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The secondary-ion mass-spectrometry technique was employed to study the compositional content variation in
subsurface layers of alloys of Hastelloy type that had been irradiated with electron beam with the average energy
9.6 MeV in the melt of sodium and zirconium fluoride salts at the temperature 650°C for 700 hours.

1. INTRODUCTION

The molten-salt reactors (MSR) are assumed to use
the nuclear fuel in the form of fluoride melts opening
the door for making continuous correction of the fuel
content. As a rule, as fuel composition one uses the melt
of fluorides of light and heavy elements of the type LiF,
NaF, BeF,, ZrF4, ThF,, in which are solved the fluorides
of uranium or plutonium. The MSRs will use as their
structural materials the nickel-based alloys of the type
of Hastelloy N or their analogs [1-3].

This research was made on samples of alloys of the
type of Hastelloy N, which had been cast from high-pu-
rity ingredient components at NSC KIPT.

The aim of this work was to make a study on the
surface composition of high nickel-content alloys after
their irradiation in the melt of sodium and zirconium
fluorides at the temperature 650°C for 700 hours. The
studies were made on samples, in which the values of
deposited electron energy (Eup) were 5,066 and
64 eV/atom.

2. MATERIALS AND RESEARCH METH-
ODS

Samples of the high nickel-content alloys (alloys
“A” and “B”) were cast via the induction casting
method in argon atmosphere out of high-purity compo-
nents. The initial components were pre-refined, using
various physical techniques. The purity of the initial
components was as follows:

Nickel. The electrolytic nickel was used as the initial
metal, cast over twice with the aid of electron beam
melting (EBM). The refinement came out with a lower
content of iron, cobalt, phosphorus, aluminum, magne-
sium, the content of arsenic, zinc, selenium and chlorine
being decreased most substantially. The double EBM al-
lowed us to produce nickel with the purity 99.994 wt.%
[4].

Molybdenum. After the EBM the content of the
metallic impurities came down by 10...30 times. Purifi-
cation from silicon was very weak. The tungsten impu-
rity is not removable from molybdenum. The principal

purification is made from the gaseous impurities: oxy-
gen, nitrogen and hydrogen.

Niobium. The initial casting material was niobium
of the type NB-1. The metallic impurity content in it af-
ter the two consecutive EBM was as follows: Al —
0,004; Fe —0,0001; Cr < 0,001; Ni < 0,0004; Si— 0,005;
Cu - 0,0006; Ca < 0,003 wt.%.

Titanium. The initial casting material was titanium
sponge TG-90. The EBM method was employed to pro-
duce a titanium ingot of the purity 99.99 wt.%.

Iron. The initial casting materials were rods of Arm-
co-iron. The EBM of iron was made via droplet re-melt-
ing. The Brinelle hardness of the rods prior to the cast-
ing was 830 MPa, decreasing to 624 MPa after the re-
finement. The iron purity level is mainly determined by
the content of nickel and cobalt.

Chromium. The major impurities in chromium are
iron, silicon, aluminum, nickel and interstitial impuri-
ties: nitrogen, oxygen and carbon. The high-vacuum an-
nealing of chromium samples made at the temperature
1,200°C for 5 hours brought down the content of the in-
terstitial impurities by nearly ten times.

The content of the alloys: Ni — base, Mo — 11.7;
Cr - 6.7; Ti — 047, Al — 0.83; Fe — 1.5; Mn — 0.5;
Si — 0.15 wt.% (alloy “A”). The alloy “B” is different
from the alloy “A” by having in it Nb substituted for Cr-
0.5 wt.%, Y-0.05 wt.% added to the composition.

Samples of the alloys of Hastelloy type (alloys “A”
and “B”) were irradiated with electron beam with the
average energy 9.6 MeV in the melt of sodium and zir-
conium fluoride salts at the temperature 650°C for
700 hours [6]. The evaluation of the electron energy
(E4ep) deposited in the samples of the alloys indicated
that its value was 5,066 and 64 eV per atom in the first
and last (along the path of electron beam from linac)
samples of the alloys, respectively [7]. For this reason,
the studies on compositional variation of the alloy con-
tent in the subsurface layers were made, in the first
place, on exactly those samples. The determination of
the layer-by-layer elemental composition of the alloys
was made, using the method of secondary-ion mass-
spectrometry (SIMS) at the device MS-7201.
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A schematic of the mass-spectrometer MS-7201 is
given in Fig. 1. The analyzer includes a monopole rf-
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Fig. 1. Schematic of mass-spectrometer

The underlying principle of the mass-spectrometer is
based on the phenomenon of secondary ion emission.
The primary ion beam, as it is injected from the ion
source, bombards the sample analyzed, knocking out the
secondary ions from the subsurface layers. The ions are
collected with an immersion lens, the crossover of
which is placed in the plane of the input aperture of the
monopole that acts as a mass filter. The partial ion com-
ponent, as it is released in the process of analysis from
the integral ion beam, is separated in energies and trans-
formed in the ion-electron converter into electron beam
that is directed to the first dynode of the secondary-elec-
tron multiplier. The amplified electron current is fed to
the DC amplifier, in which it is transformed into volt-
age. The high-frequency generator “oscillator-2” forms
together with the unit “oscillator-1” the system of
monopole rf-feeding that produces high-frequency volt-
age directed alongside with the appropriate DC voltage
to the central monopole electrode. To recover ions of
some mass, the high-frequency voltage amplitude at the
monopole output varies smoothly across the respective
range vs. control voltage value.

The registration system includes the secondary-elec-
tron multiplier, an electrometer, the DC amplifier and a
laboratory-frame compensation recorder “LKS4-003”.
In the registration system, the voltage received at the
electrometer input resistor is transformed in the DC am-
plifier into a signal that is convenient either for writing
by the recorder “LKS4-003” or for further processing at
the computer complex.

Performances:
- the range of analyzed mass numbers varies from
1 to 250 m/e;

- the resolution is not worse than 2.1 M if taken
in the operation mode at the level of 50% of the
intensity of mass-spectrum peaks;

- the primary ion beam current does not go below
S HA;

- the primary ion beam diameter on the sample
surface is not smaller than 4 mm.

The maximum registration time of the total mass-
spectrum in the automatic mode must be as long as (30+
5) minutes.

The principal technical characteristics of the ion
source are as follows: output on-sample ion current 5...
15 pA; discharge current, 2...4 mA; discharge glow
voltage, 3...5 kV; working gas: hydrogen, argon or heli-
um.

The alloys “A” and “B” after the irradiation in the
fluoride melt were studied for the distribution of the
main ingredients of Hastelloy-type alloys: nickel (mass
58), molybdenum (base isotope mass 98), chromium
(mass 52), titanium (mass 48), aluminum (mass 27), the
studies were also made on the fluoride melt base com-
ponents, sodium and zirconium, into the depth of the
sample. On each plate, the measurements were taken
both from the surface layer facing the incident electron
beam and from the reverse side.

The sample microstructure was examined at the op-
tical microscope “MMR-4".

3. EXPERIMENTAL RESULTS
AND ITS DISCUSSION

The typical SIMS spectrum picked up off the initial
alloy sample is given in Fig. 2,a. The spectrum presents
all the elements (including isotopes), which are included
in its composition.
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After the electron irradiation and exposure to the
sodium and zirconium fluoride melt, the secondary
ion spectrum, as taken off the sample surface, had
the following characteristics peaks: 1 — sodium
(mass 23) and satellite masses 39 and 40 (NaO,

NaOH) that are proportional to the sodium peak
value; 2 — peaks associated with zirconium isotopes
with the masses 90, 91, 92, 94 and 96 and their
satellites, for instance, mass 106 (which corre-
sponds to the composition *Zr'°0).
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Fig. 2. Typical secondary-ion spectrum picked up off Hastelloy-type samples (alloy “A”): a — initial;
b — after exposure to the melt of sodium and zirconium fluoride salts at the temperature 650°C for 100 hours

In the further measurements, the isotope zirconium-
90 (its percentage is 51.46%) was taken as the base
one. Note that the spectrum showed an insignificant
fluoride peak (mass 19). No registration was made
of any peaks corresponding to the fluorides (NaF,
ZrF4). The mass-spectrum picked up off an alloy of
the Hastelloy type after the corrosion test for 100
hours in the melt of sodium and zirconium fluorides
is given in Fig. 3.
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Fig. 3. Layout of disposition of samples of Hastel-
loy-type alloys in the ampoule relative to electron
beam:

1 — surface facing electron beam, 2 — reverse side

Fig. 3 presents the layout of Hastelloy-type sample
disposition in the ampoule relative to electron beam
and place on the sample surface where the measure-
ments were taken. The samples were positioned in
pairs. The abutting between two adjacent samples
was not tight so that the fluoride salt melt could
penetrate between them and account for the corro-
sion processes.

Figures 4-9 show variation of the concentration of
titanium, chromium, aluminum, iron, sodium and
zirconium as measured in samples of the alloy “A”
irradiated to different electron beam doses.
Titanium. The concentration of titanium in the al-
loy “A” increases at the depth of 10...15 microns
from the surface, being especially high in the sam-
ple irradiated to the energy 64 eV/atom on the sur-
face 2, see Figure 3. The sample of the alloy “B” ir-
radiated to the high dose shows decreased titanium
concentration in the surface layers of 5...10 mi-
crons.

Chromium. The samples of the alloy “A” show in-
creased chromium concentration in the subsurface
layer at the depth down to 15 microns. The samples
of the alloy “B” irradiated to the dose
5,066 eV/atom show decreased chromium concen-
tration at the depth of 10 microns.

Aluminum. In the samples of the alloys “A” and
“B” irradiated to the large dose, the aluminum con-
centration decreases at the depth of 7...10 microns.
The samples of the alloys “A” and “B” irradiated to
the dose 64 eV/atom display (see Fig.3) increased
aluminum concentration on the side 1 and decreas-
ing of it on the side 2.
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Iron. The samples of the alloys “A” and “B” show
increased iron concentration on the surface down to
the depth of about 5 microns. With increasing of
the thickness of the layer removed, the concentra-
tion of iron is close to the initial one.

Sodium. The thickness of the layer, to which sodi-
um penetrates in-depth of the alloys “A” and “B” is
more than 20 microns after the irradiation to the
dose 5,066 eV/atom. The samples of the alloy “A”
irradiated to the dose 64 eV/atom show as well a
negligible sodium saturation. As regards the sam-
ples of the alloy “B” that were irradiated to the
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Zirconium. The thickness of the layer, to which
zirconium penetrates in-depth of the alloys “A” and
“B” is more than 20 microns after the irradiation to
the dose 5,066 eV/atom. As regards the alloys of
the sample “B” that were irradiated to the dose
64 eV/atom, zirconium penetrates to the depth of up
to 6 microns.

The microstructure of samples of the alloys “A”
and “B” after the irradiation in the fluoride melt is
given in Fig. 10.

—
=N

¥

concentration, wt%
O=_2NWAhUOTONO®
L&
|

0 5 10 15 20
thickness of layer, microns

b

. 1.2
g 1 M 1
A g
3% 0,6 / 11 /
= 04 b s .
g 02 %
8 o :

0 5 10

thickness of layer, microns

d

Fig. 4. Titanium concentration variation in samples of the alloys “A” (a,b) and “B” (c,d) irradiated to the doses:
5,066 (a, c) and 64 eV/atom (b, d):1-# - surface facing electron beam, 2-) — reverse side, - - - initial concentration.
The data of two consecutive measurements are connected with lines for the sake of convenient observation
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tion

One can see that the samples of the alloy “B” are
characterized by lower values of the penetration of
sodium and zirconium into the depth of the sample
than it is the case with alloy “A”. Decreasing of the
irradiation dose acts to decrease the value of pene-
tration of zirconium and sodium into the depth of
the sample, yet it remains larger than in the non-ir-
radiated samples. In all evidence, the migration of
these impurities occurs along the grain boundaries,
which is supported by examination of the sample
surface morphology [8]. Notably, the corrosion of
untightly abutting adjacent samples with a relative-
ly low amount of the in-seeping molten salts does
not differ much from the corrosion of the surfaces
facing the melt. This observation implies that the
chemical corrosion kinetics of the Hastelloy-type
alloys in the salt melt under irradiation is controlled
by the absorbed energy dose rather than by the vol-
ume and transport rate of the melt components in
the near-surface layers.

4. CONCLUSIONS

1 The SIMS technique was used to study the distri-
bution of sodium, zirconium, aluminum, chromium,
iron, titanium in samples of the alloys of Hastelloy
type of two compositions.

2. Samples of the alloy “A” after the irradiation to
the dose of 5,066 eV/atom display depletion of the
surface layer by aluminum to the depth of 7 mi-
crons. In the rest of the cases, enrichment is observ-
able of the subsurface layers by titanium, chromi-
um, iron.

3 The samples of the alloy “B” display after the ir-
radiation to the dose of 5,066 eV/atom a decreased
concentration of titanium, chromium, aluminum,
iron in surface layers that are up to 10 microns
thick.

4. The thickness of the layer, to which sodium pen-
etrates into the depth of the samples of the alloys
“A” and “B” is more than 20 microns after the irra-
diation to the dose of 5,066 eV/atom.

5. The samples of the alloy “B” are characterized
by lower values of the penetration depth by sodium
and zirconium into the bulk of the sample than it is
the case with the alloy “A”.

6. The chemical corrosion kinetics of the Hastelloy-
type alloys in the salt melt under irradiation is
rather controlled by the absorbed energy dose than
the volume and transport rate of the melt compo-
nents in the near-surface layers.

This work was supported in part by the STCU,
Project #294.
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M3MEHEHUE KOMIIO3UITAOHHOI'O COCTABA B IIPHIIOBEPXHOCTHBIX CJIOSX CILTABOB
THUIIA XACTEJJVIOU H IO JEUCTBUEM PACIIVIABA ®TOPUIOB ZrF, — NaF
N JIEKTPOHHOI'O OBJIYYEHUSA

B.M. Axncasca, A.C. bakaii, IO.1I1. Boopos, A.H. /loeons,
C.A. Jlaspunenxo, H.H. Ilununenxo

MeTooM BTOPHYHO-MOHHONW Macc-CIIEKTPOMETPUHU UCCIEIOBAHO U3MEHEHHE KOMIIO3UIIMOHHOTO COCTaBa B MPUIIOBEPXHOCT-
HBIX CJIOsIX 00pa3lax CIJIaBOB THMa XacTeIUIoi, 00IydeHHBIX MyYKOM JIEKTPOHOB CO cpeiHei sHepruet 9,6 MaB B pacrase
coJel GTOpuAOB HATPHUS U HHPKOHUS Ipu Temneparype 650°C B Teuerne 700 .

3MIHA KOMIO3UIIHHOI'O CKJIAJTY B IOBEPXHEBHUX IIIAPAX CILTABIB
THUITY XACTEJIOM H NI AI€EFO PO3ILJIABY ®TOPUIB ZrF, — NaF
I EXJEKTPOHHOI'O OITPOMIHEHHSA

B.M. Axcarca, O.C. bakau, FO.II1. boopos, A.M. /loeons,
C.A. Jlagpunenxo, M.M. IlTununenxo

MeTozoM BTOPHHHO-IOHHOI Mac-CIIEKTPOMETpii JTOCIIDKEHO 3MiHYy KOMIIO3MI[IHOTO CKJIaly B NPHUIOBEPXHEBUX MIapax
3pa3KiB CIUIaBiB THIy XacTeJION, OPOMIHEHHX ITyYKOM eJISKTPOHIB 3 cepenHbolo eHeprieto 9,6 MeB B po3miasi coneli ¢propumis
HaTpio 1 HupKoHio npu Temneparypi 650°C npotsarom 700 r.
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