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This doctoral dissertation presents studiés for materials for devices in molten
fluoride salt blanket system in fusion reactor. When steel materials are employed as a
structural material, a critical issue is its corrosion by the fluoride salts. To prevent it,
many kinds of ceramics and coating processes have been discussed about compatibility
with fluoride salts. However, there are many problemsi— large area coating over 1000m?2,
toughness against peeling and crack of the coating, waste product after the coating
process and healing for damage parts. In this dissertation, a surface modification
method through an electrochemical process using molten fluoride salt itself was
proposed to form a robust functionally graded compositional nitride layer at the
structural material surface for overcoming the above problems.

First, several kinds of oxides and nitrides were thermodynamically considered
about compatibility with fluoride molten salts. The thermodynamic consideration
predicted that oxides dissolve into molten fluoride salts while nitrides have
compatibility with molten fluoride salt. And prior to development of the surface
modification process, compatibilities of oxides and nitrides in FLiNaK at 600°C were
examined in immersion test over 1000 hours using Er:20s, Y203, Al:Os and AIN bulk
test specimens. The results demonstrated excellent compatibility of nitride AIN with
molten fluoride salt FLiNaK. Secondly, coating processes were considered. To form a
robust graded compositional nitride layer using compositional elements from the
structural material, an electrochemical process was proposed. In the process, the
surface of structural material is electrochemically treated in molten fluoride salt
which contains LisN as a nitrogen source. Thirdly, for the experiments which employ
molten fluoride salts needing dry environment at high temperature over 500°C, an
original experimental setup was assembled in a dry Ar gas filled glove box. It consists
of a stainless steel reactor, a nickel crucible, thermocouples, heaters and electrodes.
The electrochemical measurement and nitriding of 316 stainless steel (ss316) surface
in a binary eutectic mixture of LiF-KF (FLiK) including LisN over 500°C were
conducted using it. Aluminum rods were used as counter and reference electrodes. The
potential standard was determined by the following equilibrium redox reaction of
aluminum lithium alloy: Al + Li* + e- = LiAl. The specimen of ss316 was bound tightly
by a nickel wire at an end of nickel rod and it worked as working electrode. On the
basis of the measurement of cyclic voltammogram of ss316, the nitriding condition was
decided. Fifthly, the ss316 surface was nitrided on a potentiostatic condition of 1.0V
with respect to lithium redox pofential as a standard potential, 1e, 1.0V vs. Li/Li* at
600°C. The specimens were analyzed using analytical methods, such as electron probe
micro analyzer (EPMA), X-ray diffraction (XRD), electron energy dispersive X-ray
spectrometry (EDX), X-ray photoelectron spectroscopy (XPS), and scanning

electromicroscopy (SEM). According to EPMA measurement, for 100 minute treatment,
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nitrogen was introduced into a depth of 35 pm from the surface .and, for 240 minute
treatment, nitrogen was done into a depth of 65um. Then, it was revealed that
chromium nitride CrN was formed as a nitride. XRD and EDX measurements
demonstrated that the initial face-center cubic (fcc) structure transformed to a
body-centered tetragonal (bct) ‘structure by the nitriding without changing metal
ratios. Formation of solid solution o-Fenm>s)N was also suggested. Although oxygen
impurities have also been expected to be introduced to the nitride layer, oxygen was
not introduced into the layer. This means that only nitrogen was mainly introduced in
the layer through the treatment. Finally, considering the experimental conditions such
as temperature, nitrogen concentration and specimen composition, r}itride formation
was theoretically discussed based on combination of thermodynamics and
electrochefnistry. CrN, Cr2N, Fe:N and FesN were considered from composition of
$s316. Potential-nitride formation diagram and potential-nitrogen ion concentration
diagram were made. From discussions on formation of these nitrides based on these
conditions, it was theoretically derived that C.rN 1s. most stable. This theoretical
consideration was well in agreement with the experimental result. In conclusion, these
results demonstrate availability of this nitriding method and give a guideline for
optimization of this nitriding process in molten fluoride salts. |

This doctoral dissertation consists of five chapters and one appendix. Chapter
1 presents back ground and proposal of this work, ie, issues and problems on a molten
salt blanket system in a fusion reactor. Chapter 2 presents thermodynamical
discussion of compatibilities of several ceramics (metal oxides and nitrides).
Compatibilities for those ceramics were evaluated based on thermodynamical theory.
The prediction indicated that nitrides are compatible with molten fluoride salts.
Chapter 3 presents the experimental descriptions and results. Introduction of nitrogen
into SS316 specimen surface and formation of nitride layer were described. Chapter 4
presents theoretical explanation based on thermodynamics and electrochemistry.
Formation of nitrides about iron and chromium is discussed. Chapter 5 presents
conclusions. Appendix presents the results of immersion fest for 4 bulk specimens of

"Er20s, Y203, Al203 and AIN in molten FLiNaK at 600°C over 1000 hours.

In recent years, nitrides have been focused on as fluorescent materials and
magnetic materials. Especially, iron nitride, a-Fenm>)N, has expected as a alternative
material of Nd, rare-earth element. Nitriding technique established in this work will
be able to be applied not only to blanket system in fusion reactor, but also to many

kinds of industrial applications.
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BMEEFRET STy POBENBRHETH 2L WERE(FLiBe £)2 A VWA T AT A
THHMRCEMBEREEMBOE—BHTH . LHL., BEMENEERED DT
HB. EIITAKBLLD2BEMBERRERHT SN TE 2N, BhELOHEME. X
HEMPDEMBROKE, HBBUEROREYLE, FEBORENE, BEFEORTE
VRETHD. FRMXHEFR NS OBREZ2ERI A HRICERB T TR MBS
DHEDERNWEEBERILFNFECLIZ2GBMEETWEELZER L, HBKERL X
BREBCIDAT UV AMEEICHK 10pn L EICRAN S ERBEBRRICRI L.

LERMXLTIE, RTELIRANENBETCLIVBEBEEME L TR2LYNEET
HBHIELERHT LK, FBEI IV AOERKERS %2 600C OERIE FLiNaK 102
HIDFHERICED., Z2UNHBEYBRMEEOBN-RELEERT I EE2ERL
oo B2WAT VUV AMEBEOZENEEEL T, HROBLENFERICLZ LS
JAMBERRZD., Li,N 2HMLUEBIEYBRRE T TELKWES HIC X D 2L WE
MBEBEVRT2BEMFNRFEEZRELE, B3 0B YARMED - DO EER
REZHAE L, Ar FABBR L7 0—-T Ry 7 ANICHICYBERE S AN BHAE
BREBRE—FI D OoRI2BR/UFEREBER2BELE, B4 2N2HWCHERME
FLIKF®D 316 A7V AHOBRICLEEBRT I THBIHFA 2V I RIVIET T A
ZREFEL. Li,N MR ERBMBOBRICE T EE(NBOBROEBN ERELF, &
SITLI OBLBITEBMZEHEE L TH. OV OFEEBMEHET. SUSI6HRPEEE 2 NE
Liz. XBEH. BFRIO—TI1707F 548, XBRBEFHN. £tBHNETHE
WM. TRINF—2BUIBINOEEINFEICIVECYBEEMICH . 100
SRR 240 SHOMEBICT LD & 435un R 65un DEIOEEEABRER S N,
ERZ2MEMEUTCNOBRITMA . fec #ED 5 bet BN DL & 1T a-Fe, oy N
BEEABERRORRENE. B6ICRE. BIWEREhESE T BE. EMERK.
BHREBAEOMHBEBERIIDONT, BRILFEANFCESIHABMIT LT, B
EEBREIORISICDOWT Nernst ORI KB ELWAEREMNOERRERL. BE. &
BB E T ER AT BE,. ERENOLEEEMERETHOEBERT YA T
77 LEMERL. Fe,N. FeNo CrN, CrN IO REZER L, N5 OMHHEEIL Fe
ECrZ28VROEBMMEREHICIONWTOERERZBFHLE, S50, BEF
*5N“2Tm$§ﬁ@%m%fﬂﬁ¢whwﬁmg%béﬁﬁﬁﬁﬁﬁégm%i
FREMDOHEBRENSEL, UEOERIBEHNBNOBRIILELEEBE IO LD
DIEHZEADEHR., COFHROFHMZ2ET TS, £, BB RETRTOE
L BRI T OBEEOFREELEFET S, 5ic, EHEE2HEALE Fe 13 Nd OREH
H&brﬁ@ﬁﬁﬂ@&«@%%ﬁﬁ«Tb&%m 5, :

BRACENFEFECL M EDAMBCEDOIWERRRISHROKMAR 2ICHE
DEMBREOTREEEYOIFE, ZOMAK, FEEBLOREMEITEVEMICE
L. BREFORBECMITREBERTADOLHABINSG, o T, XEEEE
SRAERMYPBLORMBLELTHIMERD D, SBTH B EHEL =,

r

— 106 —



