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Liquid lithium (Li) is one of the tritium breeders of fusion reactors and the target material of advanced fusion
neutron source. However, its chemical compatibility with structural materials is one of the important issues.
Austenitic steels corrode due to the preferential depletion of Ni from their surface in liquid Li. However, the
mass transfer behaviors of Ni in liquid Li at low temperature have been rarely studied. The purpose of the present
study is to make clear the mass transfer behaviors of Ni in liquid Li by quartz crystal microbalance (QCM). The
Ni electrode of the QCM unit got wet with liquid Li of approximately 5.89 × 10−2 cc at 473 K and 523 K for
600 seconds. The resonance frequency of the QCM unit changed due to the mass loss of the Ni electrode by
the Ni dissolution into static liquid Li. The mass losses of Ni in liquid Li at 473 K and 523 K were obtained by
Saurbrey’s equation as 6.60 × 10−3 g/m2 and 1.27 × 10−2 g/m2, respectively. The diffusion coefficient of Ni in
static Li at 473 K was in the range between 1.13 × 10−10 and 5.10 × 10−10 m2/s by the model evaluation based
on the Fick’s second law. The diffusion coefficient at 523 K was in the range between 1.90 × 10−10 and 6.87 ×
10−10 m2/s.
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1. Introduction
Liquid lithium (Li) is one of the tritium breeders of

fusion reactors [1, 2]. The advanced fusion neutron source
(A-FNS) is essential facility for the testing of structural
materials under high-energy neutron irradiation. liquid Li
target loop is one of the main components of the A-FNS
facility [3, 4].

Austenitic steels are candidate structural materials of
above-mentioned nuclear facilities [5–7], and the chemi-
cal compatibility with liquid Li is one of the important is-
sues. The corrosion of austenitic steels in liquid Li was
caused mainly by the preferential depletion of nickel (Ni)
[7–11]. Liquid Li contaminates by the dissolution of Ni
from austenitic steels during the operation of the facilities.
Activation of Ni dissolved in liquid Li and its mass transfer
in the nuclear facilities are also important issues. The metal
impurities dissolved in liquid Li can be recovered with the
cold trap, in which they are precipitates due to the low sol-
ubility at low temperature. The solubility and diffusivity of
Ni in liquid Li are essential parameters to evaluate the mass
transfer of Ni in the Li circulation loop, which equips the
cold trap. However, these fundamental parameters at low
temperature were rarely made clear so far.
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The dissolution of Ni in liquid Li at low temperature
around 200◦C is rather small, and the data of mass transfer
is not easily obtained by means of immersion type corro-
sion tests. Quartz crystal microbalance (QCM) enables to
precisely measure the mass change of the materials in flu-
ids and gases around room temperature [12–14], though
this technique has not been applied in liquid metal condi-
tions.

The purpose of the present study is to make clear the
mass transfer phenomena of Ni in liquid Li at low temper-
ature by the QCM. The corrosion ratios of unalloyed Ni in
liquid Li at 473 K and 523 K were evaluated by the QCM
experiments. The diffusion coefficients of Ni in liquid Li
were also obtained.

2. Experimental Conditions
2.1 Principle of quartz crystal microbalance

(QCM)
The quartz crystal unit consists of the quartz crystal

plate and the Ni electrodes, which are plated on the both
sides of the plate. The quartz crystal plate oscillates due to
the reverse piezoelectric effect, when AC voltage is applied
to the QCM unit through the electrodes. Figure 1 shows
the principle of the QCM to detect mass loss of Ni elec-
trode by the dissolution in liquid Li. The wavelength of the
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Fig. 1 Principle of QCM to detect mass loss of Ni electrode by
its dissolution in liquid Li.

quartz crystal unit becomes shorter when the Ni electrode
becomes thinner due to the dissolution in liquid Li. The
change of wave length corresponds to that of resonance
frequency expressed as;

Δ f =
v

λ + Δλ
− v
λ
= − vΔλ
λ2 + λΔλ

∼ − v
λ2
Δλ, (1)

where Δ f , λ, Δλ and υ are the change of frequency [Hz],
the wave length [m], the change of wave length [m],
and the wave velocity [m/s], respectively. The frequency
change was measured by the QCM analyzer. The mass loss
of the metal electrode is then obtained from the change of
frequency by Saurbrey’s equation [12];

Δ f = − 2f2
0

A
√

Cshear × ρ
Δm, (2)

where Δ f , f0, A, Cshear, ρ, and Δm are the change of fre-
quency [Hz], the resonance frequency of the quartz crystal
[Hz], the electrode area [cm2], the shear stiffness [g/cm/s2],
the density of crystal [g/cm3], and the mass change [g], re-
spectively.

2.2 Experimental conditions
Figure 2 shows the apparatus of mass transfer tests

with liquid Li. The quartz crystal unit is AT-cut quartz
crystal plate which has Ni electrodes plated on the both
sides. The size of the plate was 8.5 mm square. The diam-
eter of Ni working electrode was 5 mm, and its thickness
was 100 nm. The resonance frequency and resistance of
the quartz crystal unit were measured in air atmosphere at
room temperature before the mass transfer test with liquid
Li. The measurement of the resonance frequency and resis-
tance was conducted with the QCM analyzer (Seiko EG &
G, model QCM922A), which can measure resonance fre-
quency from 5 to 30 MHz with 1× 10−2 seconds and the
resolution of 0.01 Hz.

The mass transfer tests were performed in the globe
box filled with argon (Ar) having the purity of 99.99%.
The quartz crystal unit was installed on the glass plate,
which was placed on the plate heater. Solid Li of approx-
imately 5.89 × 10−2 cc was installed on the Ni electrode
using the cylinder made of 316 austenitic steel (Fe-18Cr-
12Ni-2Mo), which had an inner diameter of 5 mm. Table 1
presents metal and non-metal impurities of liquid Li. The
test temperature was 473 K and 523 K, and much lower
than the phase transition temperaure of quartz crystal at

Fig. 2 Experimental apparatus of liquid Li mass transfer test.

approximately 773 K [15]. The test duration was 600 sec-
onds.

The Rayleigh number of liquid Li installed in the
cylinder was estimated in equation of;

Ra =
gβ
vα

L3ΔT, (3)

where g, α, β, ν, ΔT, and L are the gravitational accel-
eration [m/s2], the thermal diffusivity of liquid Li [m2/s],
the coefficient of thermal expansion of liquid Li [1/K], the
kinetic viscosity of liquid Li [m2/s], the temperature gra-
dient in liquid Li [K], and the thickness of liquid Li [m],
respectively. The inventory of liquid Li was quite small as
approximately 5.89 × 10−8 m3 and the apparatus was ther-
mally insulated. When the temperature gradient in liquid
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Table 1 Metal and non-metal impurities of Li (unit: wppm).

Table 2 Results of QCM tests in Ar and liquid Li at 473K and 523K for 600 seconds.

Li was assumed to be 5 K, the Raleigh number at 473 K
and 523 K were approximately 5.2. This value was much
less than the critical Ra number of 1700. Thus, the Li mass
transfer tests were performed at a static condition, in which
the mass transfer was not promoted by the thermal convec-
tion.

After the Li mass transfer test, the quartz crystal unit
was taken out from the globe box. The quartz crystal unit
was cleaned with water and ethanol to remove Li from the
electrode surface. The resonance frequency and resistance
of the quartz crystal unit were then measured in air atmo-
sphere at room temperature.

The effect of heat treatment on the performance of the
quartz crystal unit was also investigated in the same man-
ner with the liquid Li mass transfer test. The quartz crystal
units were heated under Ar atmosphere without the instal-
lation of liquid Li. The temperature conditions were 473 K
and 523 K. The test duration was 600 seconds. The quartz
crystal unit was cleaned with water and ethanol after the
heating. The resonance frequency and resistance of the
quartz crystal unit were measured in air atmosphere.

The resonance resistance of the quartz crystal unit
changes when the quartz crystal plate is damaged in the
mass transfer test. In this case, the frequency change due
to the mass loss of the Ni electrode is affected by the dam-
age. Therefore, small change of the resonance resistance
was also checked after the liquid Li test.

3. Experimental Results
Table 2 presents the summary of experimental re-

sults. The resonance frequency of the quartz crystal unit
before and after the heat treatment without Li installa-
tion under Ar atmosphere at 473 K were 9063935 Hz and
9063938 Hz, respectively. The change of the resonance
frequency was negligibly small. In the same way, the
change of the resonance frequency was negligibly small
in the test at 523 K. These results indicated that the per-
formance of the quartz crystal unit was not affected by
the heat treatment at the test temperatures under Ar atmo-
sphere.

The change of the resonance frequency by the mass
transfer tests in liquid Li at 473 K was 1.23 × 102 Hz in
average. The change of the resonance resistance in the test
was negligibly small as the same as that in the heat treat-
ment test under Ar atmosphere. The frequency change be-
came larger when the test temperature was higher, since
the mass loss of Ni electrode in liquid Li due to its dissolu-
tion became larger at higher temperature. Figure 3 shows
the mass loss of Ni in liquid Li. The mass loss of Ni in
the test at 473K corresponds to 1.31 × 10−7 g according to
Eq. (2). This mass loss is too small to be detected by elec-
tro reading balances. In the same way, the change of the
resonance frequency by the tests in liquid Li at 523 K was
2.37 × 102 Hz in average. the mass loss of Ni in liquid Li
at 523 K was 2.50× 10−7 g.

The dispersion of the experimental data was possibly
due to the loss of Ni in the cleaning procedure of the quartz
crystal unit. The adhesion of Li oxides and/or Li hydro
oxides on the electrode surface is also the possible cause of
the dispersion. The increase of Ni concentration in liquid
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Fig. 3 Mass losses of Ni electrode in liquid Li at 473 K and
523 K for 600 seconds.

Li in the mass transfer tests was in the range between 8.54
× 10−5 and 1.28 × 10−3 wt%.

4. Discussions
The dissolution and diffusion of Ni from the Ni elec-

trode into liquid Li at static condition were discussed here.
The Ni concentration in liquid Li on the phase interface
was assumed to be equal to the saturate condition. The
solubility of Ni in liquid Li was larger than the other el-
ements such as Fe and Cr [10, 16, 17]. The data of the
Ni solubility in liquid Li was measured in the temperature
range between 773 K - 1000 K and reported in the litera-
tures [10, 16, 17] as summarized in Fig. 4. The Ni solu-
bility at the temperature range between 473 K - 600 K was
not available in the previous studies. The temperature de-
pendence of the solubility proposed by Beskorovaniyi [16]
was close with that by Leavenworth [17]. The solubility
proposed by Lyublinski [10] had larger temperature de-
pendence than the other solubility data. The temperature
conditions of the solubility data by Lyublinski were close
to our experimental conditions. The solubilities by Besko-
rovaniyi and Leavenworth are one order larger than that by
Lyublinski at the temperature of the current work, when
these solubility data were linearly extrapolated to the tem-
perature conditions of the current work. The solubility
data with small contribution of unique data by ref. [10]
can be obtained by the arithmetic mean. The solubility
data with the influence of unique data [10] can be obtained
by the geometric mean. The Ni solubilities in liquid Li at
the low temperature are then obtained by both the arith-
metic mean and the geometric mean of the values extrapo-
lated from the equations of the three literatures [10,16,17].
The Ni solubility by the arithmetic mean of the literature
data (Cs,arithmetic, [at%]) and that by the geometric mean
(Cs,geometric, [at%]) at 473 K are obtained as 5.24 × 10−4 and
2.49 × 10−4 at%, respectively. Cs,arithmetic and Cs,geometric at
523 K are obtained as 7.80 × 10−4 and 4.15 × 10−4 at%,
respectively. They are formulated as follows;

Fig. 4 Ni solubilities in liquid Li [10, 16, 17].

Cs,arithmetic[at%] = 1.22 × 10−5 exp(7.95 × 10−3T ),

(4)

Cs,geometric[at%] = 2.00 × 10−6 exp(1.02 × 10−2T ),

(5)

where T is the liquid Li temperature [K].
The chemical diffusion of Ni impurity in liquid Li was

evaluated based on the Fick’s second law as;

∂C(x,t)

∂t
= D
∂2C(x,t)

∂x2
, (6)

where C(x,t), D, t and x are the Ni concentration [at%] at
the time of t [s] and at the location of x [m], the diffusion
coefficient of Ni in liquid Li [m2/s], the time [s] and the
distance [m], respectively. Equation (6) is approximated
as;

C(x,t) −C0

Cs −C0
= 1 − erf

x

2
√

Dt
, (7)

where C0 is the initial concentration of Ni [at%] in liquid
Li. The mass losses of the Ni electrode in liquid Li at 473 K
and 523 K for 600 seconds were obtained from Eq. (2). The
mass loss corresponds to the dissolution of Ni into liquid
Li, and is given by the integration of Ni concentration in a
thickness direction of liquid Li as;

Δm
S
=

MNi ∗ ρLi

MLi

∫ L

0
C dx

=
MNi ∗ ρLi

MLi

∫ L

0
CS

(
1 − erf

x

2
√

Dt

)
dx, (8)

where Δm, S, MNi, MLi, ρLi, and L are the dissolution of Ni
[g], the Li contact area [m2], the atomic weight of Li, the
atomic weight of Ni, the density of liquid Li [g/m3], and
the thickness of liquid Li [m], respectively. Here, L was
3 mm and t was 600 seconds. The diffusion coefficients
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Fig. 5 Diffusion coefficients of Ni and Fe in liquid metals (Li,
Pb-17Li and Pb-Bi) in current and previous experimental
studies.

of Ni in liquid Li at 473 K and 523 K with Cs,arithmetic and
Cs,geometric were obtained from Eqs. (4) , (5), and (8). The
diffusion coefficients obtained from Eq. (8) with Cs,arithmetic

(Da, [m2/s]) at 473 K and 523 K are obtained as 1.13 ×
10−10 and 1.90 × 10−10 m2/s, respectively. Those with
Cs,geometric (Dg, [m2/s]) at 473 K and 523 K are obtained
as 5.10 × 10−10 and 6.87 × 10−10 m2/s, respectively. They
are formulated as;

Da[m2/s] = 2.59 × 10−8 exp(−2.13 × 104/RT ),

(9)

Dg[m2/s] = 1.15 × 10−8 exp(−1.22 × 104/RT ),

(10)

where R is the gas constant (8.314 J/molK). Figure 5 shows
the diffusion coefficients of Ni in liquid Li and the compari-
son with the other diffusion coefficients in some liquid met-
als. The graph legends of solid circle, solid square, cross,
and open square in Fig. 5 indicate the diffusion coefficients
obtained with the Ni solubilities which were indicated by
the same legends in Fig. 4. The temperature dependence
of the Ni diffusivity in liquid Li was close to that in liquid
Pb-17Li [18] and smaller than that in liquid Pb-Bi [19].

Figure 6 shows the mass loss of the Ni electrode com-
pared with that of steels (304 austenitic steel (Fe-17Cr-
10Ni-2Mo) and F82H (Fe-8Cr-2 W)) in liquid Li at static
conditions [6, 21]. The mass loss data of Ni in the cur-
rent work agreed well with the time dependence of mass
loss of 304 steel, which contained Ni as the major alloying
element. This trend indicated that the Ni dissolution was
dominant factor for the corrosion of austenitic steel in liq-
uid Li due to the large solubility of Ni in liquid Li. The
effect of exposure time on the corrosion mass loss of F82H

Fig. 6 Time dependence of mass loss of Ni in liquid Li in current
and previous experimental studies.

in liquid Li is large rather than that of Ni bearing mate-
rials, since the corrosion is caused by the chemical inter-
action involving some non-metal impurities (i.e., nitrogen
and oxygen), and it is promoted by the exposure for longer
time.

5. Conclusion
Major conclusions are follows;

1. The mass transfer phenomena of Ni in liquid Li in
the temperature range between 473 K and 523 K were
studied by means of the QCM experiments. The mass
loss of Ni in liquid Li at 473 K was 6.60 × 10−3 g/m2

and that at 523 K was 1.27 × 10−2 g/m2.
2. The diffusion coefficients of Ni in liquid Li were ob-

tained from the experimental results. Previous liter-
atures indicate that the Ni solubility in liquid Li at
473 K is in the range between 2.49 × 10−4 at% and
5.24 at%. The Ni solubility at 523 K is in the range
between 4.15 × 10−4 at% and 7.80 × 10−4 at%. The
theoretical model based on the Fick’s second law in-
dicates that the diffusion coefficient of Ni in liquid Li
at 473 K is in the range between 1.13 × 10−10 m2/s and
5.10 × 10−10 m2/s. The coefficient at 523 K is in the
range between 1.90 × 10−10 and 6.87 × 10−10 m2/s.
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