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The paper presents results of investigations of the compatibility of carbon-carbon composite materials with mol-
ten sodium fluoride — zirconium fluoride mixture in the presence of molten lead and its fluoride. The investigations
have been carried out both without irradiation and with irradiation with an electron beam of 10 MeV energy and 5
kW power (current density 0.5 mA/cm?2) on a linear electron accelerator LPE-10 (LINAC-10). It has been shown
that this material is impermeable to the above compounds. Does not interact with them. And does not break down on
temperature cycling from room temperature to 700 °C. The mechanical properties of carbon-carbon composites have
been investigated by the nanoindentation method. It has been found that neither long contact with molten fluoride
mixture nor irradiation affects the mechanical properties of this material.

INTRODUCTION

The conceptual design of accelerator-driven reactors
envisages the use of mainly structural materials based
on carbon and metal alloys [1]. The function of carbon
materials is to moderate thermal neutrons and ensure
long-duration continuous delivery of the products to be
fissioned to the reaction zone by means of a molten salt
mixture-carrier and to remove the compounds formed
from it.

Carbon-carbon materials with different reinforce-
ment: carbon fabrics and composites based on graphite
powders were used in the research. Carbon-carbon com-
posites are characterised by a high mechanical strength,
chemical stability, heat-shock resistance, resistance to
reaction media of various compositions and enable op-
eration in a wide temperature range (over 3000 °C). The
technology developed by the Research Center “KIPT”,
for producing carbon materials enable making articles
of various shapes and size. Thermal-gradient vapour-
phase methods of tightening with pyrocarbon enable
producing composites with low open porosity (of sever-
al per cent), which makes carbon-carbon composites al-
most impermeable to the molten salt and metallic phase.

During the operation of accelerator-driven reactor,
nuclear transformation products: rare-earth fluorides,
isotopes and fluorides of transition elements (Nb, Mo,
Tc, Ru, Ag, Te, etc) will accumulate in the molten salt
mixture-carrier of transmutation products. They will be
uniformly distributed over all reactor systems. Besides,
isotopes of rubidium, cesium, strontium, barium, zir-
conium, iodine will accumulate with time in the fuel
mixture. The isotopes *'*°I are a source of formation of
neutron poison-xenon. Metals with high negative elec-
trode potential (alkaline and rare-earth elements) de-
crease the corrosion stability of carbon materials in salt
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melts, transition metals (Nb, Mo) can cause formation
of carbides, tellurium is surface-active towards metal al-
loys and causes intercrystalline corrosion.

The chemistry of molten salt blanket is today at the
initial stage of investigations. Under real conditions, the
structural materials of reactor will be in contact nor with
a pure sodium fluoride - zirconium fluoride mixture but
with a mixture containing the above elements and com-
pounds. In view of this, the study of the properties of
carbon-carbon materials in molten fluoride mixtures that
simulative fuel compositions and in liquid - metal
coolants is an urgent task not only in respect of cogni-
tion but also in respect of practice.

The paper presents results of studies of the compat-
ibility of carbon-carbon composite materials with mol-
ten sodium fluoride - zirconium fluoride mixture and li-
quid-metal coolants: lead, lead-bismuth eutectic and bis-
muth.

EXPERIMENTAL PROCEDURE

Structural carbon-carbon materials were tested for
compatibility with molten NaF (50.5 mol%) — ZrF,
(49.5 mol%) mixture in a hermetically sealed container
under dry argon. The mixture of the above composition
has a melting point of 520 °C. Its specific weight at 700
°C is 3.26x10° kg/m®, heat conductivity 2.1 J/cmldeg,
Prandtl number 2.72, viscosity 5.7 Cp coefficient of
volume expansion 3.36x10™* deg™'. The choice of this
composition of the mixture-carrier of the products that
are subjected transmutations was determined by the ex-
isting technology for the processing of spent park, spent
fuel is fluorinated to extract uranium, zirconium tetra-
fluoride, which is part of the fuel element jacket of op-
erating light-water reactors, forming the basis of fluorin-
ation products. If sodium fluoride is a added to this mix-
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ture in a 1:1 molar ratio, the NaF — ZrF4 composition
formed will fit the requirements to molten-salt fuel com-
positions and will be a good carrier of spent-fuel fission
products [2].

Carbon-carbon composite materials and articles
made of them (rectangular container with cover) were
tested for temperature cycling (heating - cooling - heat-
ing) from room temperature to 650 °C. Ampoules,
which were additionally tightened with pyrocarbon and
on whose surface a protective film of pyrocarbon was
deposited, were also used for investigations. A eutectic
sodium fluoride - zirconium fluoride mixture was filled
into each ampoule (=50 % of useful volume), and tem-
perature cycling was performed. After weighing and vi-
sual examination of the ampoule, lead was filled into it,
and temperature cycling was repeated. After examining
the state of the ampoule once more and weighing, lead
fluoride (5 wt% of the mass of the eutectic filled) was
added to it, and the investigation was repeated. Un the
presence of the lead compounds, then surface tension of
lead decreases, and it becomes able to easily penetrate
into porous materials. The experiments were made to
find out whether the carbon-carbon ampoules are imper-
meable to molten salt and metallic phases. Samples
which were irradiated in a melt above composition at

(LINAC-10) with 10MeV energy and 5 kW power (cur-
rent density 0.5 mA/cm?) were also.

The change in the constitution of salt compositions
and carbon-carbon materials was determined by chemi-
cal, X-ray phase, atomic absorption analyses. The atom-
ic absorption analysis was performed on a Pionicum SP-
9 spectrophotometer, the IR spectroscopic studies were
carried out an a Specord 80 M device, the X-ray micro-
analysis and visual examination of the surface state of
the samples under investigation were performed on a
PEMMA-101M scanning electron microscope - micro-
analyzer.

The mechanical properties of carbon-carbon com-
posites were determined by the nanoindentation method
on a Nano Indenter-II nanohardness tester (MTS Sys-
tems). The investigations were carried out using a
Berkovich triangular indenter at a load of 50 mN (= 5
gf) and at a constant loading rate, which was 0.5 and 2
mN/s. The impressions spaced 50 um apart were made
on each sample. The hardness and elastic modulus were
determined from the depth of impression by the Oliver
and Pharr technique [3].

RESULTS AND DISCUSSION
The results of the investigations carried out are listed

650 °C on a linear electron accelerator LPE-10 in Table 1. Container Nell was tightened with pyrocar-
bon.
Table 1
Results of tests of carbon-carbon containers for molten salt and metallic phase tightness
Container Number of Total time Mass of the ingredients filled (g) Temperature Mass loss
Ne cycles (h) Eutectic Lead PbF, (°0) (%)
4 6 35 20.0 - - 650
4 2 12 20.0 — — 750 0.1
4 4 31 20.0 91.12 — 750 0.6
4 4 31 20.0 91.12 1.0 750 0.6
5 3 20 20.0 - - 650 0.2
5 1 8 20.0 — — 700
5 4 31 20.0 70.0 - 650 1.5
5 4 31 20.0 70.0 1.0 650 0.13
11 3 21 20.0 — 750 0.7
11 3 28 20.0 67.0 — 700 0.15
11 3 24 20.0 67.0 1.0 700 0.3

Container Ne4 was heated six times from room tem-
perature to 650 °C; the total time of isothermal soaking
was 35 h. It was heated twice to 750 °C. The soaking
time at the above temperature was 12 h. When cooled
an ingot of eutectic mixture was easily separated from
the container. A visual examination showed the contain-
er walls to be not wetted by the melt. The mass loss of
the sample “container — fluoride mixture” was approxi-
mately 0.1 %. After making necessary measurements,
lead was added to the same container, and heating to
750 °C and cooling performed four times. The total time
of isothermal soaking was 31 h. The inner surface of the
carbon-carbon article remained with out visible
changes. The mass loss of the whole system was 0.6 %.
No saturated of the container with the salt melt or lead
was detected. Lead fluoride (5 wt%) was also added to
the same container. After heating from room tempera-
ture to 750 °C and cooling performed four times and
isothermal soaking for 31 h, the mass loss was 0.6 %/

No saturation of the carbon-carbon composite with the
salt and metallic phases was detected visually.

Container Ne4 was used in long-duration (700 h)
continuous studies of the compatibility of hastelloy of
composition B with carbon-carbon materials and a
molten sodium fluoride - zirconium fluoride eutectic un-
der the short-circuit conditions of the galvanic couple
composite — nickel-molybdenum alloy at 650 °C. Just
after reaching the predetermined temperature condi-
tions, the circuit current was 210 pHA (105 pA/cm?* for
nickel-molybdenum alloy). The initial emf was 0.22 V.
The sign “—” was on nickel-molybdenum alloy. In the
seventh day, the current dropped to 8-9 PA and did not
practically change subsequently throughout the period
of tests. A visual examination showed that the ampoules
retained its appearance and shape. No salt infiltration
was detected. The total mass loss was 8.4 %, mainly
owing salt phase sublimates (the cap of the ampoule
was not screwed in because electrical leads were insert-
ed into it), which condensed on the cold surfaces of the



hermetically sealed reactor. The current drop in the
electric circuit indicates that the surface of the elec-
trodes is passivated with time, and their corrosion de-
creases.

The effect of the products of interaction between
lanthanum trifluoride and zirconium in a molten sodium
fluoride - zirconium fluoride mixture (simulative fuel
mixture) on the short-circuit current, emf and electrical
resistance of the galvanic couple carbon-carbon com-
posite - hastelloy was also studied. The temperature was
600 °C, and the time was 300 h.

In contrast to the previous system, the sign “+” man-
ifested itself on hastelloy. The initial emf was 0.19 V,
the short-circuit current was 5 HA, and the resistance
was 1.73 Q. At the end of the experiment (257 h), the
shot-circuit current was 0.07 A, and the resistance was
41 Q.

Thus, change in fuel mixture composition can great-
ly affect the corrosion mechanism of structural materi-
als. In the last case, hastelloy was in the melt under ca-
thodic protection. Short-circuit currents of these systems
can be used to evaluate the corrosion stability of struc-

tural materials since they are proportional to corrosion
currents of each galvanic couple elements.

Experiments similar to those with container Ne4 de-
scribe above (except long-duration experiment with
nickel-molybdenum alloy short-circuit conditions) were
carried out with other ampoules. Moreover, the stability
of carbon-carbon structural materials under heating to
650 °C in air for 10 h was determined in some experi-
ments. As a result of the investigations carried out it has
been found that under such conditions, the container de-
forms mainly at the top. The cap of the container cannot
be screwed out. The mass loss averaged 17.6 — 18.0 %.

Investigations of the salt phase after soaking with
carbon-carbon containers have been carried out by the
IR spectroscopy. The IR spectra of sodium fluoride —
zirconium fluoride eutectic soaking in containers under
argon remain unchenged, being the same as those of the
original mixture. In the IR spectra of NaF — ZrF, eutec-
tic heated in air to 600 °C for 3 h in a carbon-carbon
crucible, extra bands at 850 and 1100 cm™ appear,
which characterize Zr—O vibration in ZrO, formed (Ta-
ble 2).

1. Table2
2. Position of absorption bands in the IR spectra of the main systems under investigation
Conditions IR spectra of zirconium fluorides, v IR spectra of various
System 1 compounds,
60 | T (h) (em™) (v eml)
Container No4 25 Solid line
Container NeS and
. 560 7 300, 360, 425, 450, 500, 530, 600
fluoride melt
ZrF,-NaF., +Ar
(Container NeS) 800 7 300, 310, 365, 420, 475, 515, 560
ZrFsNaFo, +0, 600 3 300,310, 365, 420, 480, 515,600 | 700, 850, 1100 Zr-O-F
(Container Ne5)
ZrF4_I\£aF°“"+OZ 600 3 300, 400, 485, 525 625, 850,1100 Zr-O
(xoHTelHEp Ned)
ZrF4-NaFq.+Ar + Pb
(Container Nod) 750 8 300, 360, 425, 480, 525, 570
ZrF;-NaF oy +Ar +20%
Pb+10% PbF, 650 5 425, 470, 525, 600 280, 330 Pb-F
(Container Ne4)
b NaFo AT 200 P05 8 300, 460, 520, 600 360, 850 Zr-0-F
(Container No5)
ZrF4-NaF e +Ar + 20%
Pb+30% PbF, 700 8 300, 400, 460, 500, 515, 600 370, 850 Zr-0-F
(Container Ne5)
ZrFs-NaF e +Ar + 20%
Pb+10% PbF, 650 15 300, 360, 420, 500, 580
(crucible No5)
Galvanic couple —
hastelloy under short- 800 5 310, 370, 430, 485, 590
circuit conditions
—»— 600 20 300, 360, 465, 520, 590
—r— 600 100 285, 330, 370, 420, 450, 500, 520,585
- — 600 200 270, 300, 375, 425, 450, 490, 580
—»— 600 350 270, 295, 380, 400, 480, 515, 600
—r— 600 500 270, 295, 360, 425, 480, 520, 590

The results obtained indicate that carbon -carbon
composite materials are impermeable to molten salt and
metallic phases in the case of a long (over 700 h) con-
tact with them both without irradiation and with electron

beam irradiation, and that they can be used in designs of
accelerator-driven reactor.

The investigations of mechanical properties, which
have been carried out by the nanoindentation method,
corroborate this conclusion. Carbon-carbon composites



(sample 1) and a carbon-carbon composite which was
additionally tightened with pyrocarbon and had a pro-
tective film of pyrocarbon on the article surface (sam-
pler 2) were studied. In sample 1, two phases have been
found on the lateral microsection: fibers and binding
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material. Observation with a microscope revealed no
impressions on samples since this material has a high
ability for the elastic restitution of the original shape.
This is indicated by loading-unloading curves (Fig 1).

Indenter displacement, um

Fig. 1. Loading and unloading curves for carbon-carbon composite materials without contact with fluoride melt
and without irradiation: a — sample not tightened with pyrocarbon; b — sample tightened with pyrocarbon

During unloading, loading and unloading curves
generally diverge. For the samples under investigation,
these curves first diverge and then converge again, and
the indentation almost fully disappears an complete un-
loading. Dependences of this characteristic were obser-
vation earlier for glassy carbon [4]. The hardness and
elastic modulus of the fibers and binding material in
sample 1 differ only slightly (Table 3). This indicates

the mechanical properties to be isotropic. The hardness
and elastic modulus of sample 2 are higher. This sample
is characterized by a sharp increase in the depth of im-
pression on loading. This change may be due just to the
vapor-deposited pyrocarbon film. There are good rea-
sons to believe that this material is a variety of glassy
carbon (amorphous carbon in which sp? bounds predom-
inate).

Table 3

Mechanical properties of carbon-carbon composite materials

3. Sample 4. Elastic modulus (Gpa) 5. Hardness (Gpa)
6. Sample 1 (binding material) 7 1742 8. 2.83+0.14
9. Sample 1 (fiber) 10.19+1 71.2.11£0.23
12. Sample 1 (fiber) 13.17+0 14.1.7240.38
15. Sample 2 (fiber) 16.20+2 17.2.7240.35

18.

The hardness and elastic modulus of sample 1 differ
only slightly, indicating the mechanical properties to be
isotropic. The sample tightened with pyrocarbon has a
higher elastic modulus. This sample is characterized by
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a sharp increase in the depth of impression on loading.
The loading and unloading cures for irradiated samples
are shown in Fig. 2.
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Fig. 2. Loading and unloading curves for carbon-carbon composite materials after electron beam irradiation in a
sodium fluoride — zirconium fluoride melt for 700 h at 650 °C: (a) beam entance (5066 MeV/atom), (b) beam exit
(64 MeV/atom)

And investigation of mechanical properties showed
that either irradiation intensity or contact with molten
fluoride mixture did not practically affect the hardness
of this material within the above period of time. The
hardness of the composite at the beam entrance was H =
2.0+0.3 GPa and at the beam exit H = 1.9£0.5 GPa.

CONCLUSIONS

As a result of the investigations carried out it has
been found that carbon-carbon composite materials are
resistant to molten sodium fluoride — zirconium fluoride
mixture and lead. These materials withstand a long con-
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tact with molten salt and metallic phases at 650 °C, are
impermeable to them, and are resistant to temperature
cycling no chemical interaction with molten fluorides
has been detected. Long contact with fluoride properties
of carbon-carbon composites. The materials developed
can be used in the designing of accelerator-driven reac-
tors.

YIJIEPOA-YIVIEPOAHBIE KOHCTPYKIIMOHHBIE MATEPHUAJIBI IJIA YITPABJISAIEMBIX YCKO-
PUTEJSAMUA PEAKTOPOB

B.A. I'ypun, A.C. bakait, U.B. I'ypun, A.A. Omenvuyx, H.U. bypak, b.M. Boponun, P.C. IlImezepa

IpuBeneHB! pe3yJsIbTaThl UCCICIOBAHUA COBMECTHMOCTH YIJIEPOJI-yIIIEPOJHBIX KOMIIO3UIIMOHHBIX MaTEPHAIOB C PacIlIaB-
JICHHO# cMecblo GTOPHIOB HATPHS M LIMPKOHHS B MPHCYTCTBUH PACIUIABICHHOTO CBHHIA U ero ¢ropuza. McciaenoBaHue BbIOJ-
HEHBI Kak 6e3 00JIy4eHHeM Tak U IPpH 00Iy4CHUH ITyYKOM 3JIEKTPOHOB 3Heprueit 10 MaB ta MomHocThI0 5 KBT (INIOTHOCTH TOKA
0.5 MA/cM?) Ha nuHelHOM yckopuTese 5ekTporos JIVD — 10 (LINAC-10). [TokasaHo, 4To IaHHBINA MaTepual B MHEPTHOM at-
Mochepe SBISETCS HEMPOHUIAEMBIM ISl YKa3aHHBIX BBIIIE COSIUHEHMH, He B3aMMOAECIHCTBYET C HUIMH U HE pa3pylIaercs Ipu
TEepMONMKINPOBAHUN OT KOMHATHOH Temnepatypsl 1o 700 °C. MeTonoM HaHOMHIEHTUPOBAHMS M3yYEHBI MEXaHUUECKHE CBOIi-
CTBa yIJIepOJ-yrIepOAHbIX KOMIO3UTOB. OnpeeseHo, YTO HH J0IrHil KOHTAKT ¢ PAaCIUIaBICHHOW (TOPUIHON CMEChIO, HH 001y -
YeHHe He BIMAIOT Ha ero0 MEXaHUYECKUE CBOMCTBA.

BYIJIEIb-BYTJIEHEBI KOHCTPYKIIMHI MATEPIAJIA JIJII KEPOBAHUX ITPUCKOPIOBAYEM
PEAKTOPIB

B.A. I'ypin, O.C. bakai, 1.B. I'ypin, A.O. Omenvuyk, M.1. bypak., b.M. Bopounin, P.C. IlImezepa

IIpuBeneni pe3ynbTaTH LOCHIIKEHb CYMICHOCTI BYTJIEIb-BYTJICHEBHX KOMIIO3MLIITHUX MaTepialiB 3 PO3IUIABICHOIO CyMilll-
o QTOpHIIB HATPIIO Ta IMUPKOHIIO B MPUCYTHOCTI PO3ILIABICHOTO CBUHINIO Ta Horo ¢gropumy. JociikeHHss BUKOHAHI K 0e3
OIIPOMIHEHHS, TaK 1 NPU ONPOMIHEHHI Iy4KoM elieKTpoHiB eHepriero 10 MeB Ta notyxwuictio 5 kBT (ryctuna crpymy 0,5
MA/cM?) Ha niniliHOMY nipuckoproBadi enekrponis JITIE —10 (LINAC-10). Tlokasano, o nanuii Marepian B inepTHill atmocdepi
€ HEMPOHUKHHUM [T 3a3HAYEHUX BHIIE CIOJIYK, HE B3a€EMOJIE 3 HUMU Ta HE PYHHYEThCS NPH TCPMOLMKIIOBAHHI BiJl KIMHATHOT
temneparypu a0 700 °C. MeTooM HaHOIHACHTYBaHHS JOCTIMKCHI MEXaHIUHi BIACTHBOCTI BYIJICIb-BYIJICIIEBUX KOMIIO3UTIB.
BcranosneHo, 1o Hi TpUBajInii KOHTAKT 3 PO3IUIABICHOI0 (TOPUIHOIO CYMIIIIIIO, Hi ONPOMIHEHHS HE BIUIMBAIOTH HAa HOTO Mexa-
HiYHi BTaCTUBOCTI.



