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The corrosion behavior of 304L stainless steel (SS) in B/Li solutions with different concentrations was studied by means of
X-ray diffraction (XRD), scanning electron microscope (SEM), potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) measurement. The results showed that the oxide film formed at high temperature and a high pressure water
is mainly composed of magnetite and the oxide film formed in a 1000 mg/L B and 2.2 mg/L Li solution is thicker than that in a
2000 mg/L B and 3.5 mg/L Li solution. The outer surface oxide particles’ size and inner film uniformity is affected by the B/Li
concentration. The pitting potential and the modulus of impedance of the 304L in 1000 mg/L B and 2.2 mg/L Li solutions were
higher than the 2000 mg/L B and 3.5 mg/L Li solutions. The solution of 1000 mg/L B and 2.2 mg/L Li is beneficial for the
corrosion resistance, because of forming a stable oxide film on the 304L surface.
Keywords: 304L SS, corrosion, oxide film

Avtorji v ~lanku opisujejo {tudijo korozijskega obna{anja nerjavnega jekla vrste 304L v razli~nih koncentracijah raztopine bora
in litija (B/Li). V ta namen so za analize uporabljali rentgensko difrakcijo (XRD), vrsti~no elektronsko mikroskopijo (SEM),
potenciodinami~no polarizacijo (PDP) in elektrokemijsko impedan~no spektroskopijo (EIS). Rezultati ka`ejo, da je pri visoki
temperaturi in tlaku nastali oksidni film v glavnem sestavljen iz magnetita. Oksidni film, ki je nastal v raztopini 1000 mg/L bora
in 2,2 mg/L litija, je debelej{i kot tisti, ki je nastal v raztopini 2000 mg/L bora in 3,5 mg/L litija. Formiranost zunanje povr{ine
oksidnih delcev in notranjega filma, je posledica koncentracije B/Li raztopine. Jami~asti potencial in impedan~ni modul
nerjavnega jekla 304L v raztopini 1000 mg/L B in 2,2 mg/L Li je ve~ji kot v raztopini 2000 mg/L B in 3,5 mg/L Li. Raztopina
1000 mg/L B in 2,2 mg/L Li je glede odpornosti proti koroziji primernej{a, ker tvori stabilnej{i oksid na povr{ini izbranega
nerjavnega jekla 304L.
Klju~ne besede: nerjavno jeklo 304L, korozija, oksidni film

1 INTRODUCTION

The 304L and 316L stainless steels are commonly
used as the primary loop line, reactor internals and con-
trol rod drive package, i.e., the key equipment of a PWR.
In the primary loops of a PWR, stainless-steel material is
exposed to a harsh hydrochemical environment that
features high temperature and high pressure. So, a low
corrosion rate should be ensured to reduce the activation
of the corrosion products in the core. It is reported that
the amount of corrosion products in the coolant, the
deposition rate in the core and the radiation field outside
the core should be effectively reduced when the pH of
the coolant increased from 6.9 to 7.2–7.4.1 The operation
experiences of the Sizewell B nuclear power plant
showed that the corrosion product concentration de-
creased by two orders of magnitude when the pH of the
coolant increased from 6.9 to 7.7 at 292 °C.2,3 The oxide
film has a great influence on the corrosion rate of stain-
less steel in 290±0.5 °C and 10 MPa water.4–7 The struc-

ture and properties of the oxide film of 304L SS in high-
temperature water are not only affected by the properties
of the material itself, but also affected by the water
chemistry, such as pH, dissolved oxygen and so on.8,9

The relationship between the growth of the oxide film
and the corrosion resistance of the stainless steel with the
concentration of B, Li and pH should be further inves-
tigated.

In this paper, the corrosion behavior of 304L stainless
steel (SS) in B/Li solutions with different concentrations
was studied by means of X-ray diffraction XRD, scann-
ing electron microscope (SEM), potentiodynamic polari-
zation and electrochemical impedance spectroscopy
(EIS) measurements to obtain the relation between the
corrosion behavior of 304L stainless steel and the con-
centration of the B/Li ratio.

2 EXPERIMENTAL PART

The chemical compositions of 304L SS used in this
study are shown in Table 1. The 304L SS plate was cut
into samples with dimensions of (30 × 20 × 3) mm. One
tested solution contained 2000 mg/L B (from H3BO3)
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and 3.5 mg/L Li (from LiOH), and another solution con-
tained 1000 mg/L B (from H3BO3) and 2.2 mg/L Li
(from LiOH). The sample was mechanically polished to
1200# SiC emery paper, and then washed using ultra-
sound with acetone. The experiment was conducted in a
static autoclave. The corrosion tests were controlled at
300 °C, under a pressure of 10 MPa for 720 h. At the end
of the test, the sample was washed with ionized water
and dried using cold air.

Table 1: Chemical composition of 304L SS (w/%)

C Si Mn S P Ni Cr Fe
0.015 0.32 1.89 0.002 0.018 9.27 18.33 Balanced

A Cambridge-S360 scanning electron microscope
(SEM) was applied to observe the oxide scale morphol-
ogy. The surfaces of the samples were plated with a thin
layer of Ni coating to avoid spoliation during sample
preparation. The electrolyses nickel bath was composed
of 30 g/L NiSiO4·6H2O, 20 g/L NaH2PO2·H2O, 10 g/L
NaC6H5O7·2H2O and 20 g/L NaC2H3O2·3H2O. The pH
value of the bath solution was adjusted to 4.5 using
H2SO4 at 80 °C. The oxide film sample was treated by a
sensitize solution (10 g/L SnCl2 and 1 ml/L 37 % HCl)
and an activation solution (0.3 g/L PdCl2).10 The samples
were mounted with epoxy resin and polished down to
0.5 μm before the metallurgical examination. The X-ray
diffractions were recorded by a D/Max-2550pc diffrac-

tometer equipped with a Cu anti-cathode (40 kV±30 mA).
The lattice parameters were measured starting from 2� at
20° to 80° in 0.05° and 1 s steps.

The electrochemical tests were carried out using a
VMP3 electrochemical workstation. The working elec-
trodes were the 304L with an exposed area of 1 cm2.
Before the commencement of the measurements, the
surface of the working electrode was polished down to
the finest (1200) grit, rinsed with ethanol, placed in an
ultrasonic acetone bath for about five min and air dried.
All the working electrodes were ground by emery papers
before use. A saturated calomel electrode (SCE) was
used as the reference electrode and a platinum electrode
was used as an auxiliary electrode. All the electroche-
mical measurements were carried out in the open air
without stirring. One tested solution contained
2000 mg/L B (from H3BO3) and 3.5 mg/L Li (LiOH),
and the other solution contained 1000 mg/L B (from
H3BO3) and 2.2 mg/L Li (LiOH). The experiments were
carried out at room temperature in naturally aerated
solutions without stirring and the temperature of the
tested solution was maintained at 25±1 °C. The polariza-
tion curves were conducted at a sweep rate of 0.5 mV/s.
The impedance experiments were carried out using a
10 mV root-mean-square perturbation from 10 kHz to
10 mHz. The fitting was performed with Z-view soft-
ware.
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Figure 1: Surface images of oxides on 304L SS immersed in B-Li solution



3 RESULTS AND DISCUSSION

Figure 1 shows the surface morphology of the 304L
SS after immersion in high-temperature and high-
pressure water for 720 h. The surface morphology of the
304L SS is similar to each other after being immersion in
the two tested solutions. The surface is covered with a
layer of oxide film with regularly shaped oxide particles
distributed evenly on the surface, as shown in Figure 1a
and 1c. It can be seen that the number of large oxide
particles formed on the 304L SS after being soaked in
1000 mg/L B and 2.2 mg/L Li solution is great than that
in 2000 mg/L B and 3.5 mg/L Li solution. The particles’
features can be identified, as shown in Figure 1b and 1d.
It is clear that the size of the particles is different. The
granular oxides are mainly nickel and iron oxides.11,12

According to the calculation by ChemWorks,13 the pH300

values of 1000 mg/L B and 2.2 mg/L Li solution is 7.01
at 300 °C, and the pH300 values of 2000 mg/L B and
3.5 mg/L Li solutions is 6.92. That is to say, the concen-
tration of the B/Li has a great influence on the growth
and distribution of the particle oxides.

Figure 2 shows the XRD pattern of austenite and
Fe3O4. It can be seen from Figure 2 that the oxides of
304L SS after immersion in both solutions are mainly
composed of magnetite, and the metal substrate diffrac-
tion peak of the samples after immersion in 2000 mg/L B
and 3.5 mg/L Li solution was higher than 1000 mg/L B
and 2.2 mg/L solution. The oxide film formed in
1000 mg/L B+2.2 mg/L Li solution is thicker than in the
2000 mg/L B and 3.5 mg/L Li solution, which is
consistent with the results of the cross-section analysis in
the later paper.

Figure 3 shows the cross-section of the oxide formed
on 304L SS in two tested solutions for 720 h. The oxide
films contain a dual-layer structure, and there is no crack
between the inner and the outer oxide layers. In the solu-
tion of 1000 mg/L B and 2.2 mg/L Li, the inner oxide
film of 304L SS is uniform and the thickness of which is

about 400 nm. The outer layer is composed of large crys-
talline oxides with a maximum size of 1.3 μm. In the
solution of 2000 mg/L B+3.5 mg/L Li, the thickness of
inner layer is not uniform and there are no large particles
in the outer layer. The denser the oxide forms on the
surface, the lower the dissolution rate of the base metal.
According to the results in Figure 1 and Figure 3, the
oxide film formed in 2000 mg/L B and 3.5 mg/L Li
solution is not uniform and the thickness of the oxide
film is less than 100 nm in some areas. So, it is easy to
form a uniform thicker oxide film in 1000 mg/L B and
2.2 mg/L Li solution when the solubility of the oxide
film is lower in the higher pH solution. The EDS results
showed that granular oxides are mainly nickel and iron
oxides in Figure 3a. But EDS mapping in Figure 3b
showed that granular oxides were not as good as in Fig-
ure 3a. A possible reason was that oxide particles were
too small to be discernable by EDS.

Figure 4 shows the potentiodynamic polarization
curve of 304L SS in two tested solutions. It can be seen
from Figure 4 that the corrosion current density and
corrosion potential of 304L stainless steel in two solu-
tions is basically similar to each other. In both tested
solutions, 304L SS has an obvious passivation zone in
the anodic curves. The stable passive potential range of
304L SS in 1000 mg/L B and 2.2 mg/L Li solution is
from –0.20 to 0.9 VSCE, and second passivation peak at
0.69 VSCE. However, no apparent pitting potential can be
observed. Secondary passivation occurred when the po-
tential was higher than 0.69VSCE, which may be related
to the instability of the passive film.11 The passivation
range of 304L SS in 2000 mg/L B and 3.5 mg/L Li solu-
tion is –0.2 VSCE 	 0.67 VSCE. According to the calcul-
ation by ChemWorks,13 the pH25 value of 1000 mg/L B
and 2.2 mg/L Li solution is 6.55 and the pH25 value of
2000 mg/L B and 3.5 mg/L Li solution is 6.10 at 25 °C.
So, the pH of the B/Li solution affects the corrosion
resistance of the 304L SS in 1000 mg/L B and 2.2 mg/L

Z. TIAN et al.: CORROSION BEHAVIOR OF 304L STAINLESS STEEL IN A B-Li COOLANT FOR A NUCLEAR ...

Materiali in tehnologije / Materials and technology 53 (2019) 5, 643–647 645

Figure 3: Cross-section profiles and EDS of oxides film on 304L SS
immersed in B-Li solutionFigure 2: XRD images of oxides on 304L immersed in B-Li solution



Li solution better than the 2000 mg/L B and 3.5 mg/L Li
solution, which has a lower pH25.

Nyquist plots for the 304L SS in two tested solutions
are presented in Figure 5. In Figure 5, two somewhat
unfinished capacitance arcs could be seen on the Nyquist
diagram. The impedance is observed to be pH25 depend-
ence, such that the imaginary component becomes sup-
pressed, as the decrease of pH25. This form of impedance
is consistent with the occurrence of a charge-transfer
reaction in a porous film of finite thickness.14 The
impedance spectra were analyzed using the equivalent
electrical circuit shown in Figure 6,15–17 where Rsol

represents the electrolyte resistance, Rt represents the
film resistance, Q corresponds to the pseudo-capacitance
of the film, expressed using the CPE. The use of a
constant phase element (CPE) was necessary18,19 due to

the distribution of relaxation times resulting from hetero-
geneities at the electrode surface.

The impedance of the CPE is given by:

ZQ = (j
)–n/Y0 (1)

Y0 corresponds to the pseudo-capacitance of the film,
the factor n, defined as the CPE power, is an adjustable
parameter that always lies between 0.5 and 1. When
n = 1, the CPE describes an ideal capacitor. For 0.5 < n
< 1, the CPE describes the distribution of dielectric
relaxation times in the frequency space. The fitted
parameters are listed in Table 2. It can be seen from
Table 2 that Rt in the 1000 mg/L B and 2.2 mg/L Li
solution is larger than that in the 2000 mg/L B and
3.5 mg/L Li solution, indicating that the resistance of
the charge transfer in the passive film is higher. The
protective ability of the passive film formed in the
former will be better than the latter. The Y0 of the
passive film formed in 1000 mg/L B and 2.2 mg/L Li
solution is smaller than that of the 2000 mg/L B and
3.5 mg/L Li solution, indicating that the passive film
formed on 304L SS in 1000 mg/L B+ 2.2mg /L Li
solution has a lower reactivity and a better corrosion
resistance.

4 CONCLUSIONS

The oxide film of 304L SS immersed in two B/Li
solutions is mainly composed of magnetite. The ratio of
B/Li in the tested solutions has no significant influence
on the crystal structure of the oxide film, but the oxide
film immersed in the 1000 mg/L B and 2.2 mg/L Li so-
lution is thicker than that in the 2000 mg/L B and
3.5 mg/Li solution. The oxide film of 304L SS formed in
the 1000 mg/L B and 2.2 mg/L Li solution is more stable
than that in the 2000 mg/L B and 3.5 mg/L Li solution
because of the low solubility of the oxide film in the high
pH B/Li solution. The electrochemical results show that
the pitting potential and the charge-transfer resistance of
the 304L SS in 2000 mg/L B and 3.5 mg /L Li solution
was lower than in the 1000 mg/L B and 2.2 mg/L Li

Z. TIAN et al.: CORROSION BEHAVIOR OF 304L STAINLESS STEEL IN A B-Li COOLANT FOR A NUCLEAR ...

646 Materiali in tehnologije / Materials and technology 53 (2019) 5, 643–647

Figure 4: Potentiodynamic polarization curves of 304L in B-Li
solutions

Figure 6: Equivalent circuits tested to model the experimental EIS
data

Table 2: Equivalent circuit parameters for 304L SS in two test solutions

Solution Rsol / (�–1·cm–2) YO / (�–1·cm–2·Sn) n Rt / (�–1·cm–2)
1000 mg/L B + 2.2 mg/L Li 2.99×102 7.12×10-5 0.86 2.65×105

2000 mg/L B + 3.5 mg/L Li 1.30×102 8.29×10-5 0.90 10.02×104

Figure 5: EIS of 304L in B-Li solution



solution. So, the high pH B/Li solution is more beneficial
to forming a stable oxide film for the 304LSS.
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