B Tpyabl yHuBepcuteta N3 (84) - 2021

DOI 10.52209/1609-1825_2021_3_72 UDC 620.193.4

*corresponding author.

Gorrosion Study of Materials for Electrolyzer Used
for Pyrochemical Reprocessing of Spent Nuclear
fuel Based on Cold Grucible Technique

1KARELIN Vladimir, Dr. Tech. Sci., Professor, vakarelin@tpu.ru,
1*YUDAKOVA Arina, student, group 0482, asyl5@tpu.ru,
IMIKLASHEVICH Dmitriy, student, group 0481, dmm8@tpu.ru,

Tomsk Polytechnic University, Russia, 634050, Tomsk, Lenin Avenue, 30,

Abstract. The application of a cold crucible technique to a pyrochemical electrolyzer used in the method of oxide
electrodeposition, which is a method of pyrochemical processing of spent oxide nuclear fuel, is proposed as a means
of increasing corrosion resistance. The electrolyzer is subjected to severe corrosion, consisting of molten salt and
aggressive gas. In this study, corrosion tests of some metals were carried out in a 2CsCl — NaCl melt at temperature
923 K with purging with chlorine gas under controlled temperature conditions of the material. The results showed that
the corrosion rate of some materials was significantly reduced due to the cooling effect of the material. In particular,

the Hastelloy C-22 alloy demonstrated excellent corrosion resistance with a corrosion rate of just under 0.01 mm / year
in both the molten salt and vapor phases due to the control of the material surface at temperature 473 K. Finally, an
engineering-scale crucible consisting of Hastelloy C-22 alloy was manufactured to demonstrate the main function of
a cold crucible. The cold crucible induction melting system and the new hastelloy crucible concept have shown good
compatibility in terms of heating and cooling.
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Introduction

The method of electrochemical production of
oxides has been researched all over the world as a
method of pyrochemical processing of spent oxide
nuclear fuel based on molten salt, and it is expected
that a compact facility can be built by integrating
with fuel production using vibration compaction
methods [1]. Initially, this method was developed by
the Research Institute of Nuclear Reactors (NIIAR) in
Russia [2-4]. Two methods for extracting plutonium
from spent nuclear fuel have been proposed as
methods for the electric release of oxide, namely,
the deposition of simple plutonium dioxide (PuO,)
and the electrodeposition of mixed uranium and
plutonium oxides (MOX-fuel) [5]. All operations are
performed in the main element of the electrolyzer
during pyrochemical processing — a crucible. The
service life of the crucible material in terms of
corrosion damage is considered a significant problem
for the method of electric oxide release due to the
harsh corrosive environment, including corrosive
gases and high temperatures. Pyrographite was
used as a crucible material for an electrolyzer in the
NIIAR. This material has good electrical conductivity
and mechanical strength, but carbon suffers seriously

in an oxygen atmosphere with high temperatures

necessary for the deposition of plutonium oxide
and the electrodeposition of MOX-fuel. Accordingly,
the possibility of using a new corrosion protection
technology should be studied in order to extend the
service life of the crucible.

The corrosion resistance of ceramics under
pyrochemical conditions was studied [6, 7]. Ceramics
can be a promising material for use in conditions of
exposure to aggressive gases at high temperatures.
However, ceramics have never been used as a
structural material for technological equipment used
for processing spent nuclear fuel in processes such as
fuel dissolution, moreover, the welding characteristics
of ceramics and its resistance to loads are not as good
as those of metals. Thus, the use of metal containers is
necessary to ensure the reliability of the installation.
The cold crucible method is considered a promising
method for processing structural materials in
environments of moderate corrosion.

In this study, corrosion tests of several metals in
a 2CsCl — NaCl melt were carried out with purging
with chlorine gas while controlling the temperature
of the material using air cooling. Promising materials
have been proposed that have shown good corrosion
resistance under pyrochemical conditions.



Brief description of the pyrochemical processing
method

The scheme of the method of electrolytic produc-
tion of oxides based on MOX deposition is shown
in Figure 1 [8]. In this method, most of the fuel
components are dissolved in molten 2CsCI-NaCl
by purging with chlorine gas at 923 K. The uranium
in the fuel is dissolved as the uranyl ion UO,*, and
the plutonium is dissolved as Pu** in the molten salt
through chlorination.

The noble metals (NM) in the fission products
(FP) and part of the uranium are isolated from the
dissolved particles by prior electrolysis after the fuel
is dissolved. The noble metals are precipitated with
uranium dioxide on a pyrographite cathode. The need
to separate UO, from electrodeposition may appear
in order to improve the uranium recovery coefficient.
Then, the electrodeposition of MOX is performed in
a salt melt, which is blown with oxygen, chlorine and
argon gases. At this stage, Pu* is transited to PuO,*
by purging with O, and CI, gases, and then PuO,
is reduced as MOX at the cathode by electrolysis
with UQO,. Finally, the minor actinides are separated
as precipitation by adding sodium carbonate and
sodium phosphate.

All these processes are carried out in a crucible-
type electrolyzer at high temperatures. Therefore, the
electrolyzer suffers from aggressive environment,
including corrosive gases such as chlorine and
oxygen, at high temperatures.

The design of the apparatus for conducting
corrosion tests

The corrosion testing apparatus was designed in
such a way that they could be carried out in a salt melt
with purging with chlorine gas, during the control of
the temperature of the material.

The scheme of the device for corrosion testing is
shown in Figure 2. The apparatus mainly consisted
of an electric oven, a quartz cell and a cooler for
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samples. The cooling device was of the rod type and
consisted of a Hastelloy alloy. Hastelloy alloys have
excellent resistance to pitting, corrosion cracking and
oxidizing atmosphere.

The test samples and thermocouples attached to
the cooling device are schematically shown in Figure
3. The ring-shaped test samples were put on the
outside of the cooler and cooled from the inside by
supplying air to the device.

In order to make possible a thorough study of
the corrosive behavior of the crucible material, the
samples were contacted with both the vapor phase
and the molten salt phase.

Table shows the conditions under which the tests
were carried out and shows the materials that were
subjected to corrosion resistance tests as part of the
study.

The following hastelloy alloys were selected as
test samples: stainless steel (310S, 304L), carbon steel
(55400), zirconium, titanium, tantalum, copper and
graphite. The purity of samples made of materials
such as zirconium, titanium, tantalum, copper and
graphite exceeded 99.5%. Three types of alloys such
as Hastelloy (Hastelloy C-22 (C-22), Hastelloy G-30
(G-30) and Hastelloy X (X)) were used in corrosion
tests.

Results of researches

Figure 4 shows data about the corrosion rate of
several materials. The temperature of the surface of
these materials in the melted salt was maintained at
the level of 473 K, and the surface temperature of the
samples in the vapor always was kept at the level of
393 K.

In the figure 4, the corrosion rates are the average
value for the two samples. All Hastelloy alloys
have good resistance to corrosion; particularly, the
corrosion rate of Hastelloy grade C-22 was slightly
less than 0.01 mm/year, both in the salt melt and in
the vapor phase.

Na,C0, and Na,PO,

Electrodeposition
of MOX fuel

Removal of secondary
actinides

Figure 1 — The process of electrodeposition of oxides based on the deposition of MOX fuel
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Figure 3 — The arrangement of samples and thermocouples on the cooling device
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Test conditions

Materials Hastelloy alloys C-22, G-30, ?(; SS400, Zr, Ti, Ta, Cu, C
(Graphite)

Type of salt 2CsCl-NaCl

Flow rate Cl, 150 ml / min

Melt temperature 923 K

Minimum temperature of the samples in the salt melt 473 K

Sample cooling method Air

Location of samples in a cell Melt phase and steam phase

Test time 6 hours
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Figure 4 — Corrosion rate of materials

The effect of the cold crucible on the corrosion
rate was significant. In a salt melt, the corrosion
rate at a material temperature of 573 K corresponds
to approximately 1/1000 of the corrosion rate at 923
K. In the temperature range of the formation of a
solidified salt layer, which is below the melting point
of 2CsCl-NaCl, the corrosion rate in the molten salt
was lower than in the vapor phase. On the other
hand, the corrosion rate was higher in the region
above the melting point in the molten salt phase
than in the vapor phase. This variable behavior of the
corrosion rate in both molten salt and vapor phases
suggests that the melting point acts as a border due
to the barrier effect of the solidified salt.

The solidified salt layer plays an important role
as a corrosion inhibitor of the crucible material,
since it protects the surface of the material from
the effects of molten salts and aggressive gas. It
is admitted to be one of the advantages of the cold
crucible method, which makes it possible to obtain
a pyrochemical electrolyzer with good corrosion
resistance. Therefore, it was experimentally shown
that the cold crucible method provides a significant

improvement in corrosion resistance. Figure 5 shows
the dependence of the corrosion rate on the surface
temperature.

According to the results of corrosion tests,
Hastelloy C-22 was signed as the most proper
material for an improved pyrochemical electrolyzer.

Conclusions

Corrosion resistance tests of a variety of materials
for use in an electrolyzer with a cold crucible for
reprocessing spent nuclear fuel have been carried
out. It is proved that the Hastelloy S-22 alloy has
the greatest resistance to the effects of an aggressive
environment.

It was experimentally shown that the cooling
effect of the crucible significantly increases the
corrosion resistance. In particular, the Hastelloy C-22
alloy showed excellent corrosion resistance both in
the melted salt and in the vapor phase. Therefore, it
was shown that the use of an improved pyrochemical
electrolyzer based on the cold crucible method has
a significant advantage in the form of significantly
improved corrosion resistance.
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Figure 5 — Dependence of corrosion of Hastelloy C-22 alloy samples on temperature
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MaiidanaHbinsaH A0posblK 0MbIHObI MUPOXUMUALIK 6HOey2e aPHANFAH 31eKmposu3ep mamepuanbiHbiH
mommaHyfa me3simoiniziH cyblK muzenb MexHOA02UACbIH KOAOAHA OmbIpbin 3epmmey
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*aemop-koppecrnoHOeHm.

AHOamna. [Mali0anaHelnraH oKkcudmi A0POsbIK OMbIHObI MUPOXUMUAALIK eHoey adici 6oabin mabblaamsiH oKcuomi
3n1eKMpMeH myHObIpy 20iCiHOe KO10aHbIAAMbIH MUPOXUMUASBIK 31eKmposu3epee CyblK mueesns 30iCiH Kon0aHy Kop-
po3usFa mesimoinikmi apmmeipy Kypassl pemiHoe yCbiHblAaobl. 3nekmponu3ep 6anKbimblaraH my3 6eH azpeccusmi
20300H mypameiH Kammesl KOppo3usara ywelpalioel. byn 3epmmey 2CsCl — NaCl 6ankbimaceiHOars! Kelibip memarn-
0apO0biH KOpPOo3usAsbiK colHakmapbiH 923 K Ke3ziHOe mamepuandbiH 6AKbIAAHAMbIH memMnepamypansiK #ardalibiHOa
X/10p 203bIH Yprey apKbiabl #ypeizoi. Homuxcenep Kelibip mamepuanoapobiH KOppo3us Hbla0amobiFbl Mamepuasnosl
canKbiHOamMy acepiHeH alimapasikmali memeHoez2eHiH Kepcemmi. Aman alimkaHoa, Xacmennol C-22 Kopbimnacsl
b6ankbimelnraH my3oa 0a, 6y ¢a3anapbiHOA 04 KOpPOo3UsA Hbla0aMObIrbl HblabiHa 0,01 mm-0eH can a3 6oaamsiH ma-
Mauwa Kopposusara mesimoinikmi kepcemmi, 473 K-0e mamepuandsiH 6emiH 6aKbiaay apkbinsl. CoHbIHOa, Xacmennoli
C-22 KopblmmnacblHAH MypambiH UHXEHEPsIK Mmacuuimabmarsl muaess CyblK mu2enbOiH Heaizei hyHKUUACLIH Kepcemy
YWiH ycacanodel. CyblKk muzesnbmeH UHOYKUUAbLIK 6anKbimy xcylieci aHe #aHa xacmesnanoli muzesnb mycblpbiMOamMacs!
KbI30bIpYy HIHE CANKbIHOAMY MYypPFbICbIHAH HAKCbI yinecimoinikmi kepcemmi.
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Kinm ce30ep: koppo3us, cyblKk muzesnb 30ici, NalidanaHblAFaH A0p0sbIK 0mbiHObI 6HOey, Xacmersnnol C-22.

UccnedoesaHue Koppo3uoHHOIli cmolikocmu mamepuana 3neKkmposusepa 041 nupoxumu4veckoli nepepabomku
ompabomasuwezo s0epHO20 MOnAUed ¢ NpuMeHeHUeM MexHOo102Uuu X0100H020 muansa
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AHHOmayus. [pumeHeHUe Memooad X0100H020 MU2/A K MUPOXUMUYECKOMY 371eKmposu3epy, Ucrnosnb3yemomy 8 Memo-
0e 0KCUOHO020 as1eKmpoocaxcoeHus, Komopeoll npedcmasnsem coboli Memoo nupoxumu4veckol nepepabomrku ompabo-
maswez0 0KCUOHO020 A0epHO20 Monauea, npedsaazaemcs 8 Kauecmee cpedcmed NnossiweHUs Koppo3uoHHoU cmoliko-
cmu. nekmponusep nodsepaaemcs cunbHol Koppo3suu, cocmoauweli u3 pacnaasneHHol conu u azpeccusHo2o 2a3ad. B
OaHHOM uccedo8aHuU bblau NposedeHbl KOPPO3UOHHbIE UCMbIMAHUS HEKOMOpbIX Memarsoe 8 pacraase 2CsCl — NaCl
npu 923 K ¢ npodyseKoli 203006paA3HbIM X/I0POM 8 KOHMPOAUPYEMbIX MeMIepamypHbIX yca108UAX Mamepuand. Pe3yse-
mamel MOKA3aAU, YMO CKOPOCMb KOPPO3UU HEKOMOPbLIX Mamepuasanos 6biaa 3HAYUMENbHO CHUXEHA U3-3a 3dhgekma
oxnaxc0eHus mamepuand. B yacmHocmu, cnaas Xacmesnnol C-22 npodemMoHCMpUpos8as omsau4Hyr KOpPPO3UOHHYH
cmoliKocmb co ckopocmeto Kopposuu 4yyme meHee 0,01 Mmm / 200 Kak 8 pacnaaeneHHol coneeol, mak u e naposoli
haszax 3a cyem KOHMposAs nosepxHocmu mamepuana npu 473 K. HakoHey, muezens uHM¥eHepHo20 macwmaba, co-
cmoswul u3z cnaasa Xacmennol C-22, 6bia u320moesneH 0718 0eMOHCMPAYUU OCHOBHOU GhyHKYUU X000H020 Muesisi.
Cucmema UHOYKYUOHHOU MaAaeKu ¢ X0100HbIM muzsaem U Hosol KoHuenyuel muasasa u3 xacmessaos NoKasasna Xopowyro
COBMECMUMOCMb C MOYKU 3PEHUS Ha2Peaa U OXAaMOeHUs.

Knrouesowie cnosa: kopposus, memoo Xon100H020 mueans, nepepabomka ompabomasuwie2o A0epHo20 monausa, Xa-
cmennoli C-22.
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