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NSC KIPT has cast Hastelloy N type alloys that are to be used in molten-salt reactors (MSR). A study was made
on the collective effects of exposure to electron irradiation and melt of sodium and zirconium fluorides at the tem-
perature 650°C for 700 hours on mechanical properties of those alloys.

1. INTRODUCTION

Molten-salt reactors (MSR) are promising reactors
of the next generation that will be able not only to pro-
duce electric power, but also make re-burn and transmu-
tation of the radiation waste [1-3].

The coolant for the MSRs is the melt of fluoride
salts of lithium, sodium, zirconium with the addition of
fissile material, uranium or plutonium fluoride. The
structural materials proposed for the reactors of this type
are alloys of the type Hastelloy N and its Russian analog
KhNSOMT.

On the base of high-purity ingredients, NSC KIPT
has cast alloys of this type, fabricated samples for corro-
sion tests conducted under electron irradiation.

The aim of this work was to make a study on the
collective effects of the sodium and zirconium fluoride
salt melt and electron irradiation on the mechanical
properties of the alloys of the type Hastelloy N.

2. MATERIALS
AND RESEARCH METHODS

Samples of the alloys (alloys “A” and “B”) were
cast at NSC KIPT from high-purity initial components
in the induction casting facility [4,5]. The composition
of the alloy “A” is as follows: Ni-base, Mo — 11.7; Cr —
6.7, Ti— 0.47; Al — 0.83; Fe — 1.5; Mn - 0.5; Si — 0.15
wt.%. In the alloy “B”, 0.5 wt. % of niobium was substi-
tuted for Cr, 0.05 wt.% of yttrium added. Strips 0.3 mm
thick were rolled out of the alloys, from which research
samples were cut out with the size 24x28 mm. The
smaller side of the sample was oriented along the direc-
tion of the rolling. After the rolling the samples under-
went the following thermal treatment: annealing in the
air at 1100°C for 1 hour with the subsequent quenching
in water. With the quenching over, the sample surface
was de-scaled and they were annealed in argon atmo-
sphere at the temperature 675°C for 50 hours (ageing).
One plate was cut to produce three samples for mechan-
ical tests, using the electric spark cutting. A jumper was
fashioned on one of the shoulders of the samples to be

used for the mechanical tests to keep the samples in
place on the plate. The layout of sample disposition, as
shown in Fig. 1, provides for sufficient irradiation ho-
mogeneity in the samg’l

Fig. 1. Sample disposition for mechanical tests on
Hastelloy N plate

Several such plates were made of the alloys of two
compositions. Irradiation samples were mounted in am-
poules made of a carbon-carbon composite material. Af-
ter the sample assembly, zirconium and sodium fluoride
melt was poured into the ampoule. The schematic of
plate disposition in the irradiation ampoule is given in
Fig. 2.
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Fig. 2. Schematic layout of plates in ampoule:

1— ampoule frame; 2 — insets; 3 — C-C composite plate;
4-6 — first, second and third pairs of samples, respec-
tively; 7 — sample mount rig

The sample irradiation was carried out at the dedi-
cated Electron Irradiation Test Facility [6] (EITF) in-
stalled at the electron linac output. The EITF setup and
disposition of research sample ampoules are given in
Fig. 3. The average electron energy during the irradia-
tion was 9.6 MeV, the total average beam current being
520 pA. While being irradiated, the samples were kept
in the fluoride melt at the temperature 650°C for
700 hours.
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Fig. 3. EITF setup: 1 — stand body, 2 — input window,
3 —sample assembly centering flange, 4 — chamber
evacuation vent, 5 — argon puffing vent, 6 — graphite
plate, 7 — container assembly, 8 — container assembly
holder [6]

The paper [7] reported the results of simulations of
the electron beam energy absorption in the ampoule
containing the samples that was filled up with sodium
and zirconium fluoride melt. The calculated profile of
absorbed electron beam energy is shown in Fig. 4.

As one can gather from the above calculations, the
first plate (position 4, Fig. 2) and last one (position 6,
Fig. 2) of the research Hastelloy-type alloy were irradi-
ated to considerably different doses, 5,066 and 64 eV
per atom, respectively. As one can gather from the
above calculations, the first plate (position 4, Fig. 2) and
last one (position 6, Fig. 2) of the research Hastelloy-
type alloy were irradiated to considerably different dos-
es, 5,066 and 64 eV per atom, respectively. After the ir-
radiation, the ampoules with the samples were disas-
sembled mechanically, the samples desalted. To extract
sample needed for mechanical tests, it would suffice just
to cut off the jumper on the sample shoulder (see Fig.
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Fig. 4. Calculated profile of absorbed electron beam
energy in ampoule containing samples [7]

The irradiation conditions were such that the rem-
nant radioactivity of mechanical test sample should not
exceed the value of 0.3 pSv/h. The mechanical tests of
the samples were done at a tearing machine of the type
1246P-2/2600 in the temperature interval 20 to 650°C.
The sample microstructure was examined in the optical
microscope “MMR-4”, microhardness measured at the
device PMT-3. The X-ray structural studies on the al-
loys were made at the device DRON-07, with a scintil-
lation counter absorbing the radiation spectra of CuKa
and CoKa. The filming was made according to the
Bragg-Brentano optical scheme.

3. EXPERIMENTAL RESULTS AND
THEIR DISCUSSION

Studies were made on the mechanical properties and
microstructure of the initial samples after the quenching
and after the quenching with subsequent ageing. The
sample microstructure after rolling, quenching and age-
ing is given in Fig. 5. The very same figure shows the



microstructure of the mechanical test specimens at the
place of rupture. The samples display good plasticity, its
grains being slightly elongated at the place of rupture.
The mechanical tests were also made of the post-ageing
samples in the temperature interval from room one to
600°C. The fracture strength characteristics of the
Hastelloy-type alloys (alloys “A” and “B”) at different
temperatures are given in Table 1 and in Fig. 6 (shown
only for the ultimate strength value).

The tests at elevated temperatures showed a leaping
progression of the stress-deformation curve, as one can

Fig. 5. Structure of initial mechanical test sample (a,b,c)

see on a part of the recording of the tensile strength dia-
gram given in Fig. 7 (the sample was tested at the tem-
perature 450°C). This kind of behavior of the stress-de-
formation curves is characteristic of many alloys at ele-
vated temperatures, and it can be accounted for by the
dynamic deformation ageing [11,12]. Table 2 gives the
results of the sample mechanical tests after the electron
irradiation in the melt of zirconium and sodium fluoride
salts at the temperature 650°C for 700 hours. The layout
of disposition of the samples “A” and “B” and their nu-

meration are given in Fig. 8.
s

of Hastelloy-type alloy and samples (d,e,f) at the place of

rupture. a, d — post-rolling samples; b, e — samples after rolling and quenching, c, f— samples after rolling,
quenching and annealing (380 x magnification)

Table 1
Results of mechanical tests of initial samples of alloys “A” and “B” at different temperatures
Parameter 20°C \ 250°C \ 400°C \ 500°C \ 600°C
Alloy “A”
o8, MPa 900 776 710 730 398
002, MPa 396 364 314 336 288
3, % 63,5 60,5 62,5 37 14,5
Alloy “B”
op, MPa 845 737,5 713 695 443
Go2, MPa 397 376,5 339 335,5 310
3, % 53 52 44,5 52 19
Alloy KhN8OMT (annealing 1100°C + quenching + 100 h ageing 650°C)
o8, MPa 765 - - 632 -
G022, MPa 256 — — 157 —
3, % 49,0 - - 60,9 -
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Fig. 6. Dependence of mechanical properties of initial alloys “A” and “B” of Hastelloy type
on temperature of testing
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Fig. 7. A fragment of tensile strength diagram of Hastelloy-type alloy sample at the temperature 450°C after corro-
sion tests for 100 hours. The inset shows the leaping progression on the smaller scale.
On the axis of ordinates is shown the stress, on the axis of abscissas, the elongation

Table 2
Mechanical characteristics of Hastelloy-type alloy samples after electron irradiation
Sample condition ‘ Tiest, °C ‘ o, MPa ‘ Go2, MPa ‘ 5, %
Euep, €V/atom \ Alloy “A”
5,066(sample #1) 20 626 333 35
64(sample #3) 848 576 54
5,066(sample #2) 650 276 213 15
64(sample #4) 362 255 15
.. L 20 900 395 63
Initial non-irradiated 600 397 288 14
Post-corrosion test 650°C, 20 1070 875 43
700 h
Non-irradiated 650 510 440 9
Eqep, €V/atom \ Alloy “B”
5,066(sample #5) 20 876 412 50
64(sample #7) 851 415 48
5,066(sample #6) 650 293 214 15
64(sample #8) 350 318 15
.. L 20 845 397 53
Initial non-irradiated 600 VE) 310 19




First sample, irradiation dose 5,066 ¢V per atom Last sample, irradiation dose 64 eV per atom
Fig. 8. Disposition layout and numeration of samples of alloys “A” and “B” placed in ampoules to be irradiated

A comparison of the results of the effects of the samples can be attributed to the different irradiation
electron and in-reactor neutron irradiation on the alloys  conditions and peculiarities of the electron irradiation
studied [2] indicates that the effects of the electron irra-  effects on the chemical kinetics in the fluoride salt melt.
diation are qualitatively similar to those of the neutron = The microstructures of the alloys “A” and “B” irradiated
irradiation on the alloy of this composition. The lower  to different doses are given in Fig. 9.
values of the i

Alloy “A”. #1 Irradiation dose is 5,066 eV per atom

Alloy “B”. #5 Irradiation dose is 5,066 eV per atom Alloy “B”. #7 Irradiation dose is 64 eV per atom
Fig. 9. Microstructure of samples of alloys “A” and “B” after irradiation.
Electron beam was directed from the left. The sample width is about 300 microns

One can see that the samples of the alloy “A” are  microhardness values of alloy samples irradiated to the
more liable to corrosion than those of the alloy “B”. The  doses 5,066 and 64 eV/atom are Hu=2860 MPa for the



samples of the alloy “A” and Hp=3,210, 3,000 MPa for
the samples of the alloy “B”, respectively. The measure-
ment of microhardness along the sample thickness (see
Fig. 10) did not reveal any differences between the sam-
ple middle and its edges.

The values of nanohardness and moduli of elasticity
as measured on the surface and throughout the bulk of
the Hastelloy alloys “A” and “B” are given in Table 3
[8].

The nanohardness values in the initial samples are
seen to be the same for their surface and bulk. After the
samples had been irradiated at the EITF, the sample
bulk nanohardness value remained actually unchanged.
The post-irradiation surface nanohardness became lower
indicating about deterioration of the surface pattern. Ex-
amination of the morphology indicated that the samples
irradiated to the greater electron dose had a larger num-
ber of inter-grain cracks as shown in Fig. 11.

Fig. 10. Microstructure of sample after irradiation in
ampoule #7. Electron beam was directed from the left.
The sample width is about 300 microns. The squares in-

side of sample indicate traces
of the microhardness measurement

The surfaces of the sample rupture after the mechan-
ical tests display that the destruction occurs mainly
along the grain boundaries, although some individual
grains were torn plastically (see Fig. 12). The addition
of niobium and yttrium solutes to the alloy “B” en-
hances considerably the mechanical properties of this
alloy.

Table 3
Values of nanohardness and moduli of elasticity as measured on the surface
and throughout the bulk of the alloys [8]
Material Edep, €V/atom Esur, GPa Ebui, GPa Hqur, GPa Hpux, GPa
Hastelloy A, initial post-
ageing, 50 h at 675°C 0 266+16 266+16 4.7+0.3 4.7+0.3
0 219 219 3+2.2 6+0.3
Hastelloy A,
after 700 h at 675°C 64 242+35 268+8 5.740.3 -
5066 229435 256+13 5.7£0.5 -
Hastelloy B intial
post-ageing, 0 297+11 297+11 6.9+0.3 6.9+0.3
50 h at 675°C
0 - - 4+0.5 6.9+0.3
Hastelloy B, 64 55+£30 255+6 2.9+1.7 7.1+£0.4
after 700 h at 675°C
5066 150+£50 255+7 5.5+1.2 6.84+0.2




Fig. 11. Surface of samples of alloy “A” that had been subjected to electron irradiation: a — sample #2, irradiation

dose is 5,066 eV per atom; b — irradiation dose is 64 eV per atom, 950 x magnification

b

Fig. 12. Surface of samples of alloy “A” that had been subjected to electron irradiation, at the place of rupture,
sample #4: a —625 x magnification; b — 1,425 x magnification

Table 4 gives the results of a study on the phase
analysis of samples of the alloys “A” (samples #1, 3)
and “B” (samples #5, 7) after the electron irradiation at
the temperature 650°C for 700 hours. The phases detect-
ed were numbered in the following way: NizAl(Ti) — 1;
NiAl — 2; Ni,Al; — 3; NizMo — 4; NiCr — 5; 7NaF[6ZrF,

jected to corrosion tests without irradiation, the irradiat-
ed samples contain phases in their formed crystalline
state only of NisMo and remnants of the compound flu-
oride 7NaF[6ZrF,. The phase Nis(Al,Ti) is found only in
sample 5 of the alloy “B”. Traces of the fluoride are
more clearly apparent in samples of the alloy “A” and,

- 6.

In accordance with the results obtained, among the
entire phase diversity that is inherent to the alloys sub-

especially, in sample 1.

Table 4
Results of phase analysis of samples of alloys “A” and “B” after electron irradiation
D(E) Phase # (see Ta- Line intensity (%)
ble 3) Sample #1 (A) Sample #3 (A) Sample #5 (B) Sample #7 (B)
3.48 3 <0.5 - - -
3.12...3.15 6 4.0 2.0 0.5 0.5
2.86 2,3,(6) - 1.5 - -
2.113...2.115 4 1.0 2.0 1.5 -
2.09 1 - - 1.5 -
2.00...2.02 3,6,(2) - <0.5 - <0.5
1.98 4 2.0 - - 2.0
1.95...1.96 4,6 - 1.0 - -
1.91...1.92 6 3.5 1.0 - 2.0
1.83...1.84 1 - <0.5 1.0 -
1.81 1 - - - -
1.64 6,2) 2.5 - - -
Presence of phases ## 4,6 4,6 1,(4),(6) (4),6

Figures 13 and 14 show the relations of the ultimate
and yield strengths vs. sample ageing at different test
temperatures. The ageing went on for up to 50 hours in
argon atmosphere, and further on it continued in the flu-
oride salt melt in the course of the corrosion tests. Sepa-
rate dots stand for results of the sample mechanical tests

after the irradiation for 700 hours at the temperature 650
°C. The samples were tested at 20 and 650°C (the “first”
and “last” labels stand for the position of the samples
relative to electron beam path and correspond to irradia-
tion doses 5,066 and 64 eV per atom, respectively).



&S 1200
= 1000 JW [~ 2l |——20C
<
5 800 ?D——D——=D=hfﬁ— —— 450°C
c
£ 600 i_“*_“_’__ﬁ —4&— 20°C first
o 400 fae] T| |A—esoc
g 200 —%— 20°C last
5 0 —@— 650°C first
0 200 400 600 800
—+— 650°C last
time, h

Fig. 13. Dependence of the ultimate strength of samples of the alloy “A” tested at different temperatures on expo-
sure duration in the melt of zirconium and sodium fluoride salts. The “first” and “last” labels stand for the position
of the samples relative to electron beam path and correspond to the irradiation doses 5,066 and 64 eV per atom, re-

spectively, the test temperatures being 20 and 650°C
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Fig. 14. Dependence of the yield strength of samples of the alloy “A” tested at different temperatures on exposure

duration in the melt of zirconium and sodium fluoride salts. The “first” and “last” labels stand for the position of

the samples relative to electron beam path and correspond to the irradiation doses 5,066 and 64 eV per atom, re-
spectively, the test temperatures being 20 and 650°C

The main shortcoming of the dispersion-strength-
ened alloys is their structural instability at the tempera-
tures above 0.6 Tre: that exceed the optimum ageing
ones. This instability is due to the fact that the number
and composition of the phases as well as their size dis-
tribution can vary vs. time [9]. Those variations can be
substantial over the sample exposure times exceeding
1,000 hours. The strengthening phase particle sizes in
the ageing alloys after the above treatments are mostly
of the order 15...20 nm, which, even at a relatively low
phase volume content, secures a high strength level ow-
ing to the shortness of inter-particle distances and a co-
herent, or partially coherent, inter-phase boundary.

Fig. 15 shows schematically variation of the yield
strength in the course of disintegration of the oversatu-
rated solid solutions [9] when all the stages of formation
and growth of the coherent precipitates are realized se-
quentially: boundary coherence violation stage and pre-
cipitate coalescence stages. Normally, the pre-ageing
yield strength is equal to that of the oversaturated solid
solution. As the ageing progresses, the precipitate vol-
ume fraction increases, and, since the particle size is
very small, the yield strength increment is approximate-

ly equal to the cube root from the precipitate phase vol-
ume content. With evolution of the ageing process, the
forming particles begin to coarsen and at some moment
lose their coherence with the matrix, the effective pre-
cipitate volume fraction beginning to decrease. The
yield strength variation is not great (see Fig.14), remain-
ing actually unchanged upon reaching the exposure time
of more than 300 hours. After completion of the second
phase precipitation from the solid solution, there occurs
the process of coarsening (coalescence) of particles,
and, when their size exceeds the critical value
R = G-b/0;, the yield strength begins to decrease [9], be-
cause the matrix frees itself from fine precipitates that
hinder the dislocation pile-up.
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Fig. 15. Typical yield strength dependence during over-
saturated solid solution disintegration on ageing time
(scheme) [9]: R — the precipitate particle radius,

G — the matrix shear modulus, b — the Burgers vector,
f—the second phase volume content, O;— the yield
strength

In accordance with [10], the kinetics of disperse par-
ticle growth at the stage of coalescence during isother-
mal growth is determined by an equation of the kind
r3~t (7 — the mean particle radius, ¢ — the time),
when the phase precipitates from the oversaturated solid
solution and the particle volume fraction of the second
phase is not taken into account, i.e. at f - 0 (f— the pre-
cipitate volume fraction). With increasing of the precipi-
tate volume fraction, the rate of particle coarsening in-
creases as well, obeying the solution-precipitation
mechanism, and, in this case, the influence of particle
volume fraction on the growth rate constant must be
taken into account, using the additional factor k(f) [11].
The nature of the yield strength curve behavior of sam-
ples of the alloy “A” at the test temperatures 450 and
650°C, with the exposure times exceeding 25...800
hours (see Fig. 13, 14), corresponds to such case when
only the second phase particle coalescence occurs until
the particle size reaches the critical value (see, precipi-
tate growth stage in Fig.15). By comparing the ultimate
strength time dependence of the alloy “A”, exposed in
the salt melts up to 700 hours, with the typical behavior
of this value for disintegrating solid solutions (Fig. 15),
one can see that the exposure duration of 700 hours at
650°C corresponds to the early stage of precipitate coa-
lescence. The available experimental data does not per-
mit the straightforward conclusion to be made about the
cause of the structural changes entailing a noticeable de-
crease in the yield strength of the irradiated samples as
compared with the non-irradiated ones. From Fig.15 one
can see that the cause can be both reduction of the pre-
cipitates to fine sizes and their partial dissolution under
irradiation and enhancement of the coalescence process.
Besides, the corrosion processes violate the surface lay-
er of the samples to the depth of about 20 microns. This
causes reduction of the transverse cross-sections of the
mechanical test samples and deterioration of their me-

chanical characteristics. Further research is needed for
clarification on those problems.

4. CONCLUSIONS

1  Post-irradiation mechanical tests of the samples
display high characteristics of the strength and
plasticity.

2 The X-ray phase analysis of the samples indi-
cated that the irradiation caused variation of the
sample phase composition as compared with the
initial alloys and with those subjected to the cor-
rosion tests without being irradiated.

3 The samples of the alloy “B” are characterized
by lower values of penetration of sodium and
zirconium into the depth of the sample com-
pared with the alloy “A”. Decreasing of the irra-
diation dose acts to decrease the value of pene-
tration of zirconium and sodium into the depth
of the sample.

4 The irradiation of the samples acts to deteriorate
their mechanical characteristics. Clarification on
this phenomenon warrants further research.

5 The tests indicated that the fabricated alloys of
the type of Hastelloy (alloy “B”) can be em-
ployed as structural materials in MSRs.

This work was supported in part by the STCUTt,
Project #294.
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BJIUSHUE 3JEKTPOHHOI'O OBJYYEHUS U PACILIABA ®TOPUJIHBIX COJIEM ZrF, — NaF
HA MEXAHUYECKHME CBOMCTBA CILTABOB TUIIA XACTEJLJION H

B.M. Axncasca, A.C. bakaii, A.H. /loeonsa, K.B. Koemyn, C./I. /laspunenxo, /1.I. Manvixun, H.H. ITununenxo,
B.U. Casuenko, H.A. Cemenos, C.B. Cmpuzynosckuii, b.1. Illlpamenko, H. Banoepka

B HHII X®TH BrimiasieHs! cruiaBsl Tina Xacteluioi H, koTopble mpeHa3HAueHBI 1711 pabOThl B )KHKOCOJICBBIX PEaKTO-
pax. UccnenoBanock COBMECTHOE BO3/eCTBUE 00IydeHHs 3IEKTPOHAMH U paciuiaBa GTOPUAOB HATPUS M LUPKOHUS IIPU TEMIIe-
patype 650°C B Teuenue 700 4 Ha MeXaHHYECKHE CBOMCTBA 00pa3IIoB U3 CIUIABOB THIa XacTteioi H.

BILIMB EJTEKTPOHHOI'O OIIPOMIHEHHS I PO3ILJIABY ®TOPUIHUX COJIEM ZrF, — NaF
HA MEXAHIYHI BTACTUBOCTI CILTABIB THUITY XACTEJON H

B.M. Asxcasnca, O.C. bakaii, A.M. /loeonsa, K.B. Kosmyn, C./[. /laspunenxo, /1.I. Manuxin, M.M. ITununenxo,
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B HHII[ X®TI BunnaBineHi criiaBu Ty Xactenoi H, siki mpusHaueHi Uit poOOTH B pIAMHHO-COJLOBHUX peakTopax. Jlocii-
JDKyBaslacsi CyMiCHa Jiisi OPOMIHEHHs €JIeKTPOHAMH i po3iaBy (GTOPHUIIB HATPIIO 1 IMPKOHIO mpu Temmepartypi 650°C nporsi-
rom 700 r Ha MexaHi4HI BJIaCTHBOCTI 3pa3KiB i3 ciuiaBiB Tumy Xacremnoit H.



