. No issues were encountered with the weldingseats. changing all
connections to welding, flange connections with metallic gasket combinations were tested for
portability reasons. While flanges worked well at room temperature and the system passed the
argon gas leak test at 500, all flanges failed after recirculating the salt at B00As a result, it

was decided to weld all joints to ensure a reliablel@akifree connection between the pipes and

valves in the molten salt loop system.

The supply line and drain line facilitate the transportation of salt between the auxiliary and storage
tanks, with valves regulating the flow direction. Upon termination of the operation, the salt is
drained back to the auxiliary tank. However, due toitigerfect assembly of the storage tank,
which includes a pump and stuffing box seal at ambient temperature, there is visible leakage
observed around the shaft. Furthermore, the solidification ameklteng of the salt may result in

detrimental effects othe shaft and impeller, potentially leading to pump failure.

The test column is located vertically at the far end of the circulation loop, and the flow direction
is bottomup to avoid bubble formation. The sample fixture insertion port is at the top of the test
column and is sealed with two class 300 raising sufflacges and a metallic gasket. Since the
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gasket does not directly contact the salt, this is the only location where the flange is used. The
design of the SS316 sample fixtuFegurelll -11, is complex due to the large length and diameter

ratio of the bottom part, making it difficult to make it perfectly straight. The fixture is welded to

the bottom of the thermowell flange, and six individual samples can be installed on the sample
holder, whch is designed to prevent any contact between the samples and the holders. To achieve
this, an alumina tube covers the sample holder surface, and two layers of alumina spacers are
sandwiched between the samples. Thermal expansion is also a concernsampleefixture
assembly is assembled at room temperature. Therefore, before heating the system, all components
are compressed by a tightened nut. As the temperature reaches the operating temperature, the
thermal expansion difference between the aluminbS8B816 creates a 1 mm gap. When exposed

to the flowing salt, the unexpected jumping of the samples may cause the alumina isolators to fail.
To prevent this, four Nimonic 900 spring washers are used to overcome the thermal expansion

effect. The final assembly is shown Figurelll -12.

67



Storage

Tank
and
Pump
Test
Column

Auxiliary
Tank

Figure IIl -103D drawings of the initial loop design

@ .18 — — #8-32 Machine Threads

@ .63—_|,_]j Ii__ .50 i“'— 1 00

[ T ~—499— =« 5004~ |
@ .30 15 19 D16 —

Figure Il -11 Detailed sample holder drawing and dimensiirst: inch.

~=.14

68



316 holder —_—

Alumina isolator

n

Alumina spacer

Nimonic 9goo
spring washer

Test samples = ‘
| L:5inches

D: 0.4 inches
E
= | L: 6inches

D: 0.18 inches
24
-

\

Figure 11l -12 Sample assembly overvieweft: sample assemblgrosssection demonstration.

Mid: sample assembly before test. Right: sample assembly after 100 hours test.

111.3.4. Gas system

The gas system is established by connecting arhiljfapurity argon gas source. The gas system
within the loop serves four primary functions. Firstly, it is utilized for purification purging
purposes. Secondly, it is employed for pressurizing the systéacilitate the transport of liquid

salt between the auxiliary and storage tanks. Thirdly, it is used to establish cover gas in both the
auxiliary and storage tanks during operation, and fourthly, it is utilized to drive the salt in the loop

back to theank when the pump is stopped, in order to prevent accidental flow of salt into the loop
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prior to restarting the pump. The uHnggh purity argon gas is supplied from a standard gas
cylinder with a maximum output pressure of 2500 psi. A pressure regulator is employed to reduce
the pressure to within 30 psi, and the argon gas then passeghtlardlow meter before being

distributed to the respective sections of the system.
[11.3.5. Heating andsolationsystem

Three distinct heating zones have been incorporated into the design of this loop. The first heating
zone is specifically intended to maintain the liquid salt within the storage tank at the desired
temperature. To achieve this, six clamp heaters with ampateg of 1500W and operating at 240

VAC are utilized. These heaters are capable of reaching temperatures of up°® aitid are
controlled by a higHimit thermocouple (TC) positioned beneath the heater, as well as a TC

immersed directly into the salt.

Similarly, the second heating zone is responsible for regulating the temperature of the auxiliary
tank. It employs the same configuration as the first heating zone, consisting of six clamp heaters
with a power rating of 1500W and operating at 240 VAC. €hlesaters are also capable of
reaching temperatures of up to 7@ and are controlled by a higimit TC positioned beneath

the heater, as well as a TC immersed in the salt.

The third heating zone, referred to as the trace heating zone, is utilized to heat all the pipes within
the system before the salt is introduced into them. For this purpose, tape heaters from Omega
Engineering are utilized, with a power density of 13 WANd operating at 240 VAC. These

heaters are capable of reaching temperatures of up t&C7@Mhe total power rating for the trace
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heating in the circulation loop is 10,000 W, with 6500 W designated for heating the lines between

the auxiliary and storage tanks.

The clamp heaters installed on the two tanks have been performing satisfactorily, as there have
been no issues with leaks or salt moisture on the tank surface. However, the tape heaters, which
utilize fiberglass insulation, have experienced some challenges color of the fiberglass
insulation changes from brown (when new) to white after being exposed to temperatures of 650
°C or higher. Additionally, after heating to 700, the fiberglass insulation becomes brittle and
difficult to move, even with gerglhandling. This poses a risk of the insulation breaking and losing

its effectiveness, particularly if the loop is accidentally impacted, potentially resulting in a short

circuit.

Furthermore, the tape heaters are wrapped around valves or welding joints, which are areas with a
high risk of leaks. If the fiberglass insulation becomes wet with salt, it can lead to heater failure.
The most concerning issue is that before a heater sincuit occurs and burns a fuse, the salt
wetted fiberglass may come into contact with the heating elemerbapdallowing current to

flow into the salt and leading to electrolysis of the salt, which can result in chtetated hazards.

The clamp and tape heaters are in direct contact with the surfaces of the tanks and pipes. To provide
insulation and protect against heat loss, a layer ofihelff ceramic fiber blanket with a high purity

grade of 8 Ib is installed on the outer surfacéhefheaters. This is followed by a emmeh thick
customized isothermal jacket that covers the thermal blanket. Another layer-wichnick

ceramic fiber blanket with a high purity grade of 8 Ib is then applied to cover the jacket. The
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outermost layer consists of a halth thick ceramic fiber blanket with one side coated with
aluminum foil, which serves to minimize the risk of fiber and dust hazards. Even during operation
at temperatures as high as 8680the final outer surface temperature of the insulation is maintained

at around 50C.

[11.3.6. Temperature and flow measure system

Temperature is measured and monitored by 1i§ge probe and surface thermocouples (TC).

Three probdype TCs are immersed into auxiliary tank, storage tank, and the test column with
thermowell to monitor the salt temperature. Four surface TCs are heddweaters to avoid heater

over heat, two for the tanksdé heaters, t wo for
TCs distributed along the loops. All three probe TCs are calibrated before installation. However,

the clamp TCs are ordered fromfdient venders and the higémperature leads are too short.

They are not calibrated.

A nortintrusive ultrasonic flowmeter manufactured by FLEXIM was used to measure the flow
rate. The largest attraction of nortrusive measurement is the high accuracy and not leaks risk.
The measurement is achieved by mounting two wave injectors ondbilsfpeated pipe outer
surface in 180 degree3he ultrasonic flow meter operates by alternately transmitting and
receiving a burst of ultrasound between the two transducers by measuring the transit time that it
takes for sound to travel between the tnamsducers in both directionshown inFigurelll -13.

The difference in the transit time measured is directly proportional to the velocity of the liquid in

the pipe.The basic theory is Doppler effect of the ultrasound frequency caused by the flow
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properties, such asmperature, density, viscosity, and suspended particuldieproperties we

use argeported by Wang et akhich is shown inrablelll -3.

Figure Il -13lllustration of the principle of ultrasonic flow meter

Table 11l -3 Ternary chloride molten salt density and viscosity for Na@I-MgCl

(Mole:28.39%27.25%44.36%5.

T Viscosity 0
Temperature ” Density (Q'Th ) " L. PP R
pw@a) T L Q@ I3 1 N T™Uugu
600 1659.402 3.035
650 1631.571 2835
700 1603.739 2.66
750 1575.908 2.522
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[11.3.7. Seals

In various locations, different seal technologies are utilized. In the case of thepSystem, we
have implemented copper paste seals, flangs, seallling seal, metallic gasket sgand graphite

seal.

Copper paste sedhe copper paste seal is applied to the compression fitting threads, which are
directly connected to the two tanks on the lid but are not exposed to the salt. These fittings are
primarily utilized on the gas line, and the highest measured temperaturesan fitiings is
approximately 600C. We have not encountered any issues with the copper paste seal, and all

connections are able to be disassembled for maintenance and repair purposes.

Flange and rigid metallic gasket (FR®) the VTFCMSL applicationthe FRG assembly is used

for the pipe connections and sample assembly insertion, and a similar setup to provide seal of the
stuffing box. Te rigid metallic gasket used is the Flexpro Style ZA model, which is ordered from
Flexitallic. This gasket is designed for smoothraisesurface flanges and consists of a serrated
solid met al cor e, a | dasingmaterialsy ds shownrpiguredll-14.and 0.
In our application, the facing material is Thermiculite® 845, which can withstand temperatures of

up to 982°C. The core material is SS316, and the SS316 loose outer ring is made -ofeddore

half ring. All flanges in the current design
and four 5/ 80 B8M b-thda momaemperatuicEndtorguaie d0fiso 90 f
higher than the requirement of ANSI B16-28, considering thermal expansion and yield strength

at operation temperatuof 650°C.
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Based on operational experience, the FRG assembly performs well in the test columrasdction
the stuffing box seadt temperatures of around 4%D to 500°C. Most importantly, it is extended

out of the loop, and the salt does not infiltrate the gasket:-t@stsfjaskets are shown kilgure

[I1-15. However, all the FRG assembilies in the loop leak. Failed gaskets are shogurétll -15

top picture with the facing material disappeared, and thewelel outer ring separated. One of the
reasons for this failure is that the B8M grade bolts are not suitable for thidehigierature
application, as their yield strength is only rated up to ¥25As the temperature increases, the
compression pressure is not sufficient to provide a seal. Another reason is that the Thermiculite®

845 material is not compatible with the flow, as it dissolved into the salt, leading to leaks

To address these issues, several suggestions can be made. Firstly, the flanges could use a male and
female design. Secondly, testing the compatibility of Thermiculite® 845 with chloride molten salt
could be performed. Thirdly, bolt materials such as Nimoand Inconel alloys could be

considered as potential improvements.

Serrated Solid Metal Core

Loose Outer Ring

Sealing Material (common
thickness of 0.020") on both faces

Figure 11l -14 Profile of Flexpro style ZA gasket, * from Flexitallic document
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Figure Il -15Pictures of postest gaskets. Top: The gasket exposed to the salt. Bottom: the gasket

does not contact salt.

Flange and metallic fullace gasket (FFG)n the VT FCMSL application, the storage tank lid
seal utilizes the (FFG) assembly. The FFG assembly is applied because the lid of the storage tank
is designed to be opened for pump maintenance purposes. The FFG assembly in this application

is made from Thermiculite® 81%anged Sheet Material and is custom ordered from Flexitallic.
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The FFG assembly has a size of 12.500 I D x 17

on a 15. 50 drheBjasket is sandwichédebetween two flangdssesurfaces are
concentrically serrated to provide a tight seal. It is important to note that the FFG assembly does
not come in contact with the salt, and we have not encountered any issues with the FFG assembly

during operation.

Graphite sealn the VTloopapplication the graphite seal is applied in the stuffing box to provide
a shaft seal. The assembly and function are discussed be®f@aw not encountered any issues

with it.

Welding seal In the VT loop application, all the connections on the loop body, except for the
flanges and ball valves, are created using Tungsten Inert Gas (TIG) welding. There are two types
of connections used, including pipepipe butt welding and pipt-fitting socket welding
connections. Although the welding experts were careful during the welding process, we found that
the welding quality cannot be guaranteed without radiograph technology. We conducted pressure
tests using argon gas at room temperaand at 500C, as well as water tests at room temperature,
and found that some joints still leaked when operate molten salt &C6B@spite the occasional

leak issues, wdelieve that TIG welding remains the most reliable method available for this

application.

To address the welding quality issue, we recommend conducting very detailed radiograph analysis

of the welding joints and developing monitoring techniques for the welding joints during
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operation. This approach will ensure that the welding quality is consistently high and help prevent

any potential leaks from occurring in the future.

[11.3.8. Valves

Two types of valves are utilized in the VT FCMSL system: Gosco ValvesyZball valves for

salt control and ValvTechnology'sveay heavyduty ball valves for chemical gas control. The 2

way heavyduty ball valves are installed on each gas line nearaihye. IOriginally designed to
handle CCJ gas for chlorination purification of the new salt, they were only used for thermal
purification under argon flow due to toxicity concerns. Based on our operational experience, we
recommend installing a check valve each gas line, and each line should have a separate gas

source to maintain pressure.

However, the Gosco Valves' ball valves are not compatible with the chloride salt, and during
operation, all valves leaked. We were compelled to reduce the number of valves from eight to
three. Interestingly, the valves exposed to flowing molten salt abgbeing condition leaked

much faster than those exposed to the flowing molten salt at the closing condition. In both cases,
salt was observed on the valve outer surface, particularly at the valve bottom. Salt penetrated the
seals and caused severe cooonson the metal parts, which accelerated the leaks. We also

investigated thermal shock as a possible reason for the leaks, but preheating did not prevent them.

Based on our experience with molten sgkration the combination of gasket and flange seal has
a high risk of failure. However, this does not mean that the existing design does ndtitisrk

fully immersed into molten salteakage is inevitable if the assembled parts keep exposing to the
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flow of molten salt. The problem worsens due to the oxidizing of critical parts. Therefore, if the
valve body could be covered or if all the connections are welded, the valve lifetime could be
increased. Additionally, the valve stem should be as longsssijpe. The leaked salt itself would
solidify at the further end of the valve boaisound the sterto provide a seal. After turning off the
valve, the main flow is cut, and the temperature goes down. There is no way to reopen the valve
without preheating.Thus, the valve designer should also consider the heating elementfdesign

the valve

l1l.4. Forced convection molten salt lotgsts

[11.4.1. General experimental conditions

In this study, three flow inducembrrosion testsvere conducted on SS 316 and A709 alloys in the
FCL. The specific procedures followed in these tests are discussed in detail in section IV.4. The
tests were assigned the numbers POl FCL-80, and FCEL00 for reference purposele
construction of thes p e ¢ i fimtere, svbich was used to hold the samples during the tests, is
described in sectiohl.3.3. The flow directionwas set from S3 to S1, with the flow moving from
bottom to top, perpendicular to the ground. This arrangement was chosen to ensure that the flow
filled the pipe and made full contact with the samples, thereby preventing the formation of any
voids or gapsilt is important to note that due to the ongoing development of the FCL operation
process and the lack of prior experience, the conditions of the specimens were not identical for all
tests.The flow conditions of each te& listed inTablelll-4. This section provides a detailed

account of the experimental conditions for each of the three tests, highlighting any variations or
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unique aspects observethe posttest samples areut vertically Figure lll -16, and the outer

(facing to theflow) and inner facing to the fixture)surfaces were examinedy using SEM,
respectivelyn order to differentiate the pestst samples, the dimensions of the samples were
specified as follows: The OD of the samples measures 0.5 inches, while the ID measures 0.27
inches. The length of the SS316 sample is 0.5 inches, while the A709 sampleas 88 inches

in length.

I <+— Quter surface

Vertical
Cross section

Original

Figure Il -16 FCL posttest sample preparation

[11.4.2. FCL-50: 50 hours éreed convection loop test

The FCL:50 test marked the successful circulation of salt for the first time. Prior to the salt
circulation, the samples were installed in the test column and remained there for a period of seven
months. During this time, the samples underwent multipléesyaf heating and cooling, ranging

from room temperature to 700°C.

For FCL-50, all the outer surfaces of the samples were polished using SiC paper with a gradient
from 400 to 1000. After polishing, the samples were cleaned using asatiiamachine with DI

water. The temperature within the test column was maintair@Da€C.During the test, the pump
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speed was set to a range of 1900 to 2000 rpm, and the flow velocity was measured using the

FLEXIM ultrasonic flowmeter, which recorded a reading of 0.5 m/s.

The FCL-50 test was terminated when leakage was observed at the flanges. Following the
termination of the test, the entire sample fixture was immersed in DI water to dissolve any residual
salt that may have penetrated into the gaps between the sampgegrodeiss was accompanied

by the use of an ultrasonic machine. Subsequently, the samples were dried and mounted into epoxy.
It is worth mentioning that the FCRO samples were intentionally not cleaned thoroughly in order

to observe the behavior of thetsah their surfaces. As a result, the weight change of theJ8CL

samples was not obtained for analysis.

[11.4.3. FCL-80: 80 hours forcedonvection loop test

The FCL-80 test was conducted after addressing the leakage issue that occurred50. HGL
resolve this problem, the flanges were replaced with welding joints. Additionally, the chain
coupling between the motor and shaft was upgraded to improve aligrementherubber pad
between the ultrasound sensor and metal fixture was upgraded tetarhggrature paste suitable

for the hightemperature application.

In FCL-80, the samples were installed as received from the machine shop and underwent only
ultrasonic cleaning. The temperature within the test column was maintained at 650°C. During the
test, the pump speed was set to 2400 rpm, and the flow velocity eeasirad using the FLEXIM
ultrasonic flowmeter, which recorded a reading of 1.25 wiis. FCL-80 test was terminated due

to a chlorine electrolysis accident. After shutting down the loop, it was discovered that a pipe had
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completely broken at one of the welding joints located at the original flange position. The details
of these accidents can be found in sedfitB.4 of this dissertationit is important to note that the

salt used in FCI80 was the same as in FGD, but with an additional bubbling purification
process in the auxiliary tank for one hour, using pghty argon. The pogest samples

underwent the same process as in B0lfor further analysis and evaluation.

[11.4.4. FCL-100: 100 hours forced convection loop test

The operation procedures for the tests became more refined and mature after-8et&€€LThe
FCL-100 test was conducted immediately after replacing the broken pipe. It is important to note
that in FCL-100, the saltlid not be refreshed or replaced, even if it became contamingted.
pretest sample preparation for FEI00 was identical to that of FE&0. No severe leakage was
observed during the test, but there was salt penetration at the valve. The termination of the test
occurred due to chloride elealysis, similar to what happened in F8D. The salpenetrated

from the valvesreepedalong the heater glass fiber insulation, resulting in short circuits in the

furtheroperation heaters.

Following the test, the posest specimens underwent thorough cleaning to obtain the weight
change of the samples and perform surface characterization. The samples were then mounted into
epoxy for crosssection characterization, allowing for a detailedlgsis of their internal structures

and properties.
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Table Il -4 Summary of flow conditions of FCL tests

Meter velocity  Flow rated Ti Test column  Test column
Loop Re :
m/s pTt velocity m/s Re
FCL-50 0.5 1.68 5657 0.8 3690
FCL-80 1.25 4.21 14892 2 9225
FCL-100 1.25 4.21 14892 2 9225
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Chapter IVRESULTS AND DISCUSSIONS

IV.1. Thermodynamic properties measurement

IV.1.1. Redox potential measurement method development

Gonzalez et &? found that impurities like oxygen and moisture can lead to the formation of
unexpected hydroxides during heating, resulting in a complex reaction mechanism. Prior to
measurements, cyclic voltammetry (CV) was performed on the blank salt. The resultsddepicte
FigurelV-1 shoved no redox peaks except for alkali metal, indicating the absence of impurities

in the blank salt.

For CP tests, during each experiment, a positive and constant current was applied in step function
form. Then the potential of the working electrode was monitored as a function of time. The
application of a positive current produced chlorine on the wordiegirode. Since this molten salt
system is full of molten chlorine ions, the effect of mass transfer (both diffusion and migration) at
low current density is regarded as negligible. Therefang changes in overpotential in the cell

are ascribable to ¢hkinetics of the reactioMore to this point, this overpotential at thiectrode

is proportional to the small current density applied on the working electrode based on the Butler
Volmer equatior®. This means that the overpotential should be small enough. Meanwhile, if the

applied current density is too small, insufficient chlorine gas on the working electrode surface will
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be produced, which will lead to an unstable potential plateau. Due to the low solubility of chlorine
gas in molten LiGKCI salt, the activity of Glgas could be considered @seat the electrod€’.
In this study, the applied current density was selected from 0.012?Aéct030 A/crd with

sufficient chlorine gas generated on the working electrode.

0.8
0.6 F
04 F
& 02 b
5 f
= 6.0 -
< v

=02 F L
0.4 F

— ~ 0.02 A/cm?

-0.6 '

—

_0.8 :lllllllllllllllllll.lllllllllllllllllll
-2.50 -2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50

E vs. AgCl/Ag (V)

Figure IV-1 Cyclic voltammetry curve for the blank molten LiKLCI salt at 723 K. WE:
Tungsten, CE: Graphite, RE: 10 wt% AgCI in LiIKCI and Ag wire contained in Pyrex tube.

Scan rate: hV/s.
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Current density (4/cm?)

Figure IV -2 (a) Chronopotentiometry curves at different current densities; (b) Linear correlation
between applied currents and measured stable potentials with CP method. Working Temp: 748K.
Molten salt system: LICKCI-AgCI (X=0.0145). WE is 3nm graphite rod, RE and Gie tmm

silver wires.

87



1.35

b —50mV/s — =75 mV/s
130 f --100mVis  —-150mV/s A
------- 200 mV/s ----250 mV/s

—
[N
n

—_
[\
o

[a—
[—
)

Potential (V)

1.05

1.00

0.95 T R R R T T SR

1.0E-05 1.0E-04 1.0B-03 10E-02 1.0E-01 1.0E+00
Current density (A/cm?)

Figure 1V -3 Potentiodynamic curves measured at various scan rates and 748 K -KaliCl

AgCI(X=0.0145) molten melt. WE is-8im graphite rod, RE and CE ararin silver wires.
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The potentiatime curves obtained by chronopotentiometry technique at 748 K in theKiGQCl
AgCl (mole fraction=0.0145) molten salt are shownhkigure V-2 (a). In the beginning, the
potentials were sharply shifted to positive values due to the decrease inlagauaic charging
current (or the increase in the faradaic current where theasl oxidized to G). After 8 to 10
secondsstablepotential waschieved. Since the masansfer effect in this system was negligible,
showing that the system reached equilibrium potentials. Thus, the measured p&@entalin(be

expressed bgquationlV-1, which has all components at unit activity:

O 0i '0i 0 4 —i 1 Equation IV -1

Where Qs the applied current, is the uncompensated solution resistamceis the charge
transfer resistanc® + is the standard potential of £8TI couple verse AgCI/AgY is the gas
constant 8.314tK"tmol'%, T is the temperature in Kelvig, is the charge transfer numb&js

the Faraday constant 9648Bimol™t, &  and® | are the activity of Gland Cl at the working
electrode surface, respectively. The third term on the-hightl side couldbe eliminated since

@ fand®  are at unit activity. Moreover, theandard potential of @Cl" verse AgCl/Ag

equals to the negative value of the redox potential of AgCI/Ag verse standard chlorine reference.

Hence EquationlV-1 can be written as
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6 oo 0 5 Equation IV -2
Where O 5 is the redox potential of AQCI/Ag verse standard chlorine reference redox couple,

which is defined as:

T Equation IV -3

WhereO ; is the standard potential of AgCI/Ag cougle, is the activity coefficient of

AgCl, @ is the concentration of AgCI in mole fraction. Thus, the formal poter@ial ¢ )

is:

ir Equation IV -4

The equilibrium potentials atifferent current densities and the corresponding linear correlation

in the LiCFKCI-AgCI (X=0.0145) eutectic salt are showrHigurelV -2 (b). The extrapolatelthe
intersects the Yaxis at a value of 1.1293 where the current equal to zero and then the effects of
solution resistance and charge transfer resistance can be eliminated. Thus, the negative value (
1.1293 V) of this intercept is the redox potential of AgCI/Ag with respe@I#LCI reference

redox.
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Another method is the potentiodynamic scan of which the potential starts from a potential positive
enough tagenerate sufficient chlorine gas first, moves in a negative direction with a certain scan
rate and usually stops at a value negative than the equilibrium potential of the redox couple to be
studied. The typical polarization curves in LIKCI-AgCI(X=0.0145 eutectic salt at 748 K with
different scan rates are illustrated kigure IV-3. A typical scan started from point A and
progressed in the negative directiamtil terminationat point D. In region A to B for the &CI

redox couple, the domain reaction is the anodic reacgtion: A0 T@#l at the electrode while

from B to D the main reaction is the cathodic reacti@#i AO #| . The chlorine gas in
cathodic reaction actually comes from the gas evolved in the anodic area. Since the generated
chlorine is limited, the current drastically reduced to zero after point C. Therefore, this method
requires a proper scan rate not too fmsthat ensures a sufficient amount of chlorine and not to
slow so that keeps the generated chlorine gas remain at the electrode. Six different scan rates from
50 mV/s to 250 mV were selected in our experiments. The equilibrium potential was located at
point B, where the anodic and cathodic reaction on the electrode surface reaches an equilibrium
and the current equals to zero (this point is very hard to get experimentally). The potential ranged
from 1.3 V to 1V, which was determined by the equilibrium pt&tand current density limitation

of the potentiostat instrumentation (maximum 1A7che measured equilibrium potentials were
slightly shifting, which should be related to the small charging currents caused by scan rates. In
this scan rate intervahe changes in equilibrium potential are less than 3mV, which shows strong
stability. Therefore, the average values were used in the current $helyedox potential of

AgCI/Ag with respect to GICI reference redox is equal to the negative valied 283 V) of the
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measured potential at point B, which is almost the same as the Mall29@ V) from CP method.
These two methods show perfect consistency with each other. It should be noted that for PD
method under different conditions (either temperatures or congengithe stable equilibrium
potentials were commonly achieved with a scan rate higher than 100 mV/s or 150 mV/s. The

vibration in potential with various scan rates for all resuliswithin 3 mV.

-0.80 )
E (a) OYa_ng_and Hudson X=0.0146
085 F + Shirai et al. X=0.0041
» ., |OYoon etal. X=0.0043
—~ -0.90 - I o s | o Polarization X=0.0039
O * CP X=0.0039
R -0.95 | A Polarization X=0.0145
Q : A CP X=0.0145
g -1.00 F X Standard potential
2 -105 F : , , ,
& : ' '
= -1.10 E
§ - h.“.w“--_"—h—"’"‘"’-d
2-115:- G = = = =
> [
S| Sresgeig
a5t - - - - -
700 750 800 850

Temperature (K)

92



-0.65

L (b) 0 Yang and Hudson X=0.0146
[ + Shirai et al. X=0.0041
-0.70 | e Fusselman et al. X=0.0039

o i < Polarization X=0.0039
@] - & CP X=0.0039
<, -075 | 00059

G r A Polarization X=0.0145

g L ACP X=0.0145

4 -0.80 N X Standard potential

- I S

S | _.‘ .....

= [ aperset _‘-"ﬂ.‘:wﬂ""d

E _0.85 : t.-u_“_kcﬂ-o—'r

2 [

o i

E '090 B M

< i

£ [

5 i

[ -0.95 ! L . L

700 750 800 850

Temperature (K)

Figure IV -4 (a) Temperature dependence of equilibrium potentials with different concentration of
AgCl; (b) Temperature dependence of formal potentials measured by chronopotentiometry and
potentiodynamic scan technique for AgCI/Ag in LHIKCI molten melt. WE is dnm gaphite rod,

RE and CE are-inm silver wires(Yang ancdHudsort®, Shird et al'%, , Yoon etal.}%°, Fusselman

et all®h
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Temperature dependence of the equilibrium potentials of AQCI/Ag measured with CP and PD scan

techniques are shown in

FigurelV-4 (a). As carbe seen, these two methaglge almost the same results under the same
condition. The differences in the measured redox potential of Ag/AgCl betivesmtwo methods

are less than 3nV. Moreover, in order to validate these two methods, the concentration
(X=0.0145) similartto Yang and Hudsof° was carried out. The redox potentials measured using
current techniques are ~15mV higher tiéang and Hudsains & i tha whole temperature
interval. The uncertainty of the system led to a deviation of the results. This 2% difference is
considered to be acceptable. In addition, the results obtained from mole fraction of X=0.0039 were
in well consistent with Yoon et &t° and much lower than the redox potential of AgCI/Ag at a
mole fraction of 0.0041 reported by Shif&i However, the results from Shirai was even much
higher than that of AgCl/Ag at the mole reaction of 0.00148dryg and Hudsdf°, which implies

that these abnormal results may come from the experimental disturbances such as potential drop

caused by Pyrex tube.

FigurelV-4 (b) shows the temperature dependence of the formal potentials of AgCI/Ag redox
couple. The formal potentials of AgCHatthe e sl i

concentration of X=0.0145, which is regarded as the experimental uncertainty as discussed earlier.

Theformal potentialO  at X=0.0145 (3.75 wt%) can be expresssdadiow:
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O 4 pro x Tt Y 1 Equation IV -5

And the formal potential of concentration of X=0.0039 (1 wt%) is represented as

O 4 pEro YmBtnm Y 1 Equation IV -6

The formal potential of AgCI/Ag in the mole fraction of AgCl at 0.003%bgselman et af?,

widely accepted by other researchers, was actually derived with the activity coefficients obtained
by Yang and Hudsdf at the concentration of X=0.0146. Fusselman ét'ahade a simple
assumption that the activity coefficient was constant at the diluted condition and thus the formal

potential of AgCI/Ag is independent of the molt fraction. As can be seen from

FigurelV-4 (b), the formal potential by Fusselman et®aht X=0.0039 is equal to that frovfang
and Hudsot®at X=0.0146. However, the activity coefficients at different ma@etfons are quite
different based on the present stud@alfle [V-1). The formal potentials at the concentration of
X=0.0041 by ShiraP®&how a large deviation from all the results as mentioned e&@btenmonly,
the dissolved AgClbehaveslike a regular solution, with positive AgCl activity coefficient

deviation fr%m Raoultods | aw

FigurelV-4 (b) shavs that all the experimental dataladse concentratiorsge more positive than

the standard formation potent@ , O®& IT# 1 , whichcan be calculated based on the
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thermodynamic expressioly"O ¢ "0O) of the reaction: AgCl = Ag 0.5Cb. All the standard

Gibbs energies of this reaction at various temperatures beuttained in previous studi&s!6:

Table IV-1 Calculated activity coefficient of AgCl by using the supercooled free energy of

formation.

Mole fraction of

723K 748K 773K 798K 823K
AgCl
0.0039 2.638 2.618 2.516 2.406 2.318
0.0145 2.148 2.065 2.010 1.934 1.905

TablelV-1 shows the activity coefficients of AgCl in the range from 1.905 to 2.638 under various
conditions calculated bgquationlV-3, and the results are in consistent with the data set by Yang
and HudsoH?. Even though the measured potentials of the AgCI/Ag couple from Yoort%t al.
are almost the same as that of the present study, the activity coefficients of AgCI hi&HCl

KCI system given in their study ranged from 0.0012 to 1.19. Furthermore, the thermodynamic

form could be obtained by rearrangemer&gdationV-4 with Nernst equationy"O € 0):

Yo y YO 4, YW Equation IV -7

WhereYO ¢ is the fomal Gbbs free energyy"O 1 is the standard Gibbs free energy of

the reaction. It should be noted tf@tonly represents the reaction potentiall o€ # 1! C
T@®# 1, notO + Wwhen rearranging this transformation. The second term on thehagltside
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of is the excess Gibbs free enedj® , which only depends on temperature and shows a linear

correlation with each other.
YO N 4 Equation IV -8

Combining EquationIV-7 and EquationlV-8, the correlation between temperature and activity

coefficient is shown as

. oA p )
= Equation IV -9
I 17 ~ v q

N~

The values of the constants A and BEuuationlV-8 andEquationlV-9 equal to 6326.12 J and

0.45 J/K in the mole fraction of X=0.0039, and equal to 6322.80 JzA8 J/K in themole

fraction of X = 0.0145, respectively. It seems that more dilute of the AgCI in LiGKCI solvent

is, the higher activity coefficient of AgCl is. At all concentrations attévity coefficient ofAgCI
becomes smaller with the increasing working temperailmes, with these two methodme can

easily obtain accurate, reliable performance on the measurement of the formal potentials as well
as activities of redox couples at various conditions in-keghperature molten chlorides, which is

of great importance to molten salt electrochemistry

IV.1.2. Redox potential measurement in Magnak salt

FigurelV-5 shows a CV curve obtained at 873 K using a chromium (Il)/chromium redox couple
as the reference electrode in Magnak chloride after inserting all the electrodes. The left peak
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corresponds to the Mg (I1)/Mg reaction and the right peak corresponds totGE @hction. No
impurity peaks were detected in this scanning window, indicating that the purification process was
successful. As current redox potential measurement methods do not require the current density,
the yaxis is labeled as current instead of entrdensity. Before the CP test at each temperature,

a CV test was performed to check for any leaks in the reference electrode contairdiS ICP
results confirmed that thiypes and concentrations of components in the bulk and reference
electrolytes remained unchanged before and after the test. In this work, four concentrations of
CrCl> were tested with mole fractions X=0.0044, 0.0102, 0.0190, and 0.0293. Three concentrations
of NiCI2 with X=0.0061, X=0.0184, and X=0.0296 were gradually added into the bulk salt. To
minimize experimental error, two individual Magnak chloride salts weepgred with final

MgCl> concentrations of X=0.3993 and X=0.4587.
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Figure 1V -5 Cyclic voltammetry curve of clean Magnak chloriméxture at 873 K, the scan rate

is 150mV/s. WE: C, CE: C.

FigurelV -6 demamstrates an example of the typical CP data curve and analytical data. A positive
current was applied during the CP test and the potential between WE and RE with time was
monitored. After 5s current pulse, the current was reduced to zero. Because phéuepmsitive

current, the WE worked as an anode, where the oxidation reaction occurred during the current
pulse. The only species that can release electron in the bulk salt was chloride ions, which means
that the reaction on the WE surface is the foramabtf chlorine. Meanwhile, during the current

pulse, the measured potential was the total of chlorine potential on WE, solution resistance (
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and some potential change across the WE and solution inteyfa€®, (as shown inFigure

IV-6.(a). Thus, the measured poteniial was defined as
O o —I1— 0i 1 0 Equation IV -10

, Where ‘O is the standard potential of £I¥=3.814 JXmol? is the gas constant, T is the
temperature in Kelving =1 is the electron transfer number of chlorine formatiGn, 96485
sA Mol is the Faraday constah, andd® are the activity of Glon the WE surface and Cl
in the bulk solution. The sum of the last two terms on the -tighd side is the scalled

overpotential-. As reported by Bard and Faulkréf, when ovepotentialis small enough, the
Butleri Volmer equation can be simplified asQ ‘Q——, where | is proportional te-.

Theoretically, the better results can be achieved by reducing the applied current. However, when
the current is too small, the potential oscillates violently. The reason is that chlorine gas not
uniformly generates on the WE. Experimentally, when thepmtential is ranging from 40 mV to

100 mV, the linear relationship between applied current and overpotential is ideal. The data points
in FigurelV-6.(b) are the average of the last 3 seconds of the measured potential. Linear correlation
is then applied to the data and extrapolate®tart, where the effects of the last two terms have

been eliminated.

O o  —11— Equation 1V -11
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Since the chloride salt is full @ and the generated chlorine gas is pure, the activitgioind

0a are considered as a unity. Thus, the valu®of is the standard chlorine formation

potential relates to the potential @f 0 ireference. In other words, the negative value of

0 isthedi 70 iredox potential related to the potential of standard chlorine.
O O e Equation IV-12
o ©O 5 —li— Equation IV -13

In EquationlV-13,'0 is the redox potential gf Q W# ©ouple in Magnak chloridé&) 7

is the supercooled standard formation potential of £iCle value is calculated based on the data
reported by Baritf®®usi ng t he met hod r epBrit=2igtheitransf@radyr i 0 s
electron numberd is the activity of CrGlin Magnak chloride, and is the activity of the

metal rod equal to on&quationlV-13 can be rewritten as
0 0 —1 1 Equation IV -14

, whereO is the formal potential gt Q Y# Gn Magnak chloride. It is expressed as

T

; O 4 =17 Equation IV-15

101



The @ andl in EquationIV-14 and Equation|V-15 refer to the concentration and activity
coefficient of CrCl} in the Magnak chloride.

Redox potential and formgbotential of four different concentrations of CtGit different
temperatures are presented kigure IV-7. The redoxpotential increases with increasing
temperature and Crg&toncentration. Since at a high temperature the random thermal motions of
the ions overcome some of the electrostatic repulsions between like ions to make the solution more
ideal, the activity at the same concentration increases. An increase in cormetratie same
temperature also increases activifyigure 1V-7.(b) indicates that the formal potential is
independent of theoncentrationjn other words, at these fotested concentrations the activity
coefficient is the same at the same temperature. The red line is the fitted linear correlation of the

formal potential, given in equation form as

0O j CP XXt ppm’yY Equation IV-16

, Where"Yis the temperature ikelvin. As shown irFigurelV-7.(b), all the data are within an error

of ™ P

The mark (1) and (2) ifrigurelV -8 refer totwo independent experiments with the same NiCl
concentration X=0.0061 but different test temperature range. In the temperature range of 873 K to
973 K, the potential data shovwggeat agreement with each other. The reproducible results
confirmed the reliability of the CP method in the study of redox potential. The expression of the

fitting correlation inFigurelV-8.(b) is expressed iBquationlV-17.
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o . P® YuEdtg mp MY Equation IV-17

The error bar, in this case, is® P

The final concentration of the Magnak determined by-M® test, in mole fraction is Mg¢l
X=0.4587, KCI X=0.2432, NaCl X=0.2981Another MgC}h concentration X=0.3993 was
measured due to the preparation error, potential results are shbigarealV -9 (triangle). These
two results are similar. This is due to the redox potential difference chygbe concentration
difference being less than the experimental uncertaiftye formal potential of Mg(ll)/Mg

(X=0.4587) can be used for the future study, the equation is given as bellow

0O J. o] wxd mppm Y Equation IV-18

Once the formal potential of Mg, Cr, and Ni wettdained, activity coefficients of Mg&ICrCh,

and NiCk were calculated byitilizing supercooled standard potential aédgliationlV-16 and
EquationlV-18. Results are shown ifablelV-2. TheMgCl2 activity coefficient is about 3 times
larger than the results reported by Neil et@). in a similar salt composition but slightly different
composition ratio They used a MgBi binary alloy as the electrode and induced the activity of Mg
in MgBi(l) alloy during the analysis. The data they used was measured from a different molten salt
system, which could be the root of the difference in the activity coefficiéms, the database

they used increased their experimental errors. For the Mg test, the W rod waopull€dmm

(the total immerge length is about 16 mmagsuming that the bukalt flowed into the alumina

tube and liquid Mg was floating on it. The results were the same as W rod touching the bottom of
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alumina tube, which means that the potential on RE is the redox potential of Mg(ll)/Mg couple
and that no salt flows into RE as mentioned before. After the test there no visible solid sale in the
tube as well.

The Mg(ll)/Mg redox potential and the formal potentials of Ni(ll)/Ni and Cr(I1)/Cr are plotted in
Figure IV-9. Since MgC} is one of the components of the salt mixture, it has only one
concentration and redox potential; and at the tested concentration, the form potentials afidNiCl
CrCl, are independent of their concentrations. Therefore, formal potential is best used to represent
theirpotential For a pure metal (Ni or Cr) immersed in a pure Magnak chloride mixture, corrosion
will happen. FrontEquationlV-14the value of redox potential of Ni(ll)/Ni and Cr(11)/Cr are very
negative at the beginning because there are no metal cations in the solution. The metal will be
corroded until the concentration of dissolved Ni(ll) or Cr(Il) reaches the equilibrium tevkich

O J J 0O P EmployingEquationlV-14 andEquationlV-15, the limited
dissolution concentration (Xwas calculated and shownTablelV-3. As X of Ni(ll) and Cr(Il)

are bothvery small as shown in the table, therefore, it is reasonable to conclude thdbagunek
chloride is not considered corrosive to these two metals. The magnitude ordgNaEIX) is

much smaller than XCrCl>), which indicates that Ni has higher corrosion resistance compared to

Cr.
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Table IV -2 Activity coefficient and supercooled standatential.

Temperature K Activity coefficientr Supercooled standard potential V

CrCl 873 0.1622 -1.4439
X=0.0044 923 0.2577 -1.4232
X=0.0102 973 0.3906 -1.4025
X=0.0190 1023 0.5696 -1.3819
X=0.0293 1073 0.8003 -1.3612

MgCl2 923 0.2499 -2.5453
X= 0.4587 948 0.3418 -2.5310

973 0.3803 -2.5168
998 0.3983 -2.5024
1023 0.4671 -2.4881
1048 0.5377 -2.4738
1073 0.5640 -2.4595

NiCl2 773 0.0281 -0.8007
X=0.0061 823 0.0469 -0.7810
X=0.0184 873 0.0737 -0.7614
X=0.0296 923 0.1103 -0.7417

973 0.1585 -0.7220
1023 0.2197 -0.7024
1073 0.2954 -0.6827
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Table IV -3 Limited dissolution concentration of Ni€and CrC# in Magnak chloride salt.

Temperature K XL(NICly) XL(CrCl)
873 P8 X C WP Tt VB TCEPT
923 QYo T maom
973 COXX@PT PE C WX T
1023 ¢ puv@m TE QT YT
1073 PHT @ T PHCXPT
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Figure 1IV-7 Redox potential and formal potential of four Gr€bncentrations in Magnak

chloride, the red line in (b) is the fitted linear relation.
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Figure 1V -9 Comparison of Mg (ll) / Mg redox potential and Cr (II) / Cr and Ni(ll) / Ni formal

potential in Magnak chloride.

IV.1.3. Sub-Conclusion

In conclusion, this study focused ateveloping chronopotentiometry and potentiodynamic
polarization technique® measue the redoxpotentiab by usingAg*/Ag to Cb/CI" redox couple
in LiICI-KCI eutectic melt The measurements were conducted at different mole fractions of AgCI

and temperatures ranging from 723 K to 823 K. The formal potentials and activity coefficients
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were calculated based on these measurements, yielding results that aligned well with previous

studies.

The obtained results were considered reliable, with a deviation of less than 2% compared to
reported values when chlorine gas injection was not involved. Moreover, the study presented a
new correlation between formal potential and temperature for AgClfmaaigons of 0.0039 and
0.0145. The calculated activity coefficients of AgCl ranged from 1.905 to 2.638, and a relationship

between temperature and the activity coefficient was proposed.

Furthermore, this paper introduced an innovative and precise method for measuring redox potential
in chloride molten salt without the need for a thermodynamic reference electrode. The use of an
alumina container as an ion membrane enabled measuremdm@<ofit)/Cr redox potential, and

the setup was demonstrated to be universal, allowing for testing with various chloride salts.
Additionally, a novel design of a liquid Mg reference electrode was reported, enabling the use of

pure Mg instead of MgBi alloy.

The study extended its scope to investigate the redox potentials of, MgClp, and CrCl in the
temperature range of 873 K to 1073 K. Activity coefficients were calculated using supercooled
standard potential, and empirical expressions for the formal potential were derived. The results
indicated that Ni exhibited higher corrosion resistarmmmared to Cr in Magnak chloride salt.
Moreover, the limited dissolution concentration of Ni@hd CrC# suggested that pure Magnak

chloride salt, free from corrosive impurities like moisture, would not corrode Ni and Cr metals.
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IV.2. Electrodemical corrosion test of puneetal and alloys in Magnak salt
IV.2.1. Electrochemical corrosion test of pure metal

The chemical purification of Magnak salt to eliminate MgOHCI has been extensively discussed
by Zhao andVidal'®®. According to their report, thermal purification did not affect the content of
MgOHCI. However, the introduction of Mg metal significantly reduced the MgOHCI content to
0.11 wt%. In our current study, we analyzed the purified salt using th&EOBEAMMS methodsand

O&H analyzer

Figure IV-10 illustrates the CV curves of each shitch of salt before immersing the testing
samples at 600°C, with a scan rate o hfV/s. The prominent peaks observed at the right end
correspond to the redox reaction of the Mg(ll)/Mg couple. Since the reference electrode (RE)
reaction is the same and the potential of the Mg(ll) reduction reaction remains constant across
batches and teperatures, it occurs at a potential equal to zero. This stability provided by the Mg
RE ensures consistent potential measurements. The scanning potential range is fixed-between
0.025 V and 2 V. The upper limit is restricted due to the generation airahigas. Within this
scanning window, one impurity peak was detected in the rangeld51V vs. Mg'/Mg.
Additionally, the ICP results do not indicate the presence of any metallic impurities, suggesting
that the impurity likely belongs to the nometallic category.The O&H analysis of the purified

salt indicates that the average hydrogen content is approximately 32pm, and the average
oxygen content is approximately 6622 ppm. These findings suggest thatithpurity contentis

very low in thesdt, however theystill play acrucialrole as corrosive agentReflecting on the
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CV scan results FigurelV-10, it's evident that the oxidation peaks' potential (1) is more negative
than that of the reduction peaks (2), indicating distinct reaction origins for these peaks. According
to Kanzaki and TakahasHf$calculations, peak (Xorresponds to the reactiongi TQ ©

0 , possessing a standard potentiallof 73 V vs Clo/CI". On the other hand, peak (2) corresponds

to the reactionof' O ¢Q © 'O, with a standard potential €f.016 V vsCl,/CI". Both & and

H> are released from the system, resulting in the absence of discernible reverse peaks.
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The CV scan and IGMIS results indicate the presence of minor impurities in the chemically
purified Magnak salt. Prior to conducting the PD scan, ahane OCP scan was performed to
monitor the system's equilibriunkigure IV-11 presents the OCP results of Fe at different
temperatures. Overall, as the immersion time increases, the OCP of the metal specimens also
increasesThis phenomenon can be attributed to the thermodynamic mechanism of corrosion, as

depicted inEquationlV-19.

Y Y 2z 0 0 Equation IV-19

Where'Y refers to the metaklement’Y refers to the impurity oxidast0d refers to the

oxidation stat®f metal element, and  refers to the reduction statéimpurities.

Corrosion of a metal specimen occurs upon contact with the salt, and thermodynamically, there is
an infinitely largeEMF driving the reactiorn EquationlV-19 forward. As the corrosion process
progresses, corrosion products and impurity reduction products accumulate in the salt system.
However, the impurity contaminants in the salt are assumed to remain constant due to the
equilibrium of oxygen or moisture betexe the overlying gas and the salheoretically, the EMF
required to driveEquation1V-19 forward should increase over time until reaching a stable
potential. The OCP results FigurelV-11 indicate that after one hour stabilization, theDCP

change is vergmall However, it igmportant to note that the corrosion process will continue, and

the OCP will keep increasing as corrosion is an ongoing phenomenon.
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Figure IV -11 Onehour OCPcurveof pure Fe sample before conductiPD scan.WE: iron, RE:

magnesiumCE:tungsten

Following the OCP measurement, a Bfan was performed in the range of +0.25 V around the
OCP with a scan rate of 2 mVisigurelV-12 (a)(c) illustrates the PD curves of pure metals at
different temperatures. The PD scan was conducted from the negative potential to the positive
potential direction with respect to the OCP. dascribed in the previous section, corrosion
continued to occur for an hour, introducing corrosion products into the salt. This is why the PD
current is initially higher and rapidly drops within the first1® mV of the sweep. Once the
corrosion producteear the working electrode (WE) surface are consumed, the cathodic current is

dominated by the reduction of impuritids interesting observation can be mad€igurelV-12
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() and (b), where the cathodic current density slopes of Fe and Cr are very similar within the
approximatelyrange of-0.2V to-0.1V scan window. This similarity is attributed to the cathodic
current being limited by the diffusion of impuritiesthe salt While progressing favorably from
approximately-0.1 V towards the OCP, thmpact of the anodic current becomes increasingly
noteworthy.For instance, the oxidation current of Fe becomes notable compared to the reduction
current of impurities. Eventugll the anodic current balances with the cathodic current, resulting
in the total current equal twera After the balance pointhe anodic current begins to dominate

the PD currentNi's PD curve differs from Fe and Cr as it exhibits a typical Tafel curve

Theillustrationof the minor impuritycontrolled PDcurvesis depicted irFigurelV-12 (d), which
is drawnbased orrigurelV-12 (a) to (c) and the slope data frdrablelV-4. In FigurelV-12 (d),
the curve colors represent different temperatures. Taking the 600°C curves as an example, the top
curve represents the cathodic PD curve of impurities, wddighyshas a higheNernstpotential

(O than themetals.The Nerst potential idescribsin EquationlV-20, as thed and®

areunknown so the rea0 is hard to be determined accurately
v
€

0O O _gig_ Equation IV -20

In EquationlV-20, "Qepresents thienpurity, Fe, Ni andCr. O represents the Nest potential of
QO refers to thestandardpotential of QAnd® andd® represents the activity @ s o xi dat i o

state and reduction state
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As the overpotential increases in the negative direétidher away froniO , the cathodic
current of impurities is controlled by the activation of the reduction reaatitime beginning
referred to as the activation control region. As the overpotential continues to increase, the supply
of impurities near the electrode surface becomes limited by their diffusion from the bulk salt,
resulting in a region where the cathodic current remeamstant with increasing overpotential.

This region is called the diffusion control regi@n the other hand, the PD curves of Ni, Fe, and

Cr only exhibit anodic curves, which are plotted gradually as a dashed line with two dots, a dashed
line with one dot, and a solid black dashed line, respectively. It is worth noting that at 600°C, the
PD curves of Fe and Cr fall into the impurity diffusion g¢ohtregion, while Ni falls into the
impurity activation control region. It should be pointed out that the experimental curves in (a) to
(c) represent the mixed current of impurity cathodic current and metal anodic current, which are

represented by the puepcolor.

Taking the Cr curve as an example, the PD scan was conducted from point A to point D. In the A
to B region, where the potential is lower than@e the corrosion PD curve gominatedby
impurity's cathodiccurrent After point B, the Cr anodic current begins to counterbalance the
impurity cathodic current and equals it at point C. The potential at point C is known @s the
corrosion potential of the Magnak salt. From point C to point D, the Cr anodic current gains more
weight in the overalPD current, and after point D, the impurity's cathodic current becomes
negligible.Clearly, in the impurity diffusion control region, the Tafel fitting is noitable for

fitting the corrosion PD curve and obtaining the corrosion current. In this study, thé E &

fitting of the -0.2 to-0.1 V overpotential region is used to determine ithpurity diffusion
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controlled corrosion current. As the temperature rises, the diffusion rate of impurities also
increases, leading to a broader activation zone and a shorter diffusion control zone. Consequently,
at 700°C, the slope of the Fe corrosion curve approaches the slope value of Ni. Therncorrosio
current density of each metal is presentetahlelV-4. In FigurelV-12(d), the Nernst potentials

of all species may either increase or decrease with increasing temperatures. However, it is essential
to note that this does not impact the overall conclusion. For illustration purposes, the decreasing

case in (d) was employed to eajnl the observed phenomena.
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700°C. (d) lllustrationof the PD curve driven by impurities
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Table IV -4 Summary of athodic slopand corrosiorturrent density

Slope . i Q Q0
Temp.°C  Samples V/dgcaare rri'}z:/cr;\2> mA/cn? mA/cm? %

Fe 0.7505 0.1256 0.1248 0.0008 0.6155

Ni 0.3853 0.0528 0.0444 0.0084 18.9230

600 Cr 0.6104 0.1965 0.1842 0.0123 6.7034
SS316 0.4347 0.1240 0.1147 0.0093 8.0935

A709 0.2846 0.1484 0.1371 0.0113 8.2041

Fe 0.8766 0.2616 0.2581 0.0034 1.3220

Ni 0.3130 0.0525 0.0403 0.0122 30.3215

650 Cr 0.7327 0.3626 0.3442 0.0184 5.3552
SS316 0.5533 0.2605 0.2426 0.0179 7.3779

A709 0.3074 0.2924 0.2772 0.0152 5.4862

Fe 0.4823 0.4161 0.3907 0.0254 6.5047

Ni 0.3439 0.0861 0.0748 0.0113 15.0971

700 Cr 0.8193 0.8079 0.7696 0.0383 4.9822
S5S316 0.3598 0.4942 0.4433 0.0508 11.4642

A709 0.3746 0.5197 0.4677 0.0520 11.1276

The corrosion potentials of the materials were determined using both them&&d and theD

scan method at different temperaturesligted inTablelV-5. The corrosionpotential represents

the potential at which corrosion occurs in a corrosive environment, and the OCP method is
commonly used to measure the corrosion potential of a m&trdowever, in some systems, the

OCP method may require a long stabilization time. Consequently, electrochemical methods, such

as PD scans, have been developed to measure the corrosion potential more efficiently.

In the present studythe corrosion potentials obtained from the O@Bthod ( Iﬁj; Ilbg/vere

consistently found to be more positive than the corrosion potentials obtained from the PD scans
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(ﬂt I L Assis et at®® described this phenomenon as being attributed to the large initial reduction
potential that disrupts the passive layer, resulting in a switch to a megagive potential in
agueous solutions. However, this explanation may not be applicable in molten salt environments
due to the instability of the corrosion layer. Furthermore, Zhang'&@binted out that Assis et

al.'s theory could not explain why ttﬁ I shiftsfurther to negative potentials as the PD scan rate
increases in aqueous solutiorBrad and Fallkner discussed the impact of doubégyer
capacitance in a potential sweegperiment, where a charging current densiﬁig ol) -1
proportional to the product of the scan rate and interface capacitance is always pheskmadic

current density fg) is measured based on the charging current deéffsity the case of a PD scan,

the peak of the polarization curve occurs when the total current depsityu@lszero.

0 0 0 0 0 0 Equation 1V -21

In EquationlV-21, "‘Qand"Qrefer tothecathodic current density and anodic current denityhe

open circuit potentighereis no charging current involved, resulting in a total current of zero. This
means thé-aradiccurrent is zero, or equivalently, the cathodic current equals the anodic current.
However, in the case of a positive potential scan, the positive charge stored in the interface
capacitor continues to increase. This implies that electrons are being forced from the electrode to
the interface by the external power source. Consequentlghtlrging current flows in the same
direction as the anodic current dugia positive scan. As a result, a lov@r is required to

achieve a total current density of zero compared to .
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In the case of a negative potential scan, the direction of potential shift is reversed. It should be
noted that a higher scan rate leads to a larger charging current density and a larger potential shift.
In our current experiment, a scan rate of 2 mV/s amaployed The results presented rable

IV-5 indicate that, except for Fe, all other samples exhibited a potential shift ranging #@&tn 17

mV in the negative direction. This discrepancy was depicted as an errofFigtinelV -16.

Once the potential difference betwé®n andO is known, the corrosion current density,
which was previously determined by using the intersectio® of and the cathodic current
density, becomes less accur#tigiurelV -13illustrates the correlation between the OCP corrosion
current density and PD corrosion current density. The charge current density influeneBs the
currentdensity.Within the potential range B to Gincethe™Q in the same direction 8, it
redu@esO toO . However, within the potential range of A to B, wh@is significantly

high, the influence ofQand’Q Is minimal.Extending the cathodic fitting line (solid reid)

the A to B rangeallows determination of its intersection with , which, throughEquation
IV-22, yieldsthe corrosion current density @ . Furthermore, within the range of C to E,

Q increasefQ . Beyond point E, botfQandQ become inconsequential. Importantly,
regardless of whether the cathodic PD curve lies within the impurities' activation zone or diffusion
zone, al0 |, the cathodic current density remains lower than the anodic current density. This
observation signifies that the cathodic current density corresponds’® th€onsequentlythe

corresponding corrosiaturrent densitgt O  is calculated andetailedpresented iTablelV -4.
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Figure IV -13 lllustration of the correlation between the OCP corrosion current density and PD

corrosion current density.

i s 11®s Equation 1V -22

Upon examining the results, it can be observed that the disparity betwesnrriteoncurrent
densityobtained from the PD and the OCP for pure Fe and Cr falls within a 10% range compared
to the OCPcorrosioncurrent densityHowever, thecorrosioncurrent densityof Ni exhibits a

significantdifference, amounting to approximat&§% of its OCRcorrosion current density his
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phenomenon arises due to Ni's inherently low current density at both the potential of passivation

(PD) and OCP. Consequently, even a slight alteration in current density results in a substantial

ratio change

Table IV -5 Corrosion potentials obtained from OCP angotentiodynamicscans atvarying

temperatures
Temp °C Samples o (V) o (V) O o (V)
Fe 0.985 0.983 0.002
Ni 1.190 1.161 0.029
600 Cr 0.801 0.784 0.017
A709 0.960 0.004 0.935 0.005 0.025
SS316 1.011 0.005 0.985 0.004 0.026
Fe 0.969 0.964 0.005
Ni 1.170 1.134 0.036
650 Cr 0.786 0.769 0.017
A709 0.949 0.001 0.922 0.004 0.027
SS316 0.985 0.003 0.965 0.002 0.020
Fe 0.954 0.941 0.013
Ni 1.130 1.109 0.021
700 Cr 0.761 0.744 0.017
A709 0.918 0.0(8 0.895 0.005 0.023
SS316 0.928 0.005 0.906 0.005 0.022

IV.2.2. Electrochemical corrosion test 86316 and A709

In the case of alloys, the polarization curves obtained through potential scan (PD) exhibit notable
differences compared to those of pure meflgurelV-14 (a) demonstrates that the alloys' PD

curves display a wide noise band instead of a single peak. Both SS316 and A709 alloys exhibit a
peak zone in their respective PD curves. Typically, the peak band for SS316 is around 30 mV,

while for A709, it is aroun@0 mV.To enhance the visualization of the data, a smoothing filter
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was applied to the current using the Gamry Echem Analyst software. Specifically, a Sacitzky
Golay filter of the fourth order with 16 points was utiliz&yurelV-14 (b) illustrates the three
smoothed curves of A709 obtained at 600°C. These curves correspond to three individual A709
samples from the same shhtch of salt, denoted as S1, S2, ancrrﬁﬁ.obtaineolﬁtr £ Lb,nd ﬂt LG
values from the smoothed curves of the alloylfégrenttemperatures are compilediablelV -5.

It is worth noting that the standard deviations of the potentials are less than 8 mV, indicating the
reliability and repeatability of the potential results. The corrosion potentials determined through

the PD method are plotted in Figure 1V.15.

In alloys, the Nernst potentjah EquationlV-20, of the majority element, even with the sacne

as the pure metal, shifts positively compared to the Nernst potential of the corresponding pure
metal. This shift occurs because thie becomes smaller in alloys compared to pure metals.
Consequently, even though A709 and SS316 contain Cr, their corrosion potential is significantly
higher than that of pure chromium metat shown inFigurelV-16, at 600°C and 650°C, SS316
exhibits a higher corrosion potential than pure Fe. However, at 700°C, the corrosion potential of
SS316 decreasés lower than FeOn the other hand, tredrrosion potential of A709 remains
consistently lower than that of pure iron, with a difference of approximately 50 mV. It is

noteworthy that SS316 and A709 demonstrate very similar corrosion potentials at 700°C.

Considering that th®  of SS316 and A709 is either close to or lower than that of pure Fe, it
suggests that the potential scan region in the PD falls within the impurity diffusion control region,

as illustrated irFigurelV-12 (d). The PD curves of the first sample of A709, SS316, and pure
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metal at different temperatures are showrkigure I[V-15. The reason for presenting the plots
based on temperature is that, in an impurity diffusion control scenario, disregarding the effect of
impurity cathodic current leads to significant errors when obtaining the corrosion current from
either the Tafel or Biler-Volmer equatiorbased on the anodic dissolutidiigurelV-15 (a) and

(b) exhibit intriguing cathodic curves within a similar PD scan range. It is observed that SS316
exhibits a higher cathodic current density, whereas A709's cathodic current density is lower when
compared to the baseline Fe curVlae cathodic current density of an alloy in the PD can be

simplified usingequationlV -23.

9 0 Q 0 0 Equation 1V -23

In Equation IV-23, "Q HQ ot Q@ represent the total cathodic current

density, thecathodic current density resulting from impurities, and the reduction of corrosion

products, respectively. The tef@ denotes the current density causedalipy oxidation
majorly caused by the Cr dissolutioBquationlV-23 can be expressed BsgjuationlV -24 when

‘Q equals zero.

0 0 Q 0 Equation IV -24

Taking the data at 650°C, as shownFigure IV-15 (b), as an example, let's assume that the
cathodic current density of pure Fe only includes the contribution from impufidies ( ), and

the contribution from corrosion productQ ( ) is negligible. Therefore, the cathodic

130



curve of impurities (indicated by the purple dashed line) matches the cathodic curve of pure Fe.
Consequently, the cathodic current density due to impurifies () in the potential range of

0.7 V to 9.8 V vs. Mg is obtained from the data of pureTh& green lines (representing Cr in
A709) and blue lines (representing Cr in SS316) depict the approximate Nernst potential and
cathodic curves of Cr in the respective alloys. In the region from point A to point B, SS316 exhibits
a larger cathodic curredensity compared t® . This can be attributed to the contribution

from corrosion productsQ@ ), which were introduced during thehbur immersion.

On the other hand, A709 shows a lower current density compaf@d to . The difference
between A709 and SS316 lies in the Nernst potential of Cr, meaning that the Nernst potential of
Cr in A709 is lower than that in SS316. As a result, the current density caused by Cr oxidation
("Q) starts to play an important role around point A in the polarization diagram (PD) curve of

A709. Approximately,;Q starts to have more influence around point B in the PD curve of SS316.

Assuming that at the beginning of the electrochemical corrosion tests, there are fewer corrosion
products available to contribute @ , the corrosion process is primarily governed

by "Q , regardless of wheth&® starts to take effect at point A or point B. Therefore, in
order to obtain th®  of the alloys in a scenario where impurity diffusion controls the process,

it is necessary to use auxiliary data of impurities obtained from pure Fe, rather than fitting the PD
curves of the alloys. The calculation is presentdelgunationlV-25. The corrosion current density
derived fromEquationlV-25 is comparatively lower than that determined from the dissolution

current density. This suggests that the corrosion process is governed by impurity diffusion.
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Equation IV -25

Significantly noticeable is the corrosion potential of SS316, which experiences a notable reduction
at 700°C in comparison to lower temperatures. Moreover, thedeathodic current density at

this temperature falls below the impurity diffusion current density. This phenomenon arises
because SS316 initiates dissolutiontla lower scanningpotential, signifying a decline in
corrosion resistanc&he corrosion current density of the alloys at the open circuit potential was
subsequently converted usiBgquationlV -22. Despite the presence of wide noise in the PD curve,
which increases the error associated with@he , the use of the corrosion correction equation
(EquationlV-22) helps mitigate the errors introduced by data smoothing techniques. As a result,

the corrosion current density obtained from B0th andO is provided inTablelV-4.
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Figure IV -16 Corrosion potentiairom potentiodynamic scawf pure metal and alloy
IV.2.3. SubConclusion

In conclusion, théD polarization tests conducted on pure Fe, pure Cr, pure Ni, A709, and SS316
exposed to chemically purified Magnak chloride molten salt at various tempetatakean their
corrosion potential and corrosion current dendityese results shed light on the electrochemical
corrosion process within a low impuritgvel molten salt environment. The observed corrosion

mechanism was found to be diffusioantrolled, predominantly driven by cathodic reactions.
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Furthermore, a cathodic controlled PD data analysis procedure was developed to analyze the
obtained resultsThe findings indicate that at temperatures of 600°C and 650°C, SS316 exhibited
a higher corrosion potential compared to A709 and slightly higher than pure Fe. However, at 700°C,
SS316 demonstrated corrosion potential closer to that of A709 and both werd¢Han pure Fe,
although still higher than pure Cr. Additionally, the corrosion current of SS316 consistently

remained lower than that of A709rass all tested temperatures.

For future research, it is recommended to conduct a corrosion study on SS316 and A709 at higher
temperatures. While A709 displayed inferior corrosion resistance under the current test conditions,
it demonstrated more stable corrosion properties compared to SS316, with the corrosion potential

of SS316 increasing as the temperature rose.

IV.3. Lessons Learned from Operation of a Forced Convection Loop Using Chloride Molten Salt

This section describes our experience with loop operations, where we ran the loop three times and
gained valuable insights on its execution. The loop operation can be divided into five key steps,
namely salt loading, salt purification and {nelt, salt tansportation, salt circulation, and salt

drainage.

IV.3.1. Salt loading

As previously mentioned, the ternary sadimposition MgGl-KCI-NaCl is utilized in our process.
These salts are acquired individually in powder form and are separately weighed-amxeplre

a bucket. The mixture is then loaded into the auxiliary tank via a 2" diameter port, using a funnel.
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The weighing and loading of the salt are carried out in the ambient environment while wearing
appropriate personal protective equipment. Once loaded, the port is sealed with a threaded lid.

Since the salts used are Aoxic and norhazardous, we did noheounter any issues in this step.

However, as the original design utilized the auxiliary tank as both the purification and drain
reservoir, we overlooked the density difference between the powder and liquid salt during the
loading process. Nonetheless, this presented an opportunity forload and purify multiple

batches of salt. Our only suggestion in this regard is to consider the initial tank volume design.

IV.3.2. Salt purification and solid salt praelt

The initial step in our process is to purify the salt received from the vendor, which is done in the
auxiliary (Aux.) tank. The purification process involves thermal purification with argon flow. A
total of 40 kg of salt is purified in two separate batafe&s kg and 15 kg, respectively, filling the

Aux. tank to 5075% capacity with powder salt. An overview of the purification process is
presented ierror! Reference source not foundo begin, the tank is evacuated and refilled with a
rgon gas five times to replace the air from the epiesalt loading process. Port 8 is connected to
both the argon source and a vacuum pump to facilitate this process. Once the air is sufficiently
replaced, the cover gas line is turned off, and the purging and exhaust line is turned on. The inlet
argon flow rate is maintained atl® standard cubic feet per hour (SCFH), and the tank pressure
is set to 1 psi. The heating system is then activated to ghadheat the salt at a rate of 1 °C per

minute.After the salt has melted, it is kept at a temperature ofG@Mhd bubbled with argon flow
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at a constant rate for one hour. Once this process is completed, the exhaust line is turned off and

the salt is heated to a temperature of ®D@or transportation.

Our purification process highlighted the importance of not relying solely on flow rate and pressure
during the heating process. As the volume of argon gas in the tank expands with increasing
temperature, maintaining a constant flow rate will cause thepia@ssure to exceed the designed
pressure limit of 15 psi. To prevent this, we manually adjusted the exhaust valve to maintain a
pressure of 1 psi. However, we recognize the need for a more automated solution and suggest

implementing a back regulator oretexhaust line to regulate the flow and presautematically.

We also observed that the powder salt had low thermal conductivity during the purification
process. As showim FigurelV-17, the proces3C was inserted into port 6, while the high limit

TC was placed between the tank and heater. We noticed that there was a significant delay in the
temperature response of the process TC, and there was a large temperature difference between the
wall and ceter of the tank. The control system we used had a-inudtitomatic ramp heating
function, which was not suitable for powder and solid salt. This resulted in overheating of the outer
layer of salt. To overcome this issue, we experimented with low comstatihg power ($%) to

achieve a more balanced heating. However, we recognize the need for a more permanent solution.
This could involve designing a tank with a taller height and relatively smaller diameter or
incorporating an internal heat element tafernmly distribute heat throughout the tank. Another
potential solution could be implementing a stirring system to distribute the heat in the powder salt

evenly.
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We have also noted that the powder form of Mdf@k a fluffy consistency and small particle size,

making it highly susceptible to being blown up. During the purification phase, the tank cover gas
is maintained at approximately 2 to 3 inches. The purging flow, which carries the salt powder,
predominangt MgCl,, away from the system, causes some of the salt powder to settle at the far
end of the exhaust line. To avoid this issue in the future, we suggest using a taller tank or

implementing vacuum heatirgefore melting

The purification process is a ctine operation, and subsequent operations were carried out using
solidified salt. One issue we encountered with the solidified salt was its low thermal conductivity.
Automated control methods using set point would likelgult in overheating the tank. In future
designs, this issue should be taken into account, especially when dealing with large batches of

molten salt.
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Figure IV -17 lllustration of the purification tank. 1. Drain hole. 2. Pressure transducer port. 3, 5,
&7. Purging ports. 4. Exhaust line. 6. Thermal couple port with thermowell. 8. Cover gas line and

evacuation line. 9. Heaters.
IV.3.3. Salt transportation

FigurelV-18ill ustrates the equipment orientation utilized in the salt transportation process, which
involves transferring prenelted salt from the auxiliary tank to the upper storage tank, with a height
difference of approximately 3.5 ft (1.12 m) between the two tartks.temperature of the salt in

the auxiliary tank is maintained at 680 during transportation. To accomplish this, two primary

143



steps are followed. First, the loop and storage tank gas are exchanged from air to argon atmosphere
through evacuation and refill. Second, the storage tank and supply line are heatettov80
particular attention given to the valve temperature. As discussed in the valve section, gaps in the
valve can allow salt to penetrate and solidify, necessitating preheating of the valve to melt the salt.
While a tape heater was used to heat theeyahe valve surface was not uniform, and contact
between the teger and valve was less than ideal, requiring more powder input and longer heating
time. Due to the difficulty of measuring the valve temperature accurately, a temperature sensor
was only installed near the end of the pipe, resulting in a temperaturegeadine valve that is

much higher than the salt melting point, typically around-680°C. It should be noted that this

valve can be reused multiple times with minimal leaks, as it is only briefly exposed to flowing salt
during transportation and is Kegosed during salt circulation, with a temperature lower than the
main loop at approximately 48850°C. At this stage, the temperature of all equipment shown in
FigureV-23 is over500 °C. Despite our efforts to cover all pipes as thoroughly as possible,

temperature distribution is uneven in the absence of liquid in the pipe.

The method utilized to transport molten salt between two tanks is pressume, and the pressure
required to achieve a certain height can be estimated using the hydraulic head equation, as shown

in EquationlV -26.

O na Equation IV -26
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The approximate pressure requirement for this process is 2.6 L8 he initial step involves

setting the pressure in the auxiliary tank to 3 psi. Note that when pressurizing the auxiliary tank,
the gas line must be the purging line, rather than the cover gas line, to prevent the pressure from
forcing the salt backot low-pressure lines, such as the purging line, where it can solidify and
potentially damage equipment not designed to handle high temperatures. Alternatively, future

designs could have the purging line exit the liquid prior to pressurization

Next, the storage tank exhaust valve is opened to release the pressure, followed by the ball valve.
The pressure differenaesults in the molten salt being pressed from the auxiliary tank to the
storage tank. The flow is adjusted to 15 SCFH while monitoring the pressure in the storage tank
to maintain it at O psi. The process becomes complicated when the flow rate incapadigs r
reaching the upper limit of the flowmeter. In this situation, the exhaust valve is closed, followed
by the ball valve, and éhstorage tank covering gas valve is opened to maintain the pressure at 1.5

2 psi. Finally, the auxiliary tank is cooled down, and the transportation process is completed

Figure IV-19 and Figure IV-20 illustrate the images of the auxiliary tank subsequent to the
transportation of salt into the storage tank. The salt transfer process was highly effective, as
evidenced by the presence of black crystals, which indicate MgO deposition, and minimal salt
residue Furthermore, solidified salt was observed at the salt loading port, likely resulting from the
condensation of vapor due to the lower temperature at the port compared to the melting point of

salt.
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Figure IV -18 lllustration of the salt transportation process. 1.Cover gas inlet. 2. Gas exhaust. 3.

Heater. 4 Thermowell. 5. Ball valve. 6. Purging line

Figure IV -19 Auxiliary tank after first batch of salt transportation.
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Figure 1V -20 Solidified salt vapor at the auxiliary tank salt loading port.

IV.3.4. Salt circulation

This step may appear to be the most straightforward, but in reality, it is the most challenging one
compared to others. The first step involves heating the storage tank to the target temperature of
650°C, and the pipes are heated to 860During the pipe heating process, it was observed that

the temperature distribution was highly romiform. Areas without heaters experienced a rapid
decrease in temperature, with the lowest temperature on the loop occurring at the flow meter
section, wirch ranged from B0 °C to 350°C due to approximately one foot of the pipe that could

not accommodate heaters. The second step requires the opening of ball valtFggéeity -21

and activating the pump with a frequency @f3Hz. The temperature and flow rate on the loops
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must be monitored closely. Once all the TCs show consistent readings, thg ssaconsidered

a success.

Circulating molten salt at 65 through a 1-oot-long pipe is a challenging task, and as expected,

leaks were encountered throughout the operation. The first issue that arose was related to the flange
connections. Unfortunately, all three flange connections failed, highlighting thetainlity of

applying FRG combinations during the loop design. New materials for gaskets and compression,
such as bolts, need to be tested and developed. To address the issue, the flanges were replaced with

welded conneabins.

]
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Figure 1V -21 lllustration of the salt circulation process. 1. Pump. 2. Outlet. 3. Ultrasonic flow
meter. 4. Sample insertion port. 5. Gas ball valve. 6. Loop ball valve, 7 Transportation ball valve.

8. Inlet.

The persistent issue of ball valve leaks has proven to be a significant challenge, requiring
considerable effort before a solution was finally found during the finalTesnitigate the risks
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associated with these leaks, we have adopted a strategy of disabling power to all valves and any
surrounding equipment. Despite our best efforts to isolate the system, we have observed a loss in
temperature over the 4@ot pipe, which necessitates the a$gipe heaters to circulate salt and
maintain a consistent temperature of 860n the storage tanklowever, we have discovered that

this requires a continuous power input of at 1§&86, without the help opipe heaterswithout

the use of pipe heateto increase the temperature of the test column t8@5bere is a high risk

of damaging the storage tank heaters, as they will need to work harder to maintain the desired
temperatureln theory, the more heat generated by the pipe heaters, the less strain on the storage
tank heaters. However, the persistent issue of valve leaks has led to damage to the heaters in the
past. The potential danger of this problem was underscored by a aesiglent caused by a short

circuit, which led to the electrolysigf chloride salt. This event will be discussed further in
subsequent sections. To minimize the risk of further accidents, we have chosen to only use the
pipe heaters located before and at the test column to supplement the heating of the test column and

maintain its temperature at 65C.

As previously noted, one of the potential hazards associated with operating-scigeolten

salt loop is the occurrence of chlorine electrolysis resulting from a heater short circuit. Our team
has unfortunately experienced this failure on two sepaatasions. Following several hours of

loop operation, a noxious odor was detected, and subsequently, heat failure was observed. The
odor was extremely potent and caused significant irritation. Our colleagues provided the following

feedback:
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/" It smelled like an indoor chlorine pool but in a higher concentration. My throat and nostrils

were irritated a bit in the few minutes | was in the lab Saturday afternoon with no mask. | was able
to be in the lab for an hour or so with no issues aftermgttie respirator with filters for acid gas
and organic vapor. My cough went away the nex

me anyway. o0

AFirstly, | smelled |ike acid, probably the H:
felt burning after like 10 min exposure. The next day, instead of a burning feeling, the smell was
more similar to NHand it was harder to breathe even in a couple of minutes. | felt that my throat

was not handling it well. | wused a face mask,

Fortuitously, both incidents occurred over theekend when the building was unoccupied. Upon
recognizing that the odor could not be mitigated, and that additional heaters and temperature
controllers had failed, we promptly shut down the loop. We also observed the presence of a green

coating on the egoment adjacent to the loop, likely indicating corrosion from chlorine gas

IV.3.4.1 Accident #1:

The initial incident occurred approximatel@ hours into the molten salt loop's operation, at which

point a strong and unpleasant odor became apparent. We attempted to mitigate the issue by shutting
off all pipe heaters to halt electrolysis and increasing ventilation, but these measures proved
ineffective. After40 additional hours, the odor intensified, and we made the decision to shut down
the loop. Upon disassembling the leak section, we observed a significant accumulation of yellow

substance on the whiinsulation, likely a gas byproduct. Interestingly, a complete failure of one
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welding joint was also detected, with the pipe separating into two sections and salt leaking out.
Pictures are shown iRigurelV-22. Notably, the flow meter did not detect any floste change
demonstrating the potential benefits of using molten salt to address coolant loss incidents in boiling
water reactors. The welding joint failure was attributed to both stress and electrolysis. Specifically,
the stress was induced by the modificationhef lange, resulting in imperfect alignment during

the online portable welding process. After force electrochemical corrosion occurred, the weakest
part ultimately broke. Importantly, the leak did not originate from the broken section. Rather, we
observedn unexpected small leak at the outlet, which resulted in a short circuit of the heater and
converted the loop into an electrolysis pool. Although the welding filler material was SS 316,
which is the same as pipe mateyitile uniform structure and morpbgly made it susceptible to
corrosion. When combined with stress, this led to joint faillires accident let us know the

endangerment of the heater short circuit.

IV.3.4.2. Accident #2:

The first incident served as a valuable lesson. While a leak is a potential hazard, it was not as
dangerous as a short circhiétweerthe heateand the loopThe team was aware that ball valve

#6 was prone to leakage. To mitigate this risk, only three pipe heaters were activated between the
ultrasonic flow meter and sample insertion port, and their condition was closely monitored. The
system functioned smodyhand without any detectable odor for 90 hours until a broken and short
circuited heater causeddsstinct odor to reappear. Upon investigation, one of the heaters was

found to be the source of the issue. The salt that leaked from ball valve #6 spread and wet the
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heaters along the pipe. Electrolysis occurred once the salt reached the heater at the sample insertion

port end after 90 hours. The system was ultimately shut down at tHeoLi©@nark.

Separation at failed
welding joint

Flow
]

-
Leak salt mix

with insolation

Figure IV -22accident #1 Images of the chlorine electrolysis and electrochemical corrosion failure

at one of the welding joints.

IV.3.4.3Vapor issue

One observation made during the operation was the solidification of vapor at the gas inlet line and
exhaust line. This was evident frdfigurelV -20, which showed that the salt solidified at the top
of the tank due to lower temperatures caused by inadequate insulation. Under normal operation,

the exhaust line was closed, and the gas inlet line had a constant flow rate of 1.5 SCFH (0.7 L/min)
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through a halnch tube The constant flow rate is because of the shaft [Elaé&.observed incident

was that while the inlet pressure remained unchanged, both the flow rate and tank pressure
decreased, indicating a blockage in the inlet line. To address this issue, we used a torch to heat the
inlet port and a hammer to knock theauhllowing the solidified salt to fall and restoring normal

flow and pressure in the tank. Subsequently, we closely monitored the pressure and inlet flow rate

to maintain the pper functioning of the covering gas system.

IV.3.4.4Temperature

FigurelV-23 depicts the temperature profile of the loop body and storage tank during the day of
salt circulation. The process value (PV) and high limit (HL) value of the storage tank are illustrated
in red and black lines, respectively. Prior to the circulation, th@demtures of the storage tank
exhibit constant variation, which can be attributed todblayedresponse between heating and
PV-TC. Notably, the PV temperature lags behind the HL temperature by three minutes due to the

limitations of TC readers in our system.

At point A, the salt transportation TCs weaeigged into the thermocouple adapteesulting in

a temperature drop. At point B, the loop heaters commenced operation to heat up the pipes,
revealing noruniform temperature distribution in the empty pipe. Subsequently, at point C, the
overall temperature of the pipe rose above 3D0and increasing the heating power did not
effectively raise the temperature of the low temperature section. Therefore, we raised the salt

temperature from 558 to 600°C to pevent salt solidification in the low temperature section.
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Since the loop heaters are controlled by a single heating zone, they are turned off during the period
from C to D to prevent overheating. At point D, the pump was turned on with a power setting of
37.5Hz, establishing a flow rate @f25m/s. Notably, all the TCs merged with the salt temperature
once the circulation was established. Subsequently, the salt in the storage tank gradually heated up
to the target temperature of 6%D. After point D, the working heaters were the storage tank heaters

and three ipe heaters at the test column.

After point E, the system reached an equilibrium state characterized by constant flow rate,
temperature, and heating power. It should be noted that, except for the stora@edPd test
column TC, all other TCs are surface thermocouples. From the figtee @oint E, the
temperatures settled into two groups, hamely®58nd 60CC. This discrepancy is attributed to

the fact that the TCs were obtained from different brands and vendors after several modifications,
and the distance to the storage tank affects the temperature, with lower temperatures observed
further away. If the test column heaters are turned off, the test column temperature will decrease
to 630°C. However, due to inadequate calibration of the TCs, the temperature change in the loop

according to the location cannot be accurately determined.
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Figure IV -23 Temperature profile of the loop body and storage tank on the day of salt circulation.
Red line: storage tank process temperature. Black line: storage tadktglemperature. Blue

line: test column temperature. Other color @akime: loop body temperature.

IV.3.5. Saltdrainage

The process of salt drainage occurs after each salt circulation, or in case of incidents requiring the
loop to be shut down. This is facilitated by the use of an auxiliary tank, which provides a reliable
seal. The first step in the drainage process inggheshing the salt in the pipe back to the storage
tank. To achieve this, the pump is shut down, the cover gas line is closed, and the exhaust line of
the storage tank is opened, as showhigurelV-21. Next, ball valve#6 is quickly closed, and

gas valve#5 is opened. This allows the pressure to push the salt in the opposite direction of
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circulation, back to the storage tank. Once this is done, ¥ahaad the storage tank vent line in

FigurelV-21are turned off, and the cover gas system is opened.

Subsequently, the drain line, drain vai& and auxiliary tank, as illustratedhiigurelV-24, are

heated up. Valvé3 is turned on when the tank temperature reaches above 500°C. Before turning
on valve#3, the auxiliary vent line is opened. This allows the salt to be driven by the pressure of
the cover gas and gravity, draining from the storage tank to the auxiliary tank. After the salt has
been drained, valv#3 and the auxiliargxhaustine are turned offThe final step in the process

is to turn off all heater power, allowing the system to naturally cool to room temperature. It is
important to note that the auxiliatgnk gas system should be kept on avoiding the formation of
negative pressure in the tank due to the shrinking gas volume as the temperature decreases. It is
also worth mentioning that we have not encountered any incidents during the drainage process,

apat from minor leakage in valwg3.
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Figure IV -24 lllustration of the salt drainage process. 1. Storage tank covering gas line. 2. Storage

tank exhaust line. 3 Drain line ball valve. 4. Auxiliary exhaust line

IV.3.6. Sub-Conclusion

In conclusion, the construction and operation of a forced convection chloride molten salt corrosion
test loop at the Nuclear Material and Fuel Cycle Center at Virginia Tech have significantly
advanced our understanding of material compatibility in a motieloride environment.
Throughout this paper, we have addressed the design experience and challenges faced during the
development of the test loop components, as well as the operational experiences gained from using
the chloride salt looprhrough our opeational experience, we have confirmed the advantages of

using molten salt as a coolant, which effectively reduces the risk of coolant leaks. Teakedf

157



properties of the molten salt slow down or even stop leaks at points of rupture. However, it is
important to be cautious about the potential electrolysis of the chloride salt, as the current heating
source for the test loop is electricity, which may geteerezardous gase®ne of the most
significant challenges identifieduring the operation of the molten salt loop for kighhperature
applications is the implementation of effective seal techniques for the connections and valves.
Given the demanding conditions, ensuring reliable and durable seals remains a crucidtaspect t

requires careful consideration and innovation.

The future work is the analysis of corrosion samples, which will contribute to a deeper
understanding of the behavior of selected materials under-ifidiced conditions. This
knowledge will be invaluable for future research and development endeavadigidhOverall,

the construction and operation of the forced convection chloride molten salt corrosion test loop
have provided significant insights into material compatibility in molten chloride environments,

paving the way for further advancements iis tirea of study.

IV.4. Forcedconvection molten salt loagests

IV.4.1. Corrosionbehaviorof SS316 in chloride FCL

This section provides a summary of the flomduced corrosion (FIC) of SS316, which is a Fe
based alloy commonly used in hitggmperature applications. The corrosion behavior and
mechanisms of SS316 in molten salt have been a subject of interest fochresearowever,
previous corrosion studies were primarily limited to capsule and static corrosiol{t€sts

Despite molten salts' unfavorable thermodynamic conditions for corroding the major elements in
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the alloys (such as chlorides or fluorides), corrosion is driven by oxidizing impufites.
BED/SEM inner and outer crosgction images of SS316 sample in FCL testlustrated in
FigurelV-25. In the case of our loop sdksts, the impurities (moisture and oxygarere not
monitored for each test artlere were leakages because of valves or pipe brotkerefore,

comparing different tests is noteaningful.

The images ifrigurelV-26 onthe leftdisplays the result auter crosssectionEDS mapping for
SS316 in test FGI50. Notably, a very thin depletion layer of Cr was detected on the outer surface
of the sample, accompanied by numerous craahkd intergranular attacks. This cracking
phenomenorbeneath the steel surfaw@as unique to the FCRO testand can be attributed to
repeated heating during the operational procedure's development. It is alsseatittningthat

the loss of Cr and Fe occurratithe surface area alotiye crack&grain boundarieand did not
penetrate the bulk material. The presence of Mg residues along the araplen boundaries
indicates that the salt invaded the material through the cracks formed during heatidgepést
cracks measured over 70d&after 50 hours of testing, while the Cr dissolution lageart from

the crack was only abo@t3‘ afor MSL-50-SS3161, and 45° @& shown inFigurelV-27 (al)

and ((b1)
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Figure IV -25BED/SEM inner and outer crosgction images of SS316 sample in FCL test. (a) As receamagle(b) FCL-50-SS316

(c) FCL-80-SS316SL. (d) FCL-80-SS316S3 (e) FCL-100-SS316SL1 (f) FCL-100-SS316S2 (g) FCL-100-SS316S3
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26 BSE/EDS crossectional true mapping of SS316 exposed in f50Ltest.(left) Outer surface facing the flawright)

Figure IV -

Inner surfacavithout flow.
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Figure IV -27 EDS line scan data of SS316 surface exposed in%Ctest. (al) & (b1Puter surfacéacingthe flow. (a2) & (b2)Inner

sufacewithout flow.
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We observed that the inner surface of the samdiere the flow wasegligible,butalsocontaced

with thesalt displaying static corrosion characteristiegurelV-25 (b2)illustrates the BSESEM
images of the inner surface of M&I0-SS316S3. The original surfacevas reminding and
vaccines or voidorming under the surfacgue to Cr depletionit is important to note that no
cracks were observed in the crsestion of the inner surfac&ecausethe inner surface
experienced compressi@tressdifferent from the outer surfer where underwéarision stress
during heating.This finding further supports the notion that the attack on the outer susface
caused by thibeatingand cooling cyclesBased on the SED mapping and SED line scan results,
Figure IV-26 (right) and Figure IV-46 (a2) and (b2)the inner corrosion layer primarily
experienced significant Cr depletion, minor Fe depletion, and Ni enrichment. The corrosion layer
thickness measured approximatehp 4 afor MSL-50-SS316S1 and 1216 afor MSL-50-

SS316S3.

FigurelV-28 (a) illustrates theoutercrosssection EDS mapping results of SS316 in test480L

which experienced an unexpected pipe break incident. The duration of the pipe break is unknown.
It is evident that the corrosion in FE30 is much more severe compared to FEOL,. as a highly
unevensurface with distinct dissolution layers of Cr and Fe is observed. The original surface is
damaged, and the presence of cavities on the surface is attributed to particle removal by the flowing
salt. An interesting observation kgureVIl-1 (b) is the separation of the corrosion layer or Cr
depletion layer from the bulk material, with the right end connected to the bulk (possibly with
other connections not visible). EDS mapping reveals that corrosion only occurred in the top layer
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and abruptly ceased at the separation, lpehaps it was the grain boundafigurelV-28 (a)
represent FC1800-SS316S3, demonstrating a uniformly corroded layer and clear evidence of
material dissolution. All the cavities or voids are open to the surface. However, Ni enrichment is
observed along the corrosion layer in the EDS mapping, indidai@dghe primary mechanism of
flow-induced corrosion is the dissolution of Cr and Fe.ddreosion layer thickness for MSRO-

SS316S1 and MSEB0-SS316S3 is approximately-9‘ dand 46 ¢ respectively.

The innercrosssection characterizatiaa presenteth FigurelV-28 (b). Similar to the results of
FCL-50 inner surface, a uniform static corrosion pattern is observed. However, there is evidence
of Cr-enriched layers that consistently coexist with MgO residiseshown irFigure IV -29.
According to one study, the presence of MgO residue is attributed to the decomposition of MgOH
at high temperaturéS. However, it could not explain the coexgtenomenorEDS point analysis

in the presenstudysuggests that Cr smbeddednto the MgO layer in its metallic form rather
than as an ionContrary to our observations, Thorp et 4ireported that chromium tends to be
presentin MgO as Cr®* in the formof MgCr.04. Ding et al®® also observedthe formation of
MgCr204 on the alloy surfaces within the Mg{CI/NaCl (60/20/20 mol%) environment through
XRD analysis. Given thdahe EDS point scarenly provideelementalnformation, leaving out the
precise composition details, it is strongly plausible that the observed coexistMg-QOrlayer
corresponds to Mg@Da. It is important to note that thdgCr.O4layer forms along the surface or
beneath the Cr depletion layer. It can be observed that in some ared#yGn®©, layer is
continuous The inner crossection Cr depletion lay#hnickness for MSEB0-SS316S1 and MSE

80-SS316S3 is approximatel§2-15* Gand5-10* dhrespectively.
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28 BSE/EDS crossectional true mapping of SS316 exposed in f8Cliest. § Outer surface facing the flowb)(Inner

Figure IV

surface without flow.
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Figure IV -29 BSE/EDSmappingand point spectruraf the MgQCr coexisting layeon FCL-80-SS316 innesurface.
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Figure IV -30 BSE/EDS crossectional true mapping of SS316 exposed in AOL test. & Outer surface facing the flowb)(Inner

surface without flow.
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