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ior of Al film on uranium in salt
spray test

Yanping Wu,* Shengfa Zhu,* Peng Shi, Biaojie Yan, Dingzhou Cai and Yuping Zhang

The corrosion behavior of Al film coated uranium and bare uranium under neutral salt spray conditions are

evaluated. Moreover, the corrosion process and electrochemical mechanism are investigated. Pits in

uranium appear in the initial stage of the salt spray test, which link to each other to form a ring-like

morphology along the machining trace. The corrosion product on the surface of uranium is a mixture of

U3O8 and UO2. After salt spray for 1.5 h and sealed reservation for 1 month, some corrosion particles

spalled off from the Al film. The Al film is eroded first as the sacrificial anode upon exposure to salt spray,

which exhibits its excellent protection effect for uranium.
1 Introduction

Uranium is widely applied in the nuclear energy eld, medical
science, breeding, etc.1,2 Depleted uranium is a nuclear waste in
the uranium enrichment process, and hence the 235U content of
depleted uranium is about 0.2–0.4% less than that of natural
uranium. Therefore, it is less radioactive and usually used as
depleted uranium ammunition and depleted uranium-armored
tanks. However, depleted uranium is prone to corrosion in the
environment due to its high chemical reactivity. The corrosion
products of uranium present environmental and health
hazards.3–5 Surface coatings have been used to improve its
corrosion performance. Protective coatings, such as zinc coat-
ings,6 Al-based coatings,7–9 Ti-based coatings8,10 and Cr-based
coatings,11,12 have been prepared to enhance the corrosion
resistance of uranium.

Several methods have been used to investigate the corrosion
resistance of uranium and its alloys. Research was conducted by
observing changes in the atmosphere and the weight gain of
samples.13–15 Electrochemical techniques were considered to be
common and effective methods to evaluate the corrosion
behavior of uranium and alloys.16–26 When exposed to an ocean
atmosphere in service, active anions, such as Cl�, invade the
matrix to corrode uranium. Salt fog causes high corrosion of
materials. The porosity of lms affects the corrosion resistance
by providing preferential paths for the corrosive species, which
causes galvanic corrosion at the interface between the lm and
substrate.27,28 Kochen et al.29,30 reported the corrosion potential
and corrosion rate of uranium alloys in simulated sea water.
Bland et al.31 reported the corrosion property of ion plated Cu,
Au, Cr and Al lms on uranium, which showed that the ion
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plated Al lm had the best corrosion resistance. The galvanic
corrosion between depleted uranium and steel was also studied.
The Volta potential was evaluated by scanning a Kelvin
probe.32,33 There have been few investigations on the corrosion
products and corrosion morphology of uranium. Therefore, it is
meaningful to study the corrosion behavior of Al lm coated
uranium and bare uranium in the salt fog environment. Aer
the materials are removed from the salt fog environment, the
corrosion pits expand due to the reactivity of the active anions
in their surfaces. It is necessary to study the corrosion process of
uranium and Al lms deposited on uranium in the accelerating
mode by salt spray tests to simulate ocean atmosphere
corrosion.

In this study, an Al lm on the surface of uranium (depleted
uranium) was deposited via the magnetron sputtering tech-
nology. A neutral salt spray test was carried out to simulate the
ocean atmospheric corrosion behavior of uranium and Al lm
on uranium. The samples were reserved in sealed chamber for 1
month aer the salt spray test to evaluate the corrosion process.
The morphology and chemical element compositions aer the
salt spray test were analyzed. The mechanism of salt spray
corrosion is discussed to investigate the corrosion behavior of
uranium (denoted as U for short) and Al lm deposited on
uranium (denoted as Al/U for short) under the ocean atmo-
sphere with electrochemical performance tests.
2 Experimental
2.1 Al lm preparation

The sputtering of the Al lm was carried out on a magnetron
sputtering instrument. The target was sintered Al of 99.99%
purity. F 25 � 2 mm uranium samples were placed into
a vacuum chamber aer ultrasonic cleaning in acetone and
alcohol. The distance between the substrate and the target was
kept at 100 mm. Aer the base pressure was pumped just below
RSC Adv., 2017, 7, 14981–14988 | 14981
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Fig. 1 Surface image (a) and cross-section image (b) of the Al film.
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5 � 10�4 Pa, the working pressure was kept at 0.3 Pa with argon
(99.999% purity) owing into the chamber with a ow of 40
sccm to carry out the deposition process. The substrate
temperature was kept at 473 K during the deposition. The target
power was 3 kW during the sputtering process. The bias voltage
was �100 V. The thickness of the Al lm obtained was
approximately 10 mm.

2.2 Film characterization

The structure of the lm was measured using an Empyrean X-
ray diffractometer employing Cu Ka radiation (l ¼ 0.15406
nm). The morphology of the sample before and aer the salt
spray test was observed by scanning electronmicroscopy (KYKY-
EM3200) and optical microscopy (OLS-4000). Energy dispersion
X-ray spectroscopy (EDX) was used to analyze the composition
of the corrosion product.

2.3 Salt spray corrosion test

Neutral salt spray corrosion tests34 were performed according to
ASTM B117-97. Tests on ve samples were performed in a salt
spray chamber and the experimental conditions were as follows:
continuous salt spray of 5 � 0.5 wt% NaCl (purity of 99.5%)
solution; temperature of 35 �C � 1 �C; pH of 6.5–7.2; and
deposition rate of 1.5 mL/80 cm2 h, all within the specications
given in ASTM B117-97. The backsides and rims of the samples
were sealed with epoxy resin. Samples were observed by optical
microscopy every 0.5 h. Aer the salt spray test, samples were
reserved in a sealed chamber. The reservation conditions were
as follows: temperature of 25 �C and humidity of 20% RH. The
morphologies and chemical element compositions were
analyzed aer the salt spray test.

2.4 Electrochemical corrosion tests

Electrochemical tests were carried out using a PARSTAT 2263
electrochemical workstation equipped with three electrodes.
The sample was set as the working electrode. A graphite elec-
trode and saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively. The effective
area of the samples was 1 cm2 embedded in epoxy resin. The
experiments were performed in 50 mg g�1 Cl� solution in
distilled water. The chemical used in the experiment was KCl
(AR, purity of 99.5%). The samples were dipped in the solution
to reach the steady open circuit potential (OCP). The potential
sweep rate of 2 mV s�1 was adopted to perform the potentio-
dynamic polarization tests.

2.5 Corrosion product analysis

Raman spectra of depleted uranium aer salt spray corrosion
were recorded with an XploRA Raman spectrometer (Horiba
Jobin Yvon Company). The spectra were accumulated with
a resolution of �4 cm�1 and an excitation source of 532 nm
radiation from an Nd: YVO4 laser (frequency-doubled).

The AES depth prole was used to analyze the distribution of
C, O, Al and Cl elements for the Al lm aer the salt spray test.
The AES instrument model was PHI650 SAM, the excitation
14982 | RSC Adv., 2017, 7, 14981–14988
energy was 3 keV, electron beam current was 100 nA, and
sputtering area was 1 mm2.
3 Results and discussion
3.1 Al lm characterization

The surface and cross-section morphologies of the Al lm
prepared via magnetron sputtering are shown in Fig. 1. From
the SEM images, it can be seen that the micro-structure of the Al
lm is densely packed, with no voids and no micro-cracks
(Fig. 1a). A few macro-particles are found on the surface. The
maximum size of the particles is about 0.5 mm. Fig. 1b shows the
cross-section image of the Al lm. There was no columnar
crystal structure in the lm. The thickness of the Al lm was
about 10 mm.

To evaluate the phase structure of the Al lm, XRD analysis
was performed. Fig. 2 shows the XRD patterns of the Al lm. The
coexistence of (111), (200), (220), (311) and (222) peaks reveal
that Al has no distinct preferential orientation. It can be
observed that the peaks are relative to the data of the standard
PDF 04-0787.
3.2 Results of salt spray corrosion

Fig. 3 illustrates the macro-optical morphologies of U and Al/U
aer 1.5 h salt spray corrosion. Two typical features are
observed for uranium: small pits (Fig. 3a) and large corrosion
zones (Fig. 3b). A few corrosion pits appear in the uranium
surface aer 0.5 h exposure in the salt spray. As the corrosion
time increased, the number of pits increased, the diameter of
pits expanded gradually, and the pits began to connect with
each other. The small pits are almost exhibited in the
machining trace. The large corrosion zones are due to the
connecting of small corrosion pits. The largest depth of the
corrosion area is about 18.04 mm. There is no signicant change
in the Al lm aer the 1.5 h salt spray test, as shown in Fig. 3c
and d.

Fig. 4 shows themicro-structure and EDX result of the Al lm
and uranium aer 1.5 h salt spray corrosion. Fig. 4a is the SEM
image of uranium aer the salt spray corrosion test. From the
EDX patterns of spots 1–3, it can be observed that the elements
(U, C and O) in the corrosion area (spot 1 and spot 2) are
identical with the matrix (spot 3). In contrast, Fe or Al elements
have strong lines in the corrosion area (spot 1 and spot 2). The
impurity elements could lead to surface heterogeneity and
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XRD spectrum of the Al film.
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induce corrosion features.3 These impurity elements inuence
the corrosion morphology and increase the corrosion rate,
which is irrelevant to the corrosion nucleation site. Cracks were
found on the surface of uranium, which caused spalling
phenomena, as shown in Fig. 4b. The Al lm was only slightly
corroded with a dense layer of corrosion products on the top of
the lm aer 1.5 h salt spray corrosion, as shown in Fig. 4c. The
EDX result of the Al lm aer salt spray corrosion is shown in
Fig. 4c (spot 4), in which Al and O atoms are the main
Fig. 3 Macro-optical morphologies of the U (a and b) and Al/U (c and d

This journal is © The Royal Society of Chemistry 2017
compositions of the lm, which indicates that the base uranium
was well protected.

Fig. 5 illustrates the macro-optical morphologies of the U
and Al/U samples aer 1.5 h salt spray corrosion and 1 month
sealed reservation. Uranium was heavily corroded with its
surface overlaid by an enormous amount of corrosion products,
as shown in Fig. 5a and b. From Fig. 5c and d, a few corrosion
pits (darker zones) are observed in a randomized arrangement
on the surface of the Al lm. The diameter of the corrosion pits
) samples after 1.5 h salt spray corrosion.

RSC Adv., 2017, 7, 14981–14988 | 14983
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Fig. 4 Micro-structure and EDX spectra of U (a and b) and Al/U (c) after 1.5 h salt spray corrosion.
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is below 50 mm. The invalidations are mainly expressed in the
form of corrosion pits and cracks in uranium (Fig. 5a and b).
The corrosion areas connected to each other to form a ring-like
morphology along the machining trace. A large amount of
debris spalled from the surface, and the largest depth of the
corrosion area was about 39.86 mm.
Fig. 5 Macro-optical morphologies of the U (a and b) and Al/U (c and d)

14984 | RSC Adv., 2017, 7, 14981–14988
Fig. 6 shows the micro-structure and EDX spectra of the
uranium and Al lm aer 1.5 h salt spray corrosion and 1
month sealed reservation. The corrosion areas connected to
each other to form a ring-like morphology along the machining
trace, as shown in Fig. 6a. Cracks were found on the surface of
uranium, as shown in Fig. 6b. From the EDX patterns of spot 1
samples after 1.5 h salt spray corrosion and 1 month sealed reservation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Micro-structure and EDX spectra of U (a and b) and Al/U (c and d) after 1.5 h salt spray corrosion and 1 month sealed reservation.

Table 1 Electrochemical corrosion measurement results in 50 mg g�1

Cl� solution

Samples Ecorr (mV vs. SCE) Icorr (mA cm�2)

U �641 � 23 2.697 � 0.04
Al/U �708 � 35 0.29 � 0.01
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and spot 2, the elements (U, C and O) in the corrosion area are
identical. In contrast, the spot 1 corrosion area has a greater
content of Al element than the spot 2 area, which means that
the area without impurity Al element was also heavily corroded
aer 1 month sealed reservation. It can be seen from Fig. 6d
that the Al lm chapped aer 1.5 h salt spray corrosion and 1
month sealed reservation. The EDX spectra only show a small
amount of C, O, Cl and Ar elements without the U element that
was obtained in the matrix, which indicate that the Al lm was
only slightly corroded and uranium was well protected.
3.3 Potentiodynamic polarization test

In order to determine the effectiveness of the Al lm in corro-
sion protection, potentiodynamic polarization measurements
were conducted in a 50 mg g�1 Cl� solution. Fig. 7 shows the
potentiodynamic polarization curves of U and the Al lm on
uranium. It can be seen that the samples have the same elec-
trochemical behavior in the test potential range. On the zones
Fig. 7 Polarization curves of U and Al/U in 50 mg g�1 Cl� solution.

This journal is © The Royal Society of Chemistry 2017
above the self-corrosion potentials, the anodic current densities
increased rapidly with the enhancement of the polarization
potentials. The anodic reaction curve corresponds to the
dissolution reactions of uranium and Al. The anodic reaction
was inhibited in the presence of the Al lm, indicating that the
Al lm effectively enhances the corrosion resistance.

The self-corrosive potential and self-corrosive current is
presented in Table 1. Resistance to electrochemical corrosion
can be estimated by calculating the sample's self-corrosive
potential (Ecorr) and self-corrosive current (Icorr). A high Ecorr
indicates good resistance to corrosion, and a low Icorr means
RSC Adv., 2017, 7, 14981–14988 | 14985
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Fig. 8 Optical morphology (a) and Raman spectra of the corrosion product for the severe corrosion region (b) and slight corrosion region (c).
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a low corrosion rate.35 The self-corrosive potential of uranium is
about �641 mV vs. SCE. The self-corrosive potential of Al on
uranium declined by about 67 mV vs. SCE, whereas the corro-
sion current density dropped by an order of magnitude, indi-
cating lower corrosion rate for the Al lm on uranium. The Al
lm possessing a negative electrode potential works as a sacri-
cial anode, forming a galvanic couple with uranium and is
preferentially corroded rather than uranium.
3.4 Mechanism of salt spray corrosion

Fig. 8 shows the Raman spectra of the corrosion product of
uranium aer the salt spray corrosion test. There are four main
Raman peaks at the positions of about 112.6 cm�1, 236.1 cm�1,
445.7 cm�1 and 752.4 cm�1 (Fig. 8b) at spot 1 (Fig. 8a). There are
three main Raman peaks at the positions of about 444.5 cm�1,
578.9 cm�1 and 1151.8 cm�1 (Fig. 8c) at spot 2 (Fig. 8a). The
bands at 112.6 cm�1, 236.1 cm�1 and 752.4 cm�1 are assigned to
U3O8, and the bands at 444.5 cm�1, 578.9 cm�1 and 1151.8 cm�1

are assigned to UO2.36–38 The corrosion product of the darker
zones (Fig. 8a) is a mixture of U3O8 and UO2. The corrosion
product of the lighter zones (Fig. 8a) is UO2.
Fig. 9 AES depth profiles of the Al, C, Cl and O elements in the Al film o

14986 | RSC Adv., 2017, 7, 14981–14988
An extra thin salt-containing moisture lm, with more
oxygen adsorbing and dissolving, formed due to deposition
during the salt spray test. The salt spray corrosion is electro-
chemical corrosion. The Cl� in the media accelerated the
destruction of the oxidized lm and corrosion holes occurred.
Aer the formation of corrosion holes, the dissolution of
uranium in the holes accelerated under the effect of a large
cathode and small anode. Then, the pits connected to each
other, the cracks connected to each other, and nally the layer
surface spalling phenomenon appeared.

The typical Auger depth proles of the Al, C, Cl, and O
elements in the Al lm on uranium aer salt spray corrosion are
illustrated in Fig. 9. On the initial surface, the content of the C
and O elements are very high. With an increase in the Ar+

etching time, the content of C decreases quickly, which shows
that some of the C element came from the surface contami-
nants. There is a small content of Cl at the surface. The content
of O element is very low, and the content of Al element is over
98%, which indicates that the Al lm is only slightly corroded
on the surface and uranium is well protected.

Al reacts with active oxygen and water, which are formed due
to deposition during the salt spray test, to form Al(OH)3 (see eqn
n uranium after salt spray corrosion.

This journal is © The Royal Society of Chemistry 2017
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(1)). Then, Cl� replaces OH�.39 As can be observed from Fig. 6d
and 9, Cl is found in the EDX and AES results, which indicate
that the product is AlCl3 (see eqn (2)).

4Al + 3O2 + 6H2O / 4Al(OH)3 (1)

Al(OH)3 + 3Cl� + 3H+ / AlCl3 + 3H2O (2)

The surface morphologies of the Al lm aer salt spray
corrosion are illustrated in Fig. 3–6. Only a few corrosion pits
are observed on the surface. Aer 1 month reservation, spalling
was found in the Al lm. The main reason for this is that the Al
lm had a uniform distribution of elements without a weak
zone to cause a large cathode and small anode. The corrosion
pits in the Al lm were small and in a randomized arrangement.
The Al lm was eroded rst upon exposure to salt spray as
a sacricial anode to protect uranium.
4 Conclusion

An Al lm of about 10 mm thickness was deposited on depleted
uranium using themagnetron sputtering technology to improve
its corrosion resistance. There was no columnar crystal struc-
ture in the dense Al lm. Corrosion pits were found in uranium
aer exposure to salt spray for 0.5 h on the area with Al or Fe
impurity elements. The corrosion areas in the surface of
uranium connected to each other to form a ring-like
morphology along the machining trace aer salt spray expo-
sure for 1.5 h and sealed reservation for 1 month. The corrosion
product was a mixture of U3O8 and UO2. The Al lm was only
slightly corroded with a dense layer of corrosion products on the
top of the lm aer 1.5 h salt spray corrosion. Aer 1 month
reservation, the Al lm chapped on the surface. Al lm was
eroded preferentially upon exposure to salt spray as a sacricial
anode to protect uranium.
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