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The dynamic behaviors of oxide layer formation, growth and self-healing in liquid metal lead (Pb) were
studied by on-line monitoring with electrochemical impedance spectroscopy (EIS). The metal rod made of zirco-
nium (Zr) was immersed to liquid Pb at 773 K as the working electrode of EIS. The capacitance semicircle due
to the oxide layer formation on the rod surface was detected by EIS after the immersion for 45 hr. The increase
of impedance due to the growth of the oxide layer in liquid Pb was continuously detected. The rod was taken
out from liquid Pb after the immersion for 150 hr, and the oxide layer formed on the rod was partially exfoliated
using lathe to simulate the damage of the oxide layer. The rod was immersed again to liquid Pb for 200 hr. The
capacitance semicircle due to the self-healing of the oxide layer was recognized after the immersion for 126 hr.
The self-healing of the artificially damaged area on the oxide layer was recognized by the microscopic analysis.
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1. Introduction
Liquid metal lithium lead (LiPb) is tritium breeder of

fusion reactors [1–3]. Liquid metal lead (Pb) is a promis-
ing neutron multiplier [4]. The development of functional
layers such as a tritium permeation barrier (TPB), an elec-
trical insulation layer and an anti-corrosion layer is essen-
tial for the design of the liquid metal based in-vessel com-
ponents.

Zirconium (Zr) can form the layer of zirconium ox-
ide (i.e. ZrO2) on its surface, when the oxygen potential
in liquid metal is sufficiently high. This layer is chemi-
cally compatibile with liquid metals Pb and LiPb [5]. The
layer also has a large electrical resistivity which is prefer-
able feature as an electrical insulation layer [6]. The layer
also has an excellent perfomance as TPB [7]. The layer of
Zr metal can be laminated on structual materials by plasma
activated sintering, and the Zr layer can form Zr oxide layer
on its surface.

The self-healing function of the ZrO2 layer during the
operation of reactor components can improve their relia-
bily. The layer can be self-healed by the oxidation with
oxygen dissolved in liquid metals even when the layer was
partially exfoliated [8]. However, the self-healing behavior
of the oxide layer in liquid metals has rarely been studied
so far. Electrochemical impedance spectroscopy (EIS) is
able to obtain the electrical characteristics of oxide layers
formed on the metal surface in liquid metals Pb and Pb-
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Bi [9–11]. The dynamic behaviors of oxide layer forma-
tion, growth and self-healing in liquid metal can be in-situ
monitored by the EIS technique.

The purpose of the present study is to make clear the
self-healing behaviors of oxide layer in liquid metal Pb.
The oxide layer formed on the surface of Zr rod electrode
in liquid Pb was artificially damaged. The specimen with
damaged oxide layer was then exposed to the liquid metal
for its self-healing, and the dynamic behavior was in-situ
monitored by EIS. The microscopic observation and anal-
ysis on the self-healed area of the oxide layer were also
performed.

2. Experimental Conditions
2.1 Experimental apparatus

Figure 1 shows the experimental apparatus. The liquid
temperature was monitored by the thermocouple directly
immersed into liquid Pb. The diameter of the rod-shaped
Zr specimen was 6 mm. The rod-shaped Zr specimen was
immersed to liquid Pb as the working electrode of EIS.
The rod made of 316L was immersed as the counter elec-
trode. The volume of liquid Pb was approximately 36 cc.
The cover gas inside the vessel was high-purity Ar and the
pressure was 1 atm.

The solid electrolyte oxygen sensor was installed in
liquid Pb [12] to monitor the oxygen concentration. The
sensor cell was made of yttria stabilized zirconia. The
powder of Fe/Fe3O4 was used as reference electrode [13].
The electrochemical system of the sensor is expressed as
follows:
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Fig. 1 Experimental apparatus (a) Zr rod and (b) liquid metal
test vessel with EIS system.

[Fe − Fe3O4]/[Y2O3 + ZrO2]/[Pb]. (1)

The electomotive force induced by the difference of oxy-
gen potential in between the reference electrode and liquid
Pb is expressed by the Nernst equation as follows:

E =
RT
4F

ln
Preference

PLiquid Pb
, (2)

where Preference and PLiquid Pb are the equilibrium oxygen
partial pressures in the reference electrode and liquid Pb,
respectively. T [K] is the tempereture of liquid Pb, R
[JK−1 mol−1] is gas constant and F [C/mol] is Faraday con-
stant. The equilibrium oxygen partial pressures are ex-
pressed as follows:

Preference = exp

⎛⎜⎜⎜⎜⎜⎝ΔG
0
Fe3O4

2RT

⎞⎟⎟⎟⎟⎟⎠ , (3)

PLiquid Pb =

(
c
cs

)2

exp

⎛⎜⎜⎜⎜⎝2ΔG0
PbO

RT

⎞⎟⎟⎟⎟⎠ , (4)

where c [wt%] is the oxygen concentration in liquid Pb,
cs[wt%] is the oxygen solubility in liquid Pb and ΔG0

[J−1 mol] is standard free energy of formation of each sub-
stance. The oxygen solubility cs [wt%] in liquid Pb is ex-
pressed as follows [14]:

log cs = 3.23 − 5043
T
. (5)

The oxygen concentration in liquid Pb was not actively
controlled in the present study.

2.2 Experimental conditions
Liquid Pb is candidate neutron multiplier [4]. ZrO2 is

chemically compatible both with liquid Pb [15] and LiPb

[16]. The oxygen potential of liquid Pb is higher than that
of liquid LiPb. The oxidation behavior of Zr metal in liquid
Pb is simpler than that in liquid LiPb, since the Li compo-
nent does not contribute to the oxidation behavior.

The experimental procedures were summarized in
Fig. 2. The temperature of liquid Pb was kept at 773 K
during the experiment. Zr-rod specimen was immersed to
liquid Pb for 150 hr in the first immersion test. The immer-
sion depth was 10 mm as shown in Fig. 2 (a). The oxide
layer was formed on the immersed area due to the oxida-
tion in the liquid Pb (Fig. 2 (b)). This behavior was moni-
tored by EIS.

The Zr rod was taken out from liquid Pb after the first
immersion test. The oxide layer formed on the Zr rod was
partially removed by lathe to simulate the local damage of
the oxide layer as shown in Fig. 2 (c). The area with this
artificial exfoliation is refered to as exfoliated area in this
paper. The rest is refered to as non-exfoliated area. The
exfoliated area had a width of 1 mm and a depth of 8 µm.
The exfoliated area revealed a metallic luster.

The Zr rod which had the oxide layer artificially dam-
aged was immersed again to liquid Pb. The immersion
depth was 8 mm so that the area where oxide layer was not
formed in the first immersion did not contact with liquid
Pb. The self-healing of the oxide layer was induced by the
formation of new oxide layer on the exfoliated area, where
was directly exposed to liquid metal (Fig. 2 (d)).

The EIS was continuously conducted to detect the for-
mation, growth and self-healing of the oxide layer every
5 minutes in the first and second immersion tests. The
amplitude of AC voltage was 500 mV, and the frequency
of the AC voltage was in the range between 100 mHz to
1 MHz. The EIS was carried out with Bio-Logic SP-150
(Bio-Logic Science Instruments).

The output of the solid electrolyte oxygen sensor indi-
cated that the oxygen concentration in liquid Pb was kept
between 1.06× 10−4 ∼4.75× 10−4 wt% in the first immer-
sion test, and 1.42× 10−4 ∼ 2.24 × 10−4 wt% in the sec-
ond immersion test. These oxygen concentrations indi-
cated that oxygen potential in liquid Pb was higher than
that for the formation of ZrO2.

Three-dimensional geometry around the exfoliated
area on the Zr rod was analyzed by 3D laser scanning
microscope (LSM) before and after the self-healing of
oxide layer. The cross-sectional characterization around
the self-healed area was also performed by scanning elec-
tron microscope (SEM) with energy dispersive X-ray spec-
troscopy (EDX) to clarify the thickness and chemical com-
positions of the layer after the second immersion test.

3. Results and Discussions
3.1 Formation and growth of oxide layer

in liquid Pb
The formation of homogenous oxide layer is electri-

cally expressed by RC parallel circuit as shown in Fig. 3,
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Fig. 2 Experiment procedures: (a) Initial condition of Zr rod, (b) Oxide layer formed on immersed area in first immersion test, (c) Partial
exfoliation of oxide layer by lathe and (d) Self-healed oxide layer in second immersion test.

and the Nyquist plot of the frequency response draws so-
called capacitance semicircle according to the electrical
circuit [17]. The capacitance semicircle was obtained by
EIS after the immersion for 45 hr as shown in Fig. 4, which
indicated the formation of oxide layer. EIS response could
not be obtained due to small electrical impedance of the in-
terface between the Zr rod and liquid Pb in the initial 45 hr
of the first immersion test.

The diamter of the capacitance semicircle expanded
with time as shown in Fig. 5. This behavior indicated the
increase of impedance according to the growth of oxide
layer and the increase of layer thickness in liquid Pb [18].
The initial metallic luster of the Zr rod was lost in the im-
mersed aread due to the oxide layer formaion as shown in
Fig. 2 (b). The thickness of the oxide layer layer t [µm] can
be derived as follows:

t =
AR
ρ
, (6)

where A [m2] is the immersed area of the Zr rod in liquid
Pb, R [Ω] is the electrical resistance of the oxide layer and

ρ [Ωm] is the electrical resistivity of the oxide layer. The
electrical resistance of the oxide layer formed and grew by
the immersion for 200 hr was 155 MΩ. The layer thickness
was estimated as 2.67 µm, when the electrical resistivity of
ZrO2 at 773 K was given as 1.26× 1010Ωm in the literature
[18]. This layer thickness was reasonable as explained in
the latter chapter.

3.2 Self-healing behaviors of oxide layer
in liquid Pb

The on-line EIS analysis was conducted in the same
way with the first immersion test. The capacitance semi-
circle was not obtained in the initial stage of the second
immersion test due to the electrical conduction through the
exfoliated area on the specimen rod. The capacitance semi-
circle was recognized after the exposure for 126 hr in the
second immersion test as shown in Fig. 6. The longer time
was needed to obtain the capacitance semicircle than that
in the first immersion test. The capacitance semicircle ob-
tained after the immersion for 196 hr was also shown in
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Fig. 3 Equivalent RC circuit of oxide layer formed on Zr rod in
liquid Pb.

Fig. 4 Capacitance semicircle obtained after 45 hr at first im-
mersion.

Fig. 5 Capacitance semicircles obtained in experiment for 46 hr
to 52 hr in first immersion experiment.

Fig. 6. The capacitance semicircle did not grow signifi-
cantly even after the additional immersion for 70 hr. The
growth ratio of the oxide layer was smaller than that rec-
ognized in the first immersion test. The exfoliated area
could have larger surface roughness than original surface
since it was partially machined by lathe. The formation

126 hour
126 hour (fitted by RC parallel)
196 hour
196 hour (fitted by RC parallel) 

Fig. 6 Capacitance semicircles obtained after immersion to liq-
uid Pb for 126 and 196 hr in second immersion test.

and growth of the uniform oxide layer was inhibited on the
rough surface. This capacitance semicircle could represent
the impedance of thinner oxide layer newly formed on the
exfoliated area since the electrical resistance was much less
than that of non-exfoliated area.

The depressed capacitance semicricle obtained in the
measurement after the immersion for 126 hr can be ex-
plained based on the parallel circuit with resistance and
constant phase element (CPE) [19]. Impedance of RC par-
allel circuit and R-CPE parallel circuit is expressed as fol-
lows:

Z =
R

1 + jωCR
, (7)

Z =
R

1 + ( jω)pYR
, (8)

where Z [Ω] is the impedance, R [Ω] is the resistance, ω
[rad s−1] is the angular frequency, C [F] is the capacitance,
j is imaginary unit, p is the CPE exponent and Y is the CPE
constant. The CPE exponent p takes the value between 0
and 1, and this value closes to 1 when the electrode con-
ditions are homogenous [20]. The electrode conditions are
detemined by the oxide layer characteristics in the present
study. Eq. (8) can draw depressed semi-circle on Nyquist
plot when the CPE exponent p is small. The capacitance
semicircle revelaed higher CPE exponent after the immer-
sion for 196 hr as shown in Fig. 6, though the semicircle
obtained after 126 hr revealed the depressed shape. This
behavior indicated that the oxide layer on the Zr rod be-
came more homogeneous.

The metallic luster of the exfoliated area on the spec-
imen rod was not recognized after the second immersion
test for 200 hr as shown in Fig. 2 (d). Figures 7 (a) and
(b) shows the three-dimensional geometry of the exfoli-
ated area before and after the second immersion test, re-
spectively. The surface profiles before and after the second
immersion test shown in Figs. 7 (a) and (b) were obtained
by the average. The averaged depth of the exfoliated area
was approximately 2 µm after the second immersion test,
though that before the second immersion test was approxi-
mately 8 µm as shown in Fig. 7 (c). The depth was reduced
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Fig. 7 (a) 3D surface geometry by LSM after 150-hour immer-
sion to liquid Pb and partial exfoliation of oxide layer, (b)
3D surface geometry by LSM after self-healing of oxide
layer in liquid Pb and (c) Surface profiles along x direc-
tion by average on all areas shown in Figs. 7 (a) and (b).

because of the formation and growth of the oxide layer and
oxygen diffusion zone on the exfoliated area.

Figure 8 (a) shows the SEM cross-sectional image
around the self-healed area. Figure 8 (b) shows the results
of EDX analysis along lines (i) and (ii) on the oxide layer
in Fig. 8 (a). The ZrO2 layer which had a thickness of ap-
proximately 5 µm was detected by EDX in non-exfoliated
area as shown in Fig. 8 (b). The thickness after the first
immersion test for 150 hr was estimated as 2.67 µm from
the impedance information of EIS and Eq. (6), though the
layer thickness was not microscopically measured. This
thickness was reasonable when the test duration was taken
into account. Fig. 8 (b) indicates the formation of oxygen
diffusion zone where the atomic ratio of Zr and O is 1:1
beneath the oxide layer. This oxygen diffusion zone had a
thickness of 6 µm. The oxygen diffusion zone was electri-
cally conductive and was not detected by EIS.

The oxide layer which had a thickness of approx-
imately 1 - 2 µm was detected on the exfoliated area as
shown in Fig. 8 (b). Therefore, the thickness of the oxide
layer formed on the exfoliated area was thinner than that on
non-exfoliated area. The exfoliated area also had an oxy-
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Fig. 8 (a) Cross-sectional SEM image around self-healed area
of Zr rod in liquid Pb and (b) EDX analysis on chemical
compositions of oxide layer and oxygen diffusion zone
along line (i) and line (ii).

gen diffusion zone, and the thickness was approximately
10 µm which was thicker than that on non-exfolioated area.
The formation of oxygen diffusion zone in the Zr metal ma-
trix might be promoted when the surface was not protected
by ZrO2 layer. The formaiton of ZrO2 layer needed longer
time than the formation of the oxygen diffusion zone. The
thickness of the oxygen diffusion zone was reduced by the
immersion for longer duration, though the oxide layer was
formed on the oxygen diffusion zone. These results indi-
cated the the oxide layer might be formed in the oxygen
diffusion zone.
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4. Conclusions
Major conclusions are follows:

1. The Zr metal rod was oxidized in liquid Pb at 773 K.
Both the oxide layer and the oxygen diffusion zone
were formed on the surface of the Zr rod.

2. The impedance of Zr oxide layer formed on the Zr rod
in liquid Pb were in-situ measured by EIS. The EIS
results indicated the expansion of a capacitance semi-
circle according to the growth of the oxide layer.

3. The Zr rod immersed in liquid Pb for 150 hr was taken
out from the melt. The Zr oxide layer formed on the
rod was partially exfoliated by lathe. The rod was then
immersed again to liquid Pb. The EIS output indicated
the self-healing of the oxide layer according to the for-
mation of new oxide layer on the exfoliated area.
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