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In the framework of the Accelerator-Driven System (ADS), the Pb–Bi eutectic can be used as spallation
target for neutron production. The Pb–Bi flow in contact with the ADS structural steels, T 91 (Fe–9Cr mar-
tensitic steel) and 316L (Fe–17Cr–10Ni austenitic steel), can dissolve the main steel components: iron,
chromium and nickel. According to literature, in low oxygen containing Pb–Bi, the dissolution rates of
316L depend, at least, on the nickel solubility limit as it dissolves preferentially in the Pb–Bi alloy. Con-
sequently, the determination of this physico-chemical data in the temperature range of the ADS operat-
ing conditions (350–450 �C) is needed for the prediction of the corrosion rates in ADS.

The nickel solubility limit in Pb–Bi is available in the literature from 400 �C to 900 �C but not for lower
temperatures. However, the Ni–Bi phase diagram leads one to suppose that the nickel solubility limit law
changes for lower temperatures. Consequently in this study, two experimental techniques have been
implemented for the determination of the nickel solubility limit at low temperatures. The first one is per-
formed from 400 �C to 500 �C using the Laser Induce Breakdown Spectroscopy (LIBS). The LIBS technique
permits to obtain in situ measurements directly performed on liquid Pb–Bi. This characteristic is very
interesting as it allows to monitor on line the concentration of the dissolved impurities in the liquid cool-
ant. However, this technique is still under development and optimization on liquid Pb–Bi medium. The
second technique is ICP-AES. This technique, commonly used to analyze alloys composition, is interesting
as it permits a global analysis of a Pb–Bi sample. Moreover, the measurement made by ICP-AES is very
reliable, very accurate and optimized for such analyses. However, this technique is ex situ; this is its main
disadvantage. Experiments using ICP-AES were performed from 350 �C to 535 �C. The two techniques lead
to the same solubility limit in their common temperature range. However, the experiment using ICP-AES
technique revealed a change in the nickel solubility law for the temperatures lower than 415 �C. Conse-
quently, this study recommends the use of two solubility limits relations, which take into account these
results, as well as the literature results: the solubility limits laws of Martynov and Rosenblatt. The nickel
solubility limit can thus be expressed as: Log SNiðwt:%Þ ¼ 5:2� 0:12� 3500

TðKÞ for the temperature range:
330–415 �C. This law is the empirical solubility law obtained in this study at the low temperature range.
Log SNiðwt:%Þ ¼ 1:7� 0:08� 1009

TðKÞ for 415–900 �C temperature range. This law is the linear regression
made on the overall experimental points available in literature and in this study. According to the Marty-
nov studies, it seems reliable up to 900 �C.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

This study takes place in the framework of the feasibility stud-
ies of the Accelerator-Driven Systems (ADS) reactors. These reac-
tors are a technical option for transmuting long-lived nuclear
wastes. In such systems, lead–bismuth eutectic (45 wt.%Pb–
55 wt.%Bi) is considered to produce, through a spallation process,
the large excess of neutrons needed to sustain the nuclear reaction
in the subcritical blanket. The Pb–Bi eutectic (LBE) appears to be a
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good candidate, due to its high atomic number, low melting point
(125 �C), fast heat removal from the target, good neutron yield and
low vapour pressure. However, liquid metals can be corrosive to-
wards containment materials: mainly austenitic steel 316L (Fe–
17Cr–10Ni) and martensitic steel T 91 (Fe–9Cr–1Mo). The predic-
tion of corrosion kinetics of 316L by the liquid LBE requires the
determination of the solubility limits of the main material ele-
ments in the LBE. Values of solubility limits of iron, chromium
and nickel are available in the literature for a temperature range
equal to 400–900 �C for the nickel and the chromium and 550–
980 �C for iron. Previous studies, on 316L corrosion in LBE, showed
that nickel, which solubility limit is higher than that of iron and
chromium, preferentially dissolved in LBE [1]. Consequently, the
knowledge of the solubility limit values for nickel seems essential.

http://dx.doi.org/10.1016/j.jnucmat.2010.03.008
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Fig. 1. Solubility limits of iron, chromium and nickel in liquid Pb–Bi.
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As the ADS operating temperatures are between 300 �C and 450 �C,
the accurate determination of the nickel solubility limit in this
temperature range is needed.

The main objective of this study is to measure the nickel solu-
bility limit as a function of temperature between 300 �C and
550 �C. The proposed temperature range is chosen according to
the double interest to:

(i) obtain an empirical nickel solubility limit in LBE for temper-
atures corresponding to the normal operating conditions
and to some operational transients;

(ii) compare the obtained solubility limit relation to the litera-
ture data given for temperatures higher than 400 �C.

In this study, two experiments are performed to measure the
nickel solubility limit in LBE as a function of temperature. The first
one is performed using ex situ analysis on LBE samples removed at
regular time intervals. The nickel analysis is obtained with ICP-AES
which is a very accurate measurement. Its lower detection limit is
equal to 30 ppb. The second one is performed by Laser Induced
Breakdown Spectroscopy (LIBS). Its lower detection limit is higher
than the ICP-AES one but the main interest of this technique is the
performance of in situ measurements.

The goal of this double experiment is firstly to obtain the nickel
solubility limit for the whole temperature range of the ADS operat-
ing conditions; and secondly to evaluate the interest of the LIBS
technique for in situ measurements in Pb–Bi coolant. This last
point is promising for nuclear industry. Indeed, the in situ impuri-
ties concentration measurement can be an indirect measurement
of structural steel corrosion rate in reactor. For instance, if the
316L dissolution becomes important in the reactor, nickel is re-
leased in the Pb–Bi coolant. Consequently the nickel concentration
evolvement in the coolant gives information about the 316L corro-
sion level. One in situ measurement of nickel (and iron, chromium
for other steels) concentration by week would thus permit to check
the good performance of 316L (and other structural steels) in the
reactor. This experiment is moreover the first LIBS measurement
performed on a lead–bismuth alloy to our knowledge.
Table 1
Fe, Cr, Ni solubility limits in Pb, Bi and Pb–Bi eutectic.

Element Solubility limits (wt.%)

Pb LBE

Fe LogðSÞ ¼ 0:34� 3450
T Log(S) = 1.96

525 < T < 840
395 < T < 600 �C LogðSÞ ¼ 2:0

LogðSÞ ¼ 1:824� 4860
T

550 < T < 780
Log(S) = �3.5600 < T < 750 �C [8]

LogðSÞ ¼ 2:53� 5314
T

750 < T < 1300 �C [12]

Cr LogðSÞ ¼ 3:7� 6720
T [10] LogðSÞ ¼ �0:

400 < T < 500
LogðSÞ ¼ 1:0

LogðSÞ ¼ 3:74� 6750
T

370 < T < 540

908 < T < 1210 �C [8]

Ni LogðSÞ ¼ 1:3� 1383
T LogðSÞ ¼ 1:7

regression o613 < T < 1073 �C [9]
LogðSÞ ¼ 2:78� 1000

T 603 < T < 1573 �C [17] LogðSÞ ¼ 1:6

LogðSÞ ¼ 1:53
400 < T < 900
LogðSÞ ¼ 1:6

LogðSÞ ¼ 5:2LogðSÞ ¼ 3:75� 2189
T

773 < T < 1073 �C [7]
Firstly, literature data on solubility limits of the main metallic
impurities are given. The experiment methodology and the two
analytical techniques are then detailed. In the last part of this study
the results are presented and discussed.
2. Literature review

The solubility limits of the main metallic elements in pure lead,
in the Pb–Bi eutectic (LBE) alloy and in pure bismuth, given by the
literature are gathered in Table 1. Usually, the solubility limit of a
metallic element X in the liquid metal is obtained by the dissolu-
tion in the liquid metal of a X metallic sample.

Liquid metal samples are removed at regular time intervals and
the concentration of the element X is measured by atomic absorp-
tion spectroscopy. The solubility limit is considered to be reached
when the concentration of the element X is stabilized [2].

For metallic elements with high solubility limits, the X metallic
sample is immersed in the liquid metal and removed at regular
time intervals. The sample weight loss is measured as a function
of time. The solubility limit is obtained when the weight loss does
not evolve any longer [3].

The solubility limits of iron, chromium and nickel in LBE are
presented in Fig. 1 as a function of temperature.
Bi

� 4246
T LogðSÞ ¼ 1:832� 3589

T

�C Pb-52, 6%Bi [8] 440 < T < 725 �C [6]
1� 4380

T

�C [4]
5 (500 �C) [6]

02� 2280
T LogðSÞ ¼ 2:5� 3717

T

�C [5]
7� 3022

T
390 < T < 725 �C [6]

�C [11]

� 1000
T 480 < T < 550 �C [5] but linear

n experimental points coming from [5] leads to:
LogðSÞ ¼ 2:61� 1538

T

450 < T < 630 [6]
5� 960

T

� 843
T

LogðSÞ ¼ 0:458� 616
T

755 < T < 1283 [7]

�C [4]
� 920

T 415 �C < T < 535 �C (this study)

� 3500
T 350 �C < T < 415 �C (this study)
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Fig. 1 shows that, for each metallic element (Fe, Cr, Ni), the dif-
ferent solubility laws are in good agreement.

The solubility limits of iron and chromium are close. However,
for temperatures lower than 660 �C, the iron solubility limits are
slightly lower than the chromium solubility limits except for
the pure lead medium [10] (see Table 1). The solubility limits of
nickel are about 300 times higher than the solubility limits of iron
and chromium. For iron and chromium, the solubility limits in
Pb–Bi eutectic are lower than the ones in pure bismuth and high-
er than the ones in pure lead. Important discrepancies exist in the
literature results for the solubility limit of Nickel in pure lead and
in pure bismuth (see e.g. Figs. 2, 3). In pure bismuth, the nickel
solubility given by Weeks [6] is more than eight times higher
than the one given by Nash [7] (Fig. 3). In pure lead, the nickel
solubility given by Nash [7] is more than 25 times higher than
the one of given by Alden [9] (Fig. 3). However, the two solubility
laws [4,5] in LBE are very close. Fig. 3 emphasizes the great dis-
crepancy of the solubility limit values in pure lead and in pure
bismuth: it shows that, depending on the chosen solubility law,
the nickel is either more soluble in pure lead than in pure bis-
muth or the contrary. The phase diagrams of Ni–Bi (Fig. 4) and
Ni–Pb (Fig. 5) show a higher solubility of nickel in pure bismuth
Fig. 2. Solubility limits of iron and nickel as a function of lead activity in the Pb–Bi
alloy at 550 �C.

Fig. 3. Solubility limits of nickel in pure lead, LBE and pure bismuth as a function of
the temperature inverse.
than in pure lead. To settle this issue, other experiments are
needed. However, one can assume that the nickel solubility limit
in pure bismuth is higher than the one in pure lead: (i) as bis-
muth is always more reactive than lead (see solubility limits of
iron and chromium, Fig. 1) and (ii) as a more important affinity
between Ni and Bi is revealed by the presence of intermetallic
compounds Ni–Bi (see diagram Fig. 4). Finally, the solubility limit
of nickel in LBE has been measured in the temperature range
400 �C to 900 �C whereas the temperature range of the ADS oper-
ating conditions is between 350 �C and 450 �C. An extrapolation of
the Martynov’s [4] and the Rosenblatt’s [5] laws could be made to
the lower temperatures to evaluate the nickel solubility limit at
350 �C, but the Ni–Bi phase diagram presented in Fig. 4 shows
that the Ni–Bi solid phase, NiBi3, is formed for temperatures lower
than 469 �C. The presence of this intermetallic phase changes the
nickel solubility limit in pure bismuth, as the dissolved nickel, in
equilibrium with solid NiBi at higher temperature ([5], Fig. 4), be-
comes in equilibrium with NiBi3. No Ni–Bi–Pb phase diagram ex-
ists in the literature but a similar Ni–Bi(Pb) phase is able to
appear at low temperatures in LBE. The Martynov’s law, which
is obtained for temperatures between 400 �C and 900 �C, does
not present any change. Therefore, according to the Martynov’s
law, only one solid phase exists in equilibrium with the dissolved
nickel in LBE from 400 �C to 900 �C.

The purpose of this study is thus, firstly, to determine the nickel
solubility limit at low temperatures. Secondly, it is to verify if dif-
ferent solid phases appear in chemical equilibrium with the dis-
solved nickel in the temperature range of the ADS operating
conditions. In this study, the nickel solubility limit will be obtained
with two different experimental facilities in order to obtain, firstly,
a reliable solubility limit for nickel and secondly to test an in situ
analysis technique, which seems promising for in situ measure-
ments of impurities in LBE.
3. Experimental

3.1. Experiment principle

The principle of the Ni solubility limit measurement is to dis-
solve a Ni sheet in oxygen purified Pb–Bi eutectic at a given tem-
perature T1.

A measurement of the Ni concentration is carried out at regular
time intervals using either ICP-AES or LIBS analyses.

(i) In the case of ICP-AES analysis, a LBE sample is removed for
measurement of the Ni concentration. The methodology of
this measurement is summarized in Section 3.3.

(ii) In the case of LIBS analysis, a laser beam impacts the liquid
LBE surface through a window leading to the Ni concentra-
tion analysis (see Section 3.4).

When at T1, the Ni concentration evolution becomes negligible,
the Ni solubility limit is assumed as reached. The temperature T1 is
then decreased or increased (both are performed to evaluate the
reliability of the measurement) at temperature T2. After a while,
thermodynamics equilibrium is established:

(i) in the case of temperature increase (‘‘increasing temperature
ramp” experiment), the Ni sheet dissolves until its concen-
tration in LBE reaches its solubility limit and the Ni concen-
tration in the LBE bulk is analyzed;

(ii) in case of a temperature decrease (‘‘decreasing tempera-
ture ramp” experiment), the excess Ni precipitates at the
LBE surface and the Ni concentration in the LBE bulk is
analyzed.



Fig. 4. Phase diagram of Ni–Bi [13].

Fig. 5. Phase diagram of Ni–Pb [14].

L. Martinelli et al. / Journal of Nuclear Materials 400 (2010) 232–239 235
When the concentration measurement is carried out via the
LIBS analysis, only the LBE surface is analyzed. Consequently, only
the increase of temperature (‘‘increasing temperature ramp”
experiment) is carried out for this experiment. When the Ni con-
centration does not evolve any longer, the Ni solubility limit is
reached at the temperature T2. The temperature is then in/de-
creased at the temperature T3 and the experiment is repeated.

3.2. Experimental conditions

The nickel sheet sample is mirror polished and cleaned with
ethanol before the experiments. The oxygen concentration is con-
tinuously measured in the LBE crucible to ensure that the forma-
tion of NiO is avoided. The oxygen measurement is performed by
a specific oxygen sensor made of yttria stabilised zirconia (supplied
by Umicore) [2,11]. The purification of LBE is obtained by a contin-
uous Ar–4%H2 sweeping. The temperature is measured by a ther-
mocouple K immersed in LBE. To avoid the LBE pollution by the
dissolution of the thermocouple 316L coating, the thermocouple
K is inserted inside a Pyrex thimble before immersion in LBE. The
temperature measurement must be very accurate in this study.
To homogenise the temperature between both inside and outside
of the thimble, it is filled with LBE, which is a good thermal con-
ductor, ensuring a reliable temperature measurement.



Table 2
Characteristics of ICP operating conditions.

Plasma viewing Number of
measurements

Integration
time (s)

Plasma power
(W)

Coolant gas flow,
(L min�1)

Auxiliary gas flow,
(L min�1)

Nebulizer gas flow
(L min�1)

Nebulizer

Axial 8 5 1300 15 0.8 0.7 Micro mist (glass expansion)

Fig. 6. Experimental facility for Ni solubility measurement using the LIBS measurement.
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According to this protocol, the nickel solubility limit is obtained:

(i) for 11 different temperatures (from 330 to 535 �C) using the
ICP-AES measurement technique (four temperatures during
the ‘‘increasing temperature ramp” experiment and seven
temperatures during the ‘‘decreasing temperature ramp”
experiment);

(ii) and for three temperatures (from 397 to 460 �C) using the
LIBS technique.

These results are presented in Fig. 7.

3.3. Experiment with ICP-AES analyses

One of the main interests of the ICP-AES technique is to allow a
global analysis of the removed LBE sample. It means that the ICP-
AES technique can analyze a sufficiently important LBE volume to
be considered as representative of the global bulk chemistry. Con-
sequently, the volumes of the removed LBE samples are between
0.25 and 0.5 cm3.

The ICP-AES analysis goes off into two stages. The first stage
consists in the LBE sample dissolution in order to obtain an ICP-
AES analysable solution. This solution has been optimized to mea-
sure very small quantities of metallic impurities in LBE leading to
an accuracy of 1.5%.

The whole LBE sample is weighed and placed in a PFA vessel. To
dissolve the sample, 10 ml of nitric acid (analytical grade, 15 M),
per gram of LBE, and 10 ml of oxygen peroxide (analytical grade),
per gram of LBE, are added. The mixture is warmed at approxi-
mately 80 �C during 3 h.

After digestion, the volume is adjusted to 50 ml with a solution
of nitric acid (0.5 M). This solution, containing the dissolved LBE



Fig. 7. Results of Ni solubility limits obtained in this study with the two analyses
techniques. Comparison with literature data.
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sample, is then analyzed. Knowing the Ni solubility limit, these
dilutions lead to a concentration in Ni equals to about 0.1–1 lg
per millilitre.

The second stage consists in the determination of the dissolved
Ni concentration in the previously obtained solution. This mea-
surement is performed using elementary analysis with induced
coupled-plasma atomic emission spectroscopy (ICP-AES, Perkin El-
mer Optima 2000DV). Three wavelengths are used to validate the
method (231.604 nm, 221.648 nm and 232.003 nm). Six standard
solutions of Ni (SPEX Plasma Standards) at concentrations between
0.1 and 1 wt. ppm are analyzed to obtain a calibration curve for
each wavelength.

This curve was used to calculate the concentration of Ni in the
solution and then in the LBE sample.

The characteristics of the ICP operating conditions are gathered
in Table 2.
3.4. Experiment with LIBS analyses

The Laser Induced Breakdown spectroscopy (LIBS) is an analyt-
ical technique based on the measurement of the emitted light from
a plasma produced by an intense pulsed laser beam [15,16].

The setup (Fig. 6) consists of two subsystems: a laser with an
optical focusing system, and a collecting system with a spectrom-
eter to analyze the light emitted by the plasma. The Inlite II
Nd:YAG frequency-quadrupled laser (Excel Technology) delivers
266 nm wavelength pulses with a 5 ns pulse width and a 20 mJ
pulse energy at 20 Hz repetition rate. The 6 mm diameter beam
is transported by mirrors and deviated into the furnace by a di-
chroic beam splitter that reflects the laser wavelength (226 nm)
and transmits light at wavelengths exceeding 300 nm. The laser
beam is then focused by a lens with a 1-m focal length. The laser
penetrates into the furnace via a viewport that also ensures con-
finement. The energy deposited on the target at the focal point,
in only a few nanoseconds, creates a plasma with the same compo-
sition as the material to be analyzed. The very high temperature of
the plasma, consisting of atoms, ions, and electrons, emits light.
This light is collected through the viewport, the focusing lens and
the dichroic beam splitter. The focusing lens in this direction is
used to collimate the light into a parallel beam. A second lens
above the beam splitter injects light from the plasma into a
500 lm optical fiber leading to a spectrometer. The LLA echelle
spectrometer is capable of simultaneously observing a wavelength
range from 200 to 900 nm with a spectral resolution of 13,000 (k/
Dk).

The measurement has been done as follows. The detection is
temporally resolved using an Intensify Charged-Couple Device
(ICCD). Delay and gate have been optimized to maximize signal
to background ratio. The bests set of parameters are 700 ns for
the delay and 2 ls for the gate. The gain of the ICCD is set to
3400 corresponding to an electronic amplification of 103. Each
spectrum corresponds to an accumulation of 40 laser shots. Each
measurement is a mean of four replicates. The intensity of the
nickel spectrum is proportional to the concentration of nickel in
LBE. Consequently, the calibration of the nickel spectrum is ob-
tained by LIBS analysis on a LBE sample containing a known nickel
concentration.
4. Results and discussion

The nickel solubility limit is reached, whatever the temperature,
after maximum 24 h of Ni sheet immersion. Fig. 7 gathers the liter-
ature solubility limits and the solubility limit results (in wt.%) ob-
tained in this study using the LIBS technique and the ICP-AES
technique. The solubility limit obtained at the lowest temperature
(330 �C) corresponds to the ‘‘decreasing temperature ramp” exper-
iment. As the temperature is decreasing during the ‘‘decreasing
temperature ramp” experiment, some metallic particles precipitate
at the LBE surface. These precipitates are in thermodynamical equi-
librium with the dissolved nickel at the test temperature (330 �C
for the last temperature). The X-ray diffraction spectrum of these
precipitates is presented in Fig. 8. It reveals the presence of the
NiBi3 intermetallic phase.

Fig. 7 leads to emphasize five characteristics of the results:

(i) There is agreement between both measurements, obtained
by LIBS and by ICP-AES. This agreement shows that the
obtained solubility limits are reliable and that they neither
depend on the kind of experiment (‘‘increasing temperature
ramp” or ‘‘decreasing temperature ramp”), nor on the mea-
surement technique (LIBS or ICP-AES).

(ii) Moreover, this agreement shows that the LIBS technique can
be used to measure dissolved species in LBE, even if other
experiments are needed to validate the technique in other
conditions and to optimize the process. Indeed, to validate
the technique, LIBS measurement should be performed in a
Pb–Bi loop, with Pb–Bi in circulation. Moreover LIBS mea-
surements could be also carried out in Pb–Bi containing solid
oxides or metallic precipitates in order to evaluate if the
measurement of dissolved species is disturbed by the pres-
ence of these solid particles. The process should also be opti-
mized in terms of limit of detection. Indeed, this study
shows that the dissolved nickel concentration can be mea-
sured by LIBS in Pb–Bi. However, as the nickel solubility
limit is much higher than the one of iron or chromium, the
limit of detection of the LIBS technique must be decreased
in order to allow the measurement of the iron or the chro-
mium concentration in Pb–Bi. The improvement of the limit
of detection can be reached: (a) using a more luminous spec-
trometer; (b) improving the optical elements in order to
increase the photon collection efficiency and to decrease



Fig. 8. X-ray diffraction of the precipitates removed from the LBE at the experiment end.
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the spherical aberration and improving again the photon
collection efficiency of the system; (c) reducing the distance
between the liquid surface and the closest lens.

(iii) The solubility limit results are consistent: the solubility limit
decreases when the temperature decreases. The solubility
limits, obtained at a given temperature, are reproducible
with a discrepancy equals to about 6.5%. The results
obtained during the ‘‘increasing temperature ramp” experi-
ment and during the ‘‘decreasing temperature ramp” exper-
iment are in agreement: the dissolution/precipitation
reversibility is validated. The solubility limits follow an
Arrhenius law: SNi ¼ SO exp � EA

T

� �
(with EA, the activation

energy, SNi, the nickel solubility limit, S0, the pre-exponential
factor, T, the temperature). The experimental nickel solubil-
ity limit law is obtained by linear regression on experimen-
tal points.

(iv) Two solubility limits laws are obtained.
Log SNiðwt:%Þ ¼ 1:6� 920
TðKÞ ð1Þ

for the 415–535 �C temperature range (see Fig. 7);
Log SNiðwt:%Þ ¼ 5:2� 3500
TðKÞ ð2Þ

for the 330–415 �C temperature range (see Fig. 7). The tran-
sition between the two solubility laws is observed at about
415 �C.
(v) The solubility limit law, obtained for the highest tempera-
tures, is in agreement with the literature data [4,5] for the
same temperature range. Indeed, the results given by Marty-
nov [4] are obtained for the 400–900 �C temperature range
and the ones of Rosenblatt [5] are obtained between 480
and 550 �C.

The solubility limit law, obtained for the lowest temperatures,
leads to lower solubility limit values than the calculated ones using
the Rosenblatt’s, or the Martynov’s laws.

The reasons of the change of slope for the experimental nickel
solubility law (Fig. 7) must be elucidated. It could be explained
by kinetics reasons if the equilibrium is not reached but in that
case, the nickel concentration would be higher than the calculated
one with literature’s laws. The change of slope in the solubility lim-
it law could then be due to the precipitation of a different solid
when the saturation level is reached. This different solid has been
identified by X-ray diffraction at the end of the ‘‘decreasing tem-
perature ramp” experiment: it is the NiBi3 phase (see Fig. 8).

For the higher temperatures three solubility laws are thus
available:

LogðS;wt:%Þ ¼ 1:53� 843
T

for 400 < T < 900 �C ð3Þ

is given by the Martynov’s studies [4]

LogðS;wt:%Þ ¼ 1:7� 1000
T

for 480 < T < 550 �C ð4Þ

is given by the Rosenblatt’s paper [5] but a linear regression on the
experimental points coming from Rosenblatt’s studies [5] (see
Fig. 7) leads to:

LogðS;wt:%Þ ¼ 1:65� 960
T

ð5Þ

LogðS;wt:%Þ ¼ 1:6� 920
T for 415 �C < T < 535 �C is given by this

study.
Fig. 7 shows that the various solubility laws are close. Moreover,

the discrepancy in the experimental points seems to be in the same
order of magnitude that the difference between the solubility laws.
To quantify these differences, the following calculation is made for
each experimental point and each solubility law.

d ¼ 100
ST

exp�ST
Xlawj j

ST
Xlaw

with d, the relative difference in %, ST
exp the

experimental solubility limit at the temperature T, and ST
Xlaw the

solubility limit obtained using the X’s law (X = Robertson, Marti-
nov, this study, recommended law) at the temperature T.

The results of the above calculation are summarized in Table 3.
Table 3 shows that the most important relative difference d be-
tween experimental points and their own linear regression is given
for the results obtained at low temperature in this study: 23%. The
maximum difference between this study experimental points and
the solubility laws is 25%: with the Martinov’s law (against 21%
with the Robertson’s law and 14% with this study’s law). Moreover
approximately the same relative difference, d, exists between the
solubility law given by (Eq. (1)) and the experimental results de-
rived from this study at high temperature (14%) and between the
solubility law given by (Eq. (1)) and the experimental results de-
rived from Rosenblatt’s study [5] (13%). It shows that the discrep-
ancy in the obtained results is not insignificant. Considering this
discrepancy, the three laws for the higher temperatures (higher
than 415 �C) can be considered as the same laws.



Table 3
Maximum difference of solubility limit (in%) between experimental results and the various solubility laws.

High temperatures Martinov’s law
[4] (Eq. (3))

Linear regression on Rosenblatt’s experimental
points [5] (Eq. (5))

This study’s law
(Eq. (1))

Recommended law
(Eq. (6))

This study experimental points 25 21 14 17
Rosenblatt’s experimental points [5] 11 3 13 9
Low temperatures This study’s law (Eq. (2))
This study experimental points 23
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As the experimental points coming from the Martinov’s study
[4] are not available, a linear regression of the Rosenblatt’s and this
study’s (for T > 415 �C) experimental points corresponds to a good
approximation of the nickel solubility limit between 415 �C and
550 �C:

Log SNiðwt:%Þ ¼ 1:7� 1009
TðKÞ ð6Þ

Fig. 7 shows that the values of the linear regression from the overall
experimental points for temperature higher than 415 �C (Eq. (6))
gets closer to the Martinov’s law when temperature increases. The
relative difference, d, between the Martinov’s law and that of (Eq.
(6)) is 5% at 900 �C, less than 1% at 750 �C and 7% at 600 �C. As these
relative differences are lower than that obtained with experimental
points, it can be considered that the (Eq. (6)) is also a good approx-
imation of the nickel solubility limit up to 900 �C.

Consequently, the (Eq. (6)), with a 17% uncertainty (maximum
relative difference obtained between experimental points and the
values from (Eq. (6)), see Table 3), is considered as a good approx-
imation of the nickel solubility limit between 415 �C and 900 �C:

Log SNiðwt:%Þ ¼ 1:7� 0:08� 1009
TðKÞ

for 415–900 �C temperature range. In the considered range of tem-
perature, this law is almost superposed on the Rosenblatt’s law and
the results obtained in this study and it also agrees very well with
the Martinov’s law for 450–900 �C temperature range (Fig. 7).

For the lower temperatures, the literature does not propose any
law of nickel solubility limit. The one of this study is thus the only
one. Considering a 25% uncertainty, it leads to:

Log SNiðwt:%Þ ¼ 5:2� 0:12� 3500
TðKÞ ð7Þ

for the 330–415 �C temperature range. The nickel solubility limit
law is then now reliable from 330 �C to 900 �C.

5. Conclusions

The aim of this work was: (i) firstly, to obtain the nickel solubil-
ity limit in the temperature range of the ADS operating conditions
(300–550 �C); (ii) secondly, to evaluate the interest of the LIBS
in situ measurement in LBE coolant.

The obtained nickel solubility limits are:

Log SNiðwt:%Þ ¼ 5:2� 0:15� 3500
TðKÞ

for the 330–415 �C temperature range

Log SNiðwt:%Þ ¼ 1:6� 920
TðKÞ

for the 415–535 �C temperature range. The solubility limit empiri-
cal relation for the higher temperature range is very close to the lit-
erature solubility limits coming from Martynov [4] (obtained from
400 �C to 900 �C) and Rosenblatt [5] (obtained from 480 �C to
550 �C). According to this study discussion, a solubility law derived
from a linear regression of the overall available experimental points
is recommended to be used from 415 �C to 900 �C:

Log SNiðwt:%Þ ¼ 1:7� 0:08� 1009
TðKÞ

for 415–900 �C temperature range. The nickel solubility limit pro-
posed in this study for the lowest temperature range (330–
415 �C) is then:

Log SNiðwt:%Þ ¼ 5:2� 0:12� 3500
TðKÞ :

Finally, this study emphasizes the interest of the LIBS technique use
to obtain in situ measurement in LBE. Optimization of the technique
should be performed in order to measure other metallic impurities
inside LBE.
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