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Corrosion resistance of alloys of Hastelloy
in chloroaluminate melts
The corrosion of Hastelloy S, Hastelloy X, Haynes 230, Hastelloy N, Hastelloy

G35 and Hastelloy C2000 alloys was studied in KCI-AICI, melts at 550°C. The
rates and the mechanisms of corrosion of the studied materials were deter-
mined. The processes taking place during the interaction between alloys and
chloroaluminate melts were investigated.
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Introduction

Fast neutron energy reactors
with molten salt coolant are related to a
whole new generation of safe nuclear
reactors where both uranium and tho-
rium nuclear fuel can be used. However,
the introduction of nuclear power plants

The experimental part

This work is aimed at a comprehen-
sive study of the interaction of high-tem-
perature alloys Hastelloy S, Hastelloy X,
Haynes 230, and corrosion-resistant al-
loys Hastelloy N, Hastelloy G35 and Has-
telloy C2000 with chloroaluminate melts.
Application of the latter is considered to
be promising for the organization of the
second coolant circuit of molten nuclear
power plants. The corrosion behavior of
the materials was studied at a temperature
of 550°C in electrolytes KCI-AICI,, mo-
lar ratio Al: K equals 1:1. In this paper we

based on molten salts is constrained by a
number of problems; the most important
of which is the need to develop new or
improve existing structural materials, pre-
serving stability in very aggressive condi-
tions of high molten media.

used a set of independent research meth-
ods: gravimetric, metallographic analysis
(Olympus GX-71F), electron microscopy
and X-ray microanalysis (JSM 6490,
ZEISS CrossBeam AURIGA). In addi-
tion to studying the structure of the test
materials, chemical analysis of quenched
samples after corrosion tests of electro-
lytes by atomic emission spectroscopy
with inductively coupled plasma (Optima
2100DV) was carried out.
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Results and discussion

The corrosion rates of the materials
in molten KCI-AICI, at a ratio of AI/K =
1.1 after 100 hours at 550 °C are given in
Table 1.

We found that heat-resistant alloys
Hastelloy X, Hastelloy S and Haynes 230
after exposure to chloaluminates melts
are subject to intergranular corrosion
(ICC). Under metallographic corrosion
(1) of corroded samples, on their surface
continuous chains of secondary excess
phases at the grain boundaries are clearly
observed (Figure 1).

The results of X-ray microanalysis
demonstrated that along the chromium

grain boundary, chromium concentra-
tion decreases by 20%, but directly at the
grain boundaries increases dramatically.
In heat-resistant melts the process of car-
bides formation on grain boundaries oc-
curs primarily as a result of ‘rebirth’ of
carbides due to heat powert (2):
6Me,C +nCr=Me,, CrC +(13+n)Me,

This leads to the formation and sub-
sequent dissolution of microgalvanopars
and their anodic areas. These processes
cause the development of these alloys,
such as “Hastelloy” processes ICC.

Thus, despite the relatively low inte-
gral corrosion rate superalloy Hastelloy X,

Fig. 1. The formation of excessive phase in the alloy Hastelloy X after contact with a melt
KCI-AICI, for 100 hours at 550°C. (a — delivery status, b — after exposure to molten electrolyte)

Table 1

The rate of corrosion of alloys such as “Hastelloy” in KCI-AICI, melt at 550°C.

Brand Corrosion speed Depth of (.:orrosion
g / (m2xh) mm / year penetration, pm
X 0.8+0.2 0.9+0.2 55-65
S 0.8+0.1 0.8+0.1 18-24
230 0.8+0.2 0.8+0.2 27-32
N 0.6%0.1 0.6+0.1 -
G35 1.4+0.3 1.4+0.3 -
C2000 1.6+0.3 1.7+0.3 -
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Hastelloy S and Haynes 230 chloralumi-

nated electrolytes at 550°C, their use as
structural materials in these conditions is
not recommended due to the propensity
to the ICC.

Character of surfaces fracture of cor-
rosion-resistant  nickel-chromium-mo-
lybdenum alloys (Hastelloy N, Hastelloy
G35, Hastelloy C2000) after exposure
to KCI-AICI, at 550°C is solid, uneven
(Fig. 2).

The existing local areas of increased
corrosion are associated with structural
unevenness of materials and presence of
defective zones. Metallografic analysis
and etching to detect intergranular segre-
gation show that after 100 hours exposure
of the samples, secondary phases at grain
boundaries are small and fragmented
(Figure 3). Increasing the concentration
of existing inclusions in the bulk sam-
ples is also not revealed. Corrosion rate
of alloys Hastelloy N, G35 and C2000 is

To0pm Eloctron Imago 1

Fig. 2. The microstructure of the alloy spemméns after 100 hours exposure in the KCI-AICI,
Hastelloy N, b — Hastelloy G35, in — Hastelloy C2000)

at 550°C (a —

opm Electron Image 1

defined by redox processes, as a result of
which the ions of sal medium oxidize the
most electronegative alloy components
such as chromium, manganese and iron.
Conclusions on the preferential disso-
lution during exposure in the melt KCI-
AICI, of the most electronegative compo-
nent of alloys Hastelloy N, Hastelloy G35
and Hastelloy C2000 (chromium, manga-
nese and iron) are confirmed by the data
of chemical analysis of frozen electro-
lyte melts obtained after corrosion tests.
Longer contacts with the chloraluminated
electrolytes to 500—1000 hours result in
a significant reduction of the corrosion
rate of studied corrosion resistant alloys
“Hastelloy”. On the one hand this is due
to slow diffusion of electronegative alloy
components of the grains of the bound-
ary electrolyte — melt, and low rate of
removal of the corrosion products from
a melt saturated by these elements. Fur-
thermore, we recorded the alloy surface

— Wmm ' Electonimags 1

T~ m ' Elecuonimage

Fig. 3. Formation of excess phases in corrosion-resistant nickel alloys after 100 hours exposure

in KCI-AICI, at 550°C (a -

Hastelloy N, b — Hastelloy G35, in — Hastelloy C2000)
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layer formation of non-corrosive compo-
nents - molybdenum and nickel. It can be
reasonably assumed that the image in the
corrosion coating may have a protective
effect and protect the structural material
from further destruction.

Thus, using of corrosion-resistant
nickel-chromium-molybdenum  alloys

(Hastelloy N, Hastelloy G35, Hastelloy
C2000), it is possible to predict quantita-
tively the corrosion processes. It is with-
out doubt that the interest to study the
possibility of organizing the protection
of materials due to the “self-passivation”
electropositive surface of the alloy com-
ponents will exist.

1. Bekkert M., Klemm H. Reference book on metallografic etching. Moscow: Metal-

lurgy: 1979, 336 p.

2. Sims Ch. T., Stoloff N. S., Hagel’ U. K. Superalloy II. Refractory materials for aero-
space and industrial installations. Moscow: Metallurgy: 1985, 384 p.
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Koppo3noHHas cToMKOCTb CNaBOB CEMENCTBA
«Hastelloy xactennoii» B xnopanioMUHaTHbIX
pacnnaBax

N3yyeHa koppo3wus cnnasos Hastelloy S, Hastelloy X, Haynes 230, Hastelloy N,
Hastelloy G35 u Hastelloy C2000 B pacnnasax KCI-AICI, npu 550 °C. Onpepe-
NeHbl CKOPOCTU U MEXaHW3Mbl KOPPO3WW MUCCNIedyeMbIX MATEpPUANIOB B AaHHbIX
ycnosusx. MccnepoBaHbl npouecckl, NpoTekatwme B Xof4e KOHTakTa CriaBoB
C X/I0PaNIOMUHATHBIMU 3N1EKTPONIUTAMM.

© Kapnos B. B., baxeHos A. B., A6pamos A. B., Monoeos W. b., Pe6puH 0. U., 2015

Beepenue

DHepreTnyecKkne peakTophl Ha
OBICTPBIX HEUTPOHAX C YKHUIKOCOIEBBIM
TETUIOHOCHUTENIEM OTHOCSITCS K COBEp-
IIIEHHO HOBOMY ITOKOJICHHIO O€30ITacHBIX
SICPHBIX PEAKTOPOB, B KOTOPBIX MOXKET
OBITH WCIIONB30BAaHO KaK ypaHOBOE, TaK
U TOpHeBOe snmepHoe TorumBo. OmHa-
KO BHEIPEHHUE SIIePHO-DHEPTeTHUCCKUX
YCTaHOBOK HA OCHOBE paCIIaBICHHBIX

JKCnepuMeHTaNIbHasA 4acTb

JlanHass paboTta HalelcHa Ha KOM-
IUICKCHOE HCCIICMIOBAHUE IPOIECCOB B3a-

UMOJICHCTBHSL  )KAPOIPOYHBIX  CILIABOB
Hastelloy S, Hastelloy X, Haynes 230
u KOPPO3HOHHOCTOMKUX CILIABOB

Hastelloy N, Hastelloy G35 u Hastelloy
C2000 ¢ xyopamOMUHATHBIMHA pacIuia-
Bamu. [IprMeHeHHe MOCIeNHUX CUUTa-

Colleil CHepKUBACTCS PSAIOM HpobieMm,
Hanbosiee BaKHON M3 KOTOPBIX SIBIISICT-
csl HEOOXOIUMOCTh Pa3pabdOTKH HOBBIX,
n100  COBEPIICHCTBOBAHHE CYIIECTBY-
FOIIMX KOHCTPYKIMOHHBIX MaTepHasoB,
COXPAHSIOIINX CTOWKOCTh B KpaiiHe ar-
PECCHBHBIX YCIOBHSX BBICOKOTEMIIEpa-
TYPHBIX PACIUIABICHHBIX CPE/I.

€TCs TEPCIIEKTHBHBIM ISl OpraHU3aInN
BTOPOTO KOHTYpa TEIUIOHOCHTEINS JKHI-
KOCOJICBBIX SCPHO-IHEPTeTHICCKIX
ycranoBok. KopposmonHOoe moBeaeHue
MaTepuayioB HM3Y4YCHO TIPH TEeMIIepaTy-
pe 550 °C B snexrpomurax KCI-AICL, ¢
MOJBHEIM oTHOmmeHHeM Al : K, paBHBIM
1:1. B pabore HCIOIB30BaH KOMILICKC
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HE3aBUCHUMBIX CIIOCOOOB HCCICIOBAHMS:
TpaBUMETPUICCKAN METOJ, METajuiorpa-
¢uueckuit ananu3 (Olympus GX-71F),
ANEKTPOHHASI MEKPOCKOITHS M PEHTTCHOB-
ckmii Mukpoananus (JSM 6490, ZEISS
CrossBeam AURIGA). B nomonHeHune k
U3YYCHUIO CTPYKTYPHI TECTUPYEMBIX Ma-

Pe3ynbTaTthl M ux 06cyxaeHue

CKOpPOCTH KOPpPO3HH HCCIIEITyEeMBIX
marepuanos B pacrase KCI-AICL, npu
coornomennn Al/K = 1,1 mocne 100 u.
BoiZiepKkH Tipu 550 °C mpuBeAcHBI B Ta-
omue 1.

Hamu ycTaHOBIIGHO, YTO KapoIpou-
Hele ciutaBel Hastelloy X, Hastelloy S u

Puc. 1. O6pa3zoBanue U30bITOUHBIX (a3 B crtase Haéteﬂoy X MOCIe KOHTAKTA ¢ pdcnnéBOM
KCI-AICI, B Teuenne 100 u npu 550 °C: a —

TEpHAJIOB OCYIICCTBISIA XUMHUYESCKHUI
aHaJIM3 3aKaJCHHBIX I0CJIEe KOPPO3MOH-
HBIX HCIBITAHUH TPOO 3IEKTPOIUTOB
METO/IOM ~aTOMHO-IMUCCHOHHOH ~ CIieK-
TPOCKOIIMM C WHIYKTHBHO-CBSI3aHHOMN
wra3moit (Optima 2100DV).

Haynes 230 nocine BBLAEPKKH B XJI0AIIO-
MHHATHBIX paciliaBax ITOIBEPKEHBI MEXK-
kpuctaumtHoi kopposun (MKK). Tlpu
MeTamorpaduyeckoM  TpaBieHuu [1]

NPOKOPPOIMPOBABIINX 00pa3loB Ha HX
MOBEPXHOCTH OTYETIMBO HAOIIONAFOTCS
CIUIOIIHBIC IETIOYKH BTOPHUYHBIX H30bI-

25

COCTOSAHHE ITOCTABKH, 6 — mocie BBIZICPIKKH

B pacCIlIaBJICHHOM 3JICKTPOJIUTE

Tabmuma 1

CropocTn Koppo3uH CIIaBoB Thra «xactemnoi» B pacmiase KCI-AICI, npu 550 °C

Mapka crasa . CKOpOCTh KOPPO3HH ['myOuHa TPOHNKHOBEHHS
r/(M?-q) MM/TOJT KOPPO3UH, MKM

X 0,8+0,2 0,9+0,2 55-65

S 0,8+0,1 0,8+0,1 1824

230 0,8+0,2 0,8+0,2 27-32
N 0,6 +0,1 0,6 +0,1 -
G35 1,4+0,3 1,4+0,3 -
C2000 1,6 £0,3 1,7+0,3 -
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TOYHBIX (ha3 1O TpaHMIIaM 3epeH (puc. 1).
PesynberaThl peHTT€HOBCKOTO MHKPO-
aHaJIM3a TI0Ka3alld, 4TO BJOJb TPaHUI]
3epeH KOHIICHTpAaIlUsl XpoMma MajaeT Ha
20 %, a HEeMmOCPEICTBEHHO Ha TPaHUIAX
3epeH Pe3K0 BO3pacTaeT. DTO yKa3biBa-
eT Ha O0pa3oBaHME 110 TPAHUIAM 3epeH
[IEMOYEeK M30BITOYHBIX KapOHMIOB XpOMa.
B xapomnpouHbBIX ciaBax oOpa3oBaHHE
KapOUIHBIX (ha3 10 TpaHMIIaM 3epeH Mpo-
TEKaeT MPEUMYIIECTBEHHO B pe3yiibTare
«IEePEPOXKICHUS TTEPBUUHBIX KapOHIIOB
BCIIEZICTBHE TEPMOBIUSHUSA [2]:
6Me C +nCr=Me,, CrC, + (13+n)Me,

DTO MPHBOAUT K OOPa30BAHHUIO MH-
KpOTaJbBaHOIAP M MOCICIYIOMEMY pac-
TBOPEHUIO WX aHOJHBIX 30H. [Iporeka-
HHUE JIaHHBIX IPOIIECCOB O0YCIOBIMBACT
pa3BHUTHE B )KaparnpovyHbIX CIIaBaX THIIA
«xacremoi» mporeccoB MKK.

Takum 00pa3oM, HECMOTPS Ha OTHO-
CUTEITbHO HU3KHE WHTErpajbHBIC CKOPO-
CTH KOPPO3WHU JKAPOTPOYHBIX CIUIABOB
Hastelloy X, Hastelloy S u Haynes 230

T00pm Electron Image 1

B XJIOAJIOMUHATHBIX AJIEKTPOIUTAX IPH
550 °C, ux uCIoianr30BaHHE B KadyecTBE
KOHCTPYKIIMOHHBIX MaTepHalIoOB B JaH-
HBIX YCJIOBUSIX HE PEKOMEHYETCS B CHITY
ckionHoctn kK MKK.

XapaxTep pa3pyIIeHHsI TOBEPXHOCTH
KOPPO3HOHHOCTOWKUX HUKEITb-XPOM-
MonubieHOBBIX citaBoB (Hastelloy N,
Hastelloy G35, Hastelloy C2000) mocmne
Boiiepxkn B KCI-AICL, npu 550 °C —
CIUTOIIIHOM, HEpaBHOMEPHBIH (pHc. 2).

Hmeromme MecTo IJIOKalbHBIC 30HEI
TIOBLIIICHHOW KOPPO3WH  CBSI3aHBI  CO
CTPYKTYPHOH HEpaBHOMEPHOCTBIO Mare-
pHAJOB M HAIWYHEM B HUX IC(PEKTHBIX
30H. Merammorpapuyeckuii aHanu3 u
TPAaBJICHHUE C TIETBIO BEISIBIICHUS MEXKPH-
CTAJUIMTHBIX CETPEeralfii MoKa3ajiH, YTo
nociie 100 9 BBIIEPKKHA 0Opa3IOB BTO-
pruHbIe (pa3bl Ha TPAaHHUIAX 3€PEH UMEIOT
MaJible pa3Mepbl U pa3o0IeHs! (puc. 3).
VYBenuueHne KOHIEHTPAIWU CYIIECTBY-
IOIUX BKJIFOYCHHH B 00beMe 00pasiioB
TaKkke He BBIIBIEHO. CKOPOCTH KOppo-

Eloctron Image 1

Puc. 2. MukpocTpykTypa 00pa3ios CIl1aBoB noce 100 1 Boiepxkku B KCI-AICI man/I 550 °C:
a — Hastelloy N, 6 — Hastelloy G35, 6 — Hastelloy C2000

T Wm '  Eleclonimage!

W Electron Image 1 Topm Electron Image 1

Puc. 3. O6pazoBaHue H30bITOYHBIX (ha3 B KOPPO3HOHHO-CTONKHMX HUKEIEBBIX CIIABaX MOCIe
100 u Boinepskku B KCI-AICI, mpu 550 °C: a — Hastelloy N; 6 — Hastelloy G35;
6 — Hastelloy C2000
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3um crutaBoB Hastelloy N, G35 u C2000
OTIpENEeNSIeTCs OKUCIIUTEIBHO-BOCCTaHO-
BHUTEJIBHBIMH TIPOIIECCaMH, B pPe3yiIbTare
KOTOPBIX HOHBI COJIEBOH CPeIbl OKUCIISIOT
HauOoJIee SIIEKTPOOTPHUIIATEIILHBIC KOM-
ITOHEHTHI CIUIaBa, TAaKUE KaK XpOM, Map-
raHerl u )Kejes3o.

BriBog o MIPEUMYIIECTBEHHOM
PacTBOPEHHH B XOJIe BBIJICKKE B pac-
nnage KCI-AICI, nanbonee asmekTpo-
OTPHIIATEIILHBIX KOMIIOHEHTOB CIUIABOB
Hastelloy N, Hastelloy G35 u Hastelloy
C2000 (xpoma, MapraHia ¥ XKeJe3a)
MTOJTBEPXK/ICH JTaHHBIMH XUMHUYECKOTO
aHaJIM3a 3aMOPOXKCHHBIX CILIABOB AJICKT-
POIUTOB, IMONyYEHHBIX IOCIE KOPPO3H-
OHHBIX UCHBITAHUHN.

VBennuenune MIPOIOJIKUTEIBHOCTH
KOHTaKTa C XJIOPAIIOMHUHATHBIMU JIICK-
tponmutamu 10 500—-1000 1 mpuBOAUT K
3HAYUTEIIBHOMY YMEHBIICHHIO CKOPOCTH
KOPPO3UH  HUCCIIENYEMBIX  KOPPO3HOH-
HOCTOMKHX CIUIAaBOB CEMEHNCTBA «XacTell-
noi». C OomHON CTOPOHBI, 3TO BBI3BAHO
3aMeieHHON T dy3uei IeKTpoOTpH-

LATEILHBIX KOMITOHEHTOB CILJIAaBOB U3
00beMa 3epeH K TPaHMIIe DJICKTPOJIUT —
CIUTaB ¥ HU3KOW CKOPOCTHIO OTBOJIA MPO-
JIYKTOB KOPPO3WH 4Yepe3 paciijiaB, HAChI-
MIEHHBIA MO 3TUM ayeMeHTaM. Kpome
TOTO, Ha TIOBEPXHOCTH CIUIABOB HaMHU
3aukcupoBaHO 00pa3oBaHWE CJIOS W3
HEKOPPOJIUPYIOIIUX KOMIIOHEHTOB — MO-
mbaeHa u Hukeasd. MoxHo 000CHOBaH-
HO TMPENIoJIOKHTh, YTO 0Opasyromeecs
B XOJI¢ KOPPO3UH IMOKPHITHE MOXKET OKa-
3BIBaTh 3alUTHOE JICHCTBUE U MPENOXpPa-
HATh KOHCTPYKIIMOHHBIA Marepuan oT
JTaJIbHEHIIETO Pa3pyIICHMUS.

Takum 00pa3oM, IPH KCIIOIB30BAHUN
KOPPO3MOHHOCTOMKHUX HUKEJIb-XPOM-
MonmubeHoBBIX crtaBoB (Hastelloy N,
Hastelloy G35, Hastelloy C2000) Bo3-
MOXKHO KOJIMYECTBEHHOE IPOTHO3UPOBA-
HUE mporieccoB Kopposuu. [Ipeacrasser
HECOMHEHHBIH HHTEpeC H3y4YeHHE BO3-
MOXHOCTHU OpFaHI/I3aHI/II/I 3allUTBl MaTec-
pPHAJIOB 3a CUET «CAMOIACCHBALIUK» WX
HOBerHOCTI/I SHCKTPOHOJ'[O)KI/ITGHLHLIMI/I
KOMIIOHEHTAMU CILIABOB.
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