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Abstract: The inhibitive effect of NO3™ on the corrosion behavior of U-0.79wt%Ti alloy in 0.01 mol/L NaCl solution was
studied by electrochemical methods. The results show that NOj3; ions possess inhibitive effect on the corrosion of
U-0.79wt%Ti alloy in the solution containing CI™ ions, which has a close relationship with the concentration of NO3™. When the
concentration ratio of NO3™ and CI™ exceeds 0.1, NO3 could inhibit the appearance of the pitting on U-0.79 wt%Ti alloy
effectively; however, when the ratio is less than 0.1, NO3s shows hardly any inhibitive effect on the corrosion behavior of
U-0.79 wt%Ti alloy. In the viewpoint of electrochemical process, the NO3™ could increase the open circuit potential (OCP) of
the alloy and lower the concentration polarization; meanwhile, it could increase the limited diffusion current density. At the
same time, NO3™ could also lower the rate of active anode dissolution, and increase the pitting corrosion potential of U-0.79
wt%Ti alloy. The surface scratches experiments show that the inhibitive effect of NO3™ may root from that the NO3™ ions have
precedence over CI™ ions in being absorbed at the surface defects, which would inhibit the nucleation of pitting corrosion.
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Uranium has been widely applied as an important energy
material for decades ™*. However, its high chemical reactiv-
ity makes metallic uranium easy to corrode when exposing to
atmosphere environment, decreasing the performance to-
gether with its lifetime, which greatly restricts the applica-
tions of metallic uranium ™. Thus, alloying with molybde-
num, niobium, titanium, zirconium, etc., is widely applied to
improve uranium’s anticorrosion properties as well as me-
chanical properties. Among these uranium alloys, ura-
nium-titanium alloy shows special advantages and attracts
much attention for significantly improving the anticorrosion
properties and mechanical properties by adding a small
amount of alloy constituent (usually less than 1 wt%) &,
Nevertheless, in the moist circumstance containing CI’, ura-
nium-titanium alloy would still suffer severe corrosion %!,
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Uranium could react with different kinds of matters in
the natural environment, resulting in a complex oxidation
corrosion process of metallic uranium or uranium alloy.
NO; is one of the commonest anions in the natural envi-
ronment, possessing notable effects on oxidation behavior
of metals’ surfaces. Pyun et al ™ studied the inhibitive ef-
fect of NO3™ on the pure Al’s pitting corrosion in 0.1 mol/L
NaCl solution, and they found that NO;™ could diffuse into
the oxidation layer of pure Al’s surface and anchor with the
oxide, suppressing the sensitivity of pure Al’s pitting corro-
sion. Rehim et al *® found that in the basic condition, there
are competitive adsorptions between NO; and OH on the
Pb’s surface; when NOj™ ions occupy the adsorption posi-
tions and pass into the oxidation layer, they would promote
the anodic dissolution of PbO in the oxidation layer, result-
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ing in the destruction of the passive layer. By applying the
EDX technique, Amin ™ found that nitrogen exists in the
passive layer of metallic Zn formed in the neutral NaNO;
solution, implying that NO5™ could diffuse into the passive
layer to promote the transformation from ZnO or Zn(OH),
to soluble Zn(NO3),. From the above, it can be concluded
that the interaction mechanism between NO; and metals
depends on the kind of metal and the environmental condi-
tions. In this research, we evaluated the influences of NOj
on the corrosion behaviors of U-0.79wt%Ti alloy (U-0.79Ti
in short, containing 0.79% Ti and more than 99% U in mass
percentage) in the aqueous solutions containing CI" by an
electrochemical method together with a scratch experiment,
and discussed the inhibitive mechanism of NO3™ on the pit-
ting corrosion behavior of U-0.79Ti alloy.

1 Experiment

The samples were round shaped with a dimension of @12
mm>3 mm, cut from a U-0.79Ti ingot prepared by arc
melting. Then the samples were maintained at 800 °C for
2 h in a vacuum oven, followed by quenching in ice water.
The surface of the quenched samples was polished in a
step-wise manner to 1200# grit with metallographic sand-

paper, and washed by deionized water succeeded by ethanol.

After drying in cold wind, the samples were finally pre-
pared. To evaluate the inhibitive influences of NO3 on the
pitting corrosion, scratches were made on the surface of the
polished samples by a knife. NaNO; (AR) and NaCl (AR)
were purchased from Aladdin.

All the electrochemical tests were conducted by
3-electrode system. The as-prepared samples were the
working electrodes; saturated calomel electrode (SCE) was
the reference electrode; Pt net with an area of 2 cm? was the
counter electrode. The testing platform was the electro-
chemical working station CS2350 produced by Wuhan
Corrtest Instrument Co. Ltd.

The samples were first immersed in the certain solution
until the open-circuit potential reached a stable value, and
then the electrochemical tests were conducted. The cathode
polarization potential range was from —1.0 V (vs SCE) to 0
V (vs OCP, open circuit potential); the anode polarization
beginning potential was 0 V (vs OCP), and the polarization
was conducted until the current density reached 1 mA/cm®.
The swap rates of both polarizations were 1 mV/s. The
electrochemical impedance spectroscopy (EIS) analysis was
performed under the open-circuit potential, with the poten-
tial fluctuation of 10 mV and the swapping frequency range
from 10 to 10* Hz.

The morphology of samples with scratches were studied
by laser scanning confocal microscope (LEXT OLS4000,
Japan). The surface oxide composition was studied by X-ray
diffractometer (PHI-5600 ESCA, Holland) and XploRA La-
ser Raman Spectrometer (HORIBA JobinYvon, France).

2 Results and Discussion

2.1 Effects of NO3 on OCP

The change of the OCP could reflect the formation
process of oxidation layer on the electrode’s surface, and
the change rate of OCP qualitatively reflects the formation
rate of oxidation layer. Generally speaking, the more
quickly the potential increases, the faster the oxidation
layer forms. If the OCP decreases suddenly during the in-
crease, it suggests that destructions occur to the oxidation
layer during the immerse process; in other words, corrosive
dissolution happens. In order to avoid the systemic errors
brought by the differences between samples, all the elec-
trochemical tests in this paper were conducted using one
same sample with repeated polishing. The open-circuit po-
tential changes of U-0.79Ti alloy in the solutions with dif-
ferent concentration ratios of NaNO; and NaCl for 40 min
are illustrated in Fig.1. All the curves increase fast at the
early stage in parabola-shapes, and then increase slowly
and linearly after about 750 s, no matter whether the solu-
tions contain NOj; or not. These results indicate that
U-0.79Ti alloy could form an oxidation layer with a certain
thickness on the surface rapidly during the immerse process
to protect the alloy matrix, since the open-circuit potentials
have a close relationship with the formation process of
oxidation layer. The addition of NaNO; in NaCl solutions
could make the OCP higher than that in the simple 0.01
mol/L NaCl solution, while still lower than that in simple
0.1 mol/L NaNOj; solution for the same immersing time.
The reason why the addition of NO3™ increases OCP may lie
in that NO3™ could enhance the thickness or compactness of
the oxidation layer, and this is requiring further analysis,
which is shown below.
2.2 Effects of NO;3 on the cathode process

The cathode polarization curves of U-0.79Ti alloy in the
solutions with different concentration ratios of NaNO; and
NaCl are shown in Fig.2. All the curves could be divided into
four regions: hydrogen evolution region (-1.0~-0.9 V,
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Fig.1 Open-circuit potentials of U-0.79Ti alloy in the solutions



Cai Dingzhou et al. / Rare Metal Materials and Engineering, 2020, 49(1): 0101-0108 103

with different concentration ratios of NaNO; and NaCl

vs. SCE), concentration polarization region (0.9 ~ —0.7 V,
vs. SCE), strong polarization region (Tafel region, ze-
ro-current potential #2200 mV) and weak polarization region
(zero-current potential #4550 mV). Here, it should be pointed
out that the potential ranges above of the four regions in
cathode polarization process are reference values, and the
real potential ranges have small differences. Moreover, in-
fluenced by the scan rate and the cathode reduction process,
zero-current potentials are usually lower than correspond-
ing open-circuit potentials.

Usually, the cathode process of U-0.79Ti alloy in 0.01
mol/L NaCl solution contains two electrode reactions be-
low:

2H"+2e—H, (1)

0,+2H,0+4e—40H" (2)

In neutral conditions, the reduction reaction of oxygen (2)
is considered to be the main reaction!®.. Although the
U-0.79Ti alloy could form an oxidation layer (the main
constituent is UO,) with a certain thickness during the im-
merse process ™! no reduction reactions (except for
oxygen reduction) would occur to the oxidation layer dur-
ing the cathode polarization process™®, since the reduction
potential of oxide layer is lower than the potential of hy-
drogen evolution at pH 7.0 (—0.85 V and —0.35 V relative to
the standard hydrogen electrode, respectively, according to
the Pourbaix diagram for uranium™®). After adding NaNOs,
because of the relatively strong oxidability of NOj’, the ca-
thode process would involve the reduction of NO; (3) .

NO; +H,0+2e—NO, +20H" 3)

When the cathode polarization potential is relatively
negative, in the hydrogen evolution region, the current den-
sities of U-0.79Ti alloy in the solutions with NO; are larger
than that in the solution without NO;3™ due to the contribu-
tion of the reduction of NO;. When the cathode polariza-
tion potential is in the concentration polarization region, the
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Fig.2 Cathode polarization curves of U-0.79Ti alloy in the solu-
tions with different concentration ratios of NaNO; and
NaCl

current density changes little with the potential, caused by
the hybrid control of diffusion and reduction of dissolved
oxygen. Meanwhile, the introduction of NO;" makes the li-
mited diffusion current density increase (Table 1), probably
caused by the reduction of NO; during the cathode polari-
zation process. Thus, it could be concluded that the cathode
process is mainly influenced by the oxygen depolarization
reaction and reduction of NO;. Based on the electrode
reaction (2) and (3), they could both make the pH increase
at the interface of electrode reaction. As the U*" could
combine with OH™ and transform into insoluble UO, 2H,0
or U(OH),) Y, the introduction of NO;™ into solution con-
taining CI" would inhibit the active dissolution of uranium
in the alloy, improving the anti-corrosion properties of
U-0.79Ti alloy.

Oxygen depolarization is a 4-electron reaction based on
electrode reaction (2), which is more complex than hydro-
gen depolarization. Up to now, there is still not an agreed
opinion on the oxygen depolarization, and it is roughly
classified into two kinds of mechanisms in neutral solutions.
The first kind of oxygen reduction mechanism is shown
below!??;

(1) Forming superoxide ions

0,+e—0; (4)
(2) Forming HO, ions
0, +H,0+—HO, +OH" (5)
(3) Forming OH" ions
HO,+ H,0+2e—30H" (6)
Or HO, —1/2 O,+OH’ (7)

Typically, the second step of receiving one electron (5) is
considered to be the controlling step of oxygen depolariza-
tion among the above elementary reactions.

The second kind of mechanism holds that no HO, ion is
produced during the ionization of oxygen, while absorbed
oxygen or/and metal oxide on the surface should be the in-
termediate products. The elementary reactions are shown
below 2:

0,+2M—2M—0 (8)

Table 1 Limited diffusion current densities of U-0.79Ti alloy
in different test solutions

Limited diffusion cur-

Test solutions . 2
rent density/pA-cm

0.1 mol/L NaNO; 14.8

0.01 mol/L NaCl 10.7

0.1 mol/L NaNOs + 0.01 mol/L NaCl 21.9
0.05 mol/L NaNO3 + 0.01 mol/L NaCl 26
0.01 mol/L NaNO; + 0.01 mol/L NaCl 24.8
0.005 mol/L NaNO; + 0.01 mol/L NaCl 17.3
0.001 mol/L NaNO; + 0.01 mol/L NaCl 20.2
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M—O0+2H,0+2M(e)—2HO +3M 9)

Most of the redox reactions on the metal electrodes are
considered to proceed according to the first mechanism.
Also, as the uranium in the U-0.79Ti alloy possesses high
chemical reactivity, the uranium oxide on the surface
could exist stably, and is difficult to transfer into metallic
uranium as the intermediate products. Thus, the reduc-
tion mechanism of oxygen on the surface of U-0.79Ti
alloy is considered to be the first one discussed above in
this paper.

When the cathode polarization potential increases conti-
nuously, the cathode process turns into the strong polariza-
tion region (i. e. the Tafel region), and the log of cathode
polarization current density and the polarization potential
follow the Tafel relationship. When the potential increases
further into the weak polarization region, the cathode pola-
rization current density and the polarization potential pos-
sess a linear relationship, showing that the reaction is elec-
trochemically controlled.

2.3 Effects of NO3 on the anode process

As the anode oxidizing process of metallic uranium in
aqueous solution consists of hydrolysis, and there are kinds
of uranium species with different valences generated, it is
more complex than the cathode process . In this paper,
we focus on the influences of NO3 on the pitting potential
(Epi» also known as oxide film destruction potential) and
the cathode current density of U-0.79Ti alloy. The dissolv-
ing mechanism of uranium during the cathode process
would be discussed in our future work. The anode polariza-
tion curves of U-0.79Ti alloy in the solutions with different
concentration ratios of NaNO; and NaCl are shown in Fig.3.
No matter whether the solution contains CI” or not, the cor-
responding curve shows no obvious passive region during
the anode process. However, the E,; (the potential when the
current density reaches 100 pA/cm?®) in the simple
0.1 mol/L NaNOj solution is the highest among all the so-
lutions. Also, during the anode processes in the solutions
containing CI', there are significant pitting potentials at
which the current densities increase suddenly. Usually, the
anode process mainly consists of the dissolution and repair
of the oxide film on the alloy surface, following the reac-
tions (10) and (11). When the oxide film destructs partially,
i. e, the anode potential is higher than E, the transforma-
tion from UO, to dissolvable UO,*" would be accelerated,
resulting in sever pitting corrosion on the alloy surface.

U+0,—U0, (10)

U0,—U0,*" +2e (11)

Under the same anode polarization potential of —0.1 V
(vs. SCE), if the concentration of NO;™ exceeds 0.001 mol/L,
the corresponding anode current densities are all lower than
that in simple 0.01 mol/L NacCl solution; yet if the concen-
tration of NO; is 0.001 mol/L, the corresponding anode
current density shows no obvious difference compared with
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Fig.3 Anode polarization curves of U-0.79Ti alloy in the solu-
tions with different concentration ratio of NaNO; and
NaCl

that in simple 0.01 mol/L NaCl solution (Fig.4). These re-
sults imply that too low concentration of NO3;” would have
no obvious inhibitive influences on the anode dissolution of
U-0.79Ti alloy in the aqueous solution containing CI". CI',
NO; and dissolved oxygen in the solution have a competi-
tive adsorption relationship on the electrode surface, which
leads to the differences of anode oxidization rate of
U-0.79Ti alloy in different solutions; moreover, OH" pro-
duced during the reduction of NO3;  would inhibit the dis-
solution of the oxide film, which should be the reason that
addition of a certain amount of NaNOj; into the aqueous
solution containing CI~ would make anode current density
of U-0.79Ti alloy decrease. However, the current densities
changes and the concentrations of NO3” do not show a clear
functional relationship, meaning the clear influences of
NOj  still need further researches.
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Fig.4 Anode current densities of U-0.79Ti alloy under the same
anode polarization potential (-0.1 V) in the solutions with
different concentration ratios of NaNO; and NaCl (the
dash line is the anode current density in the solution
without NaNO3)
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Fig.5 Pitting potentials of U-0.79Ti alloy in the solutions with
different concentration ratios of NaNO3z and NaCl

Based on the curves of anode polarization in Fig.3, the
pitting corrosion potentials of U-0.79Ti alloy in the solu-
tions with different concentration ratios of NaNO; and
NaCl could be calculated (Fig.5). When the concentration
of NaNO; in 0.01 mol/L NaCl solution is lower than
0.001 mol/L, the pitting corrosion potentials of U-0.79Ti
alloy show no obvious differences compared with that in
simple NaCl solution without NaNO;. While when the
concentration of NaNOj is higher than 0.001 mol/L, the pit-
ting corrosion potentials of U-0.79Ti alloy would be in-
creased significantly. However, even if the NaCl solution
contain a plenty of NaNOg, the pitting corrosion potential is
still lower than that in simple NaNOj solution. These results
indicate that ClI" could obviously lower the pitting corrosion
potential of U-0.79Ti alloy, while the NO; could efficiently
inhibit the corrosive effect of CI'.

2.4 EIS analysis

The EIS plots give more details about the corrosion
processes in different solutions. In the whole testing fre-
quency range, the EIS plots of U-0.79Ti in different solu-
tions show a single capacitive reactance arc, indicating all
the electrode processes are controlled by electrode reactions
(Fig.6a). The radius of the capacitive reactance arc in
0.1 mol/L NaNQOgj; solution is significantly larger than that in
0.01 mol/L NaCl solution. Moreover, adding a certain
amount of NaNO; in 0.01 mol/L NaCl solution could sig-
nificantly increase the radius of capacitive reactance arc. In
the Bode phase-plots (Fig.6b), all the plots of U-0.79Ti al-
loy in different solutions just show one time constant,
probably determined by the thickness and/or compactness
of the oxide membrane. Moreover, the difference of the
time constants reflects that NOs have influences on the
thickness and/or compactness of the oxide membrane. In
the Bode module-plots (Fig. 6b), the impedance modules of
the U-0.79Ti samples in 0.1 mol/L NaNO; solution and
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Fig.6 EIS of U-0.79Ti alloy in different solutions: (a) Nyquist
plots and (b) Bode plots

0.01 mol/L NaNO; + 0.01 mol/L NaCl solution are obvi-
ously higher than those of the U-0.79Ti samples in 0.001
mol/L NaNO;+ 0.01 mol/L NaCl solution and 0.01 mol/L
NaCl solution. All these results above suggest that enough
NO; could inhibit the pitting corrosion in the solutions
containing CI', while low concentration of NO; does not
possess this ability.
2.5 Inhibition effects of NO3; on the pitting corro-
sion

In order to study the inhibition effects of NO3™ on the pit-
ting corrosion of U-0.79Ti alloy visually, we made two
scratches on both two samples manually with a knife. Then
the two samples were separately immersed into 0.01 mol/L
NaCl solution with or without 0.1 mol/L NO;3” for 4 h. The
morphologies were compared with the laser scanning con-
focal microscope (Fig.7). After immersing in the solutions
without NO; for 4 h, there are severe corrosion pits ob-
served at the scratch positions. Also, there are corrosion
spots at other areas. These results indicate that CI” possesses
strong corrosive effect on the uranium-titanium alloy
(Fig.7a~7c). On the contrary, after immersing in the solu-
tions with 0.1 mol/L NO; for 4 h, no obvious corrosion pits
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Fig.7 Optical morphologies of U-0.79Ti alloy immersed in different solutions for 4 h: (a) before immersing in 0.01 mol/L NaCl solution,
(b, c) after immersing in 0.01 mol/L NaCl solution; (d) before immersing in 0.1 mol/L NaNO; + 0.01 mol/L NaCl solution,
(e, f) after immersing in 0.1 mol/L NaNO3 + 0.01 mol/L NaCl solution

appear at the scratch positions and no corrosion spots ap-
pear at other areas (Fig.7d~7f). These results directly exhi-
bit that NO3™ possess significant inhibition effect on the pit-
ting corrosion of U-0.79Ti alloy in the solutions containing
CI'. Based on the electrochemical analysis above, the inhi-
bition effect should come from the completive adsorption, i.
e., the NO;™ ions are adsorbed in priority at the scratches
which would inhibit the destruction of CI" on the oxidation
layer.

The surface oxide species of the above samples im-
mersed in different solutions were carefully studied by
XRD and Raman spectra in order to fully comprehend the
corrosion process and the influence of NO3". The XRD pat-
terns of both samples mainly show the existence of U and
UO, (Fig.8), while the UO,’s characteristic peaks of the
sample immersed in simple 0.1 mol/L NaCl solution is
stronger than that of the sample immersed in 0.1 mol/L
NaNO; + 0.01 mol/L NaCl solution, indicating the U-0.79Ti

alloy probably suffers severe corrosion. In other words, the
NO;could inhibit the corrosion in the environment con-
taining CI'.

The Raman spectra give more information about the local
distribution of uranium oxide on the surface. For the sample
immersed in simple 0.01 mol/L NaCl solution, the Raman
spectra of the regions where whether the pitting corrosion
occurs (Site 1) or not (Site 2) shows obvious differences.
Site 1 exhibits the characteristic peaks of U;Og, while Site 2
the characteristic peaks of UO, "% (Fig.9a), implying that
when the pitting corrosion occurs, it would lead the trans-
formation from UO, to U3;0g, which also confirm the gen-
eration of U(VI) during the pitting process immersed in
simple NaCl solution, as the U304 is a kind of
mixed-valence compound composed of UO, and UO; ac-
cording the ratio of 1:2. According to the analysis above
based on Fig.1 and Fig.3, the existence of Cl would de-
crease the open-circuit potential and the pitting corrosion
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Fig.8 XRD patterns of U-0.79Ti alloy immersed in two different
solutions 4 h

potential, suggesting the CI" could lower the activation en-
ergy from UO, to U;0g as catalyst. However, for the sample
immersed in the 0.1 mol/L NaNO;+ 0.01 mol/L NacCl solu-
tion, the Raman spectra of the scratch region (Site 1) as
well as the other regions (Site 2) shows only the character-
istic peaks of UO, (Fig. 9b), which also confirms that suffi-
cient NO;3™ could inhibit the catalytic effect of CI" and
moreover the pitting corrosion of U-0.79Ti alloy in the so-
lution containing CI". At last, it also should be noted that

Intensity/a.u.

1000 1400 1800

Intensity/a.u.

200 600 1000 1400 1800
Raman Shift/cm™

Fig.9 Raman spectra of different regions of U-0.79Ti alloy im-
mersed in 0.01 mol/L NaCl solution (a) and 0.1 mol/L
NaNOj; + 0.01 mol/L NaCl solution (b)

due to the quite low content of titanium and its passive
property, no obvious signals of titanium or titanium oxide
were detected in either XRD or Raman spectra.

3 Conclusions

1) The introduction of NOj into the aqueous solution
containing CI" has influences on the whole electrochemical
process. During the cathode process, NO; could weaken the
concentration polarization and increase the limited diffu-
sion current density; while in the anode process, NO; could
increase the pitting corrosion potential of U-0.79Ti alloy
and decrease the anode dissolving rate of the surface oxida-
tion layer.

2) Moreover, only when the concentration ratio of NOj’
and Cl'is higher than 0.1, can NOj3; possess the inhibition
effect on the corrosion of U-0.79Ti in the aqueous solution
containing CI".

3) The scratch experiments prove that CI” could accele-
rate the pitting corrosion at the scratch position of U-0.79Ti
alloy while NO;3™ could inhibit the pitting corrosion.
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FHERIR B3 F X U-0.79Ti &4 E T RRINEIEH

SOEM, BRI, R T, B, RO, MR
(b TR ERR TUE ARV ST, DU)1L 43FH 621700)

o OE: REBEEM T TR 7 (NOs) Xt U-0.79Ti &4:7F 0.01 mol/L NaCl & I st 3mHIfEF . SEURIERE, NOs
U-0.79Ti BEESEET (C BRI HEAIMEIER, H5 NOWREZEVIMX. X4 NOs5 CRELL AT 0.1 i, NOsREWEA
M U-0.79Ti & & A kg MR T XA, NOsXt U-0.79Ti & &RIEAT RN IL TR, MELd fEkE, A NOy
RS FRAIR ZE AR AL I KRR B B o [RIBE,  NOg RENS WA AU B I BEAR TG M I AR 2, $%7 U-0.79Ti A &1 st iz . R0
RSB NIZEHT, NOs (Ml fE AR AT B4 T HAR G T CIER MGG AL, FHES T CIit sl i -

K MEA S HERIR. MRIER. Rk

RN B, 5, 1977 4545, 4, BhERMFFR, FE TREWHEG BRI, I 450 621700, Hii%: 0816-3626995,

E-mail: caidingzhou@sina.com



