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e oxide on anticorrosion
performance of polyelectrolyte multilayer for 2A12
aluminum alloy substrates

Xia Zhao, *a Zuquan Jin,*b Binbin Zhang,a Xiaofan Zhai,a Shuan Liu,c Xiaolin Sun,ab

Qingjun Zhua and Baorong Houa

Corrosion of aluminum alloys (Al alloys) has been a ubiquitous problem, and this seriously restricts its range

of applications. Herein, a layer-by-layer (LBL) self-assembly method based on the formation and deposition

of polyelectrolyte multilayers was employed to fabricate anticorrosion layers on 2A12 Al alloys for corrosion

protection. LBL self-assembled films, with and without graphene oxide, were formed on Al alloy surface.

The surface morphologies, roughness and chemical compositions of the as-fabricated LBL self-

assembled films were characterized by several methods, such as, SEM, AFM, and XPS techniques. The

electrochemical properties of the specimens were determined by EIS measurements. The

comprehensive equivalent circuits were established to analyze the anticorrosion performance and

inhibition efficiency of the resultant LBL self-assembled surfaces. The results indicate that the LBL self-

assembled film exhibits inhibition efficiency over 99% in a 3.5% NaCl solution. After dragging to

a distance of 200 mm or 400 mm, the inhibition efficiency of the LBL self-assembled film containing

graphene oxide can still exceed 96%. LBL self-assembled films are considered to provide a new strategy

for marine corrosion protection.
1. Introduction

Corrosion of metallic materials is a ubiquitous problem, which
generally costs several percent of its annual gross domestic
product (GDP) of an industrialized country. For example, in the
USA, the cost of corrosion accounts for 2% to 5% of the national
GDP.1,2 Al alloy is one of the most widely used metallic materials
in industrial applications. Over the past decades, Al alloys have
drawn much attention of both researchers and engineers as
a promising material for aviation, automobiles, electrical
appliances and machinery industry due to their light-weight,
good castability and anticorrosive qualities.3–8 They can also
be considered as competing materials for cast iron, plastics and
even for steels when being applied for operation under condi-
tions of high mechanical loads and moderate sliding speeds
(moderate operation temperatures).9

In general, a thin and continuous oxide lm is naturally
formed on the surface of Al alloys, which can prevent the
Corrosion and Bio-fouling, Institute of

, Qingdao 266071, China. E-mail: zx@

n; zxf_8968@163.com; brhou@qdio.ac.

.ac.cn; Tel: +86-532-82898731

hnological University, Qingdao 266033,

6-532-85071218

elated Ningbo Technologies, Institute of

Chinese Academy of Sciences, Ningbo

.cn; Tel: +86-574-86325713

4

corrosive medium in common atmospheric environment.10

However, when Al alloys are used in the moist, salt-fog or harsh
industrial environments, two most common corrosion types,
namely galvanic corrosion and pitting corrosion, appear resulting
from the existence of some impurity elements in Al alloys, such as
Pb, Sn and Bi.11–13 As a result of typical corrosion, mechanical
properties and durability of the substrates are greatly affected,
limiting their further potential applications. Therefore, it is quite
necessary to take effective measures to improve the corrosion
resistance of alloys in a corrosive environment.14 Traditionally,
the anticorrosion strategies of Al alloys mainly consist of anodic
oxidation,15,16 chemical transformation17 and organic coating,18

etc. Although the protection efficiency is signicantly improved
by these methods, the preparation processes are tedious and
harmful to the environment. Therefore, it is greatly desirable and
challengeable nowadays to develop a simple and environmental
friendly method to replace the previous methods due to future
environment legislation.

Recently, a layer-by-layer (LBL) self-assembly method has
been developed as a promising technique with evident advan-
tages, such as simplicity, versatility and controllability for
synthesis of composite functional lm, which has attracted
great interest of researchers as a strategy for creating anticor-
rosion lms. The functional lm is a polyelectrolyte multilayer,
which is formed by constructing the polyelectrolyte with posi-
tive and negative charges through electrostatic adsorption layer
by layer onto the metal surface.19–21 This approach was rst
This journal is © The Royal Society of Chemistry 2017
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proposed by Decher et al.22 in 1992. It proved that at least 100
consecutively alternating layers can be assembled to form the
multilayer lms on a metal surface.23 In the following years, the
LBL lm, prepared by different polyelectrolytes, was widely used
for different applications, such as in antibacterial agents,24

sensors,25 photocatalysts26 and anticorrosion agents.27,28Graphene
oxide (GO) is one of the main precursors of graphene-based
materials and is highly promising for various technological
applications.29 It has a two-dimensional spatial structure like
graphene, and there are different types of functional groups
distributed at the edge and the surface,30–33 which can provide
charges to deposit with other polyelectrolytes to form a LBL lm
and exhibit better protective ability for materials. Fan et al.34 re-
ported amultilayer polyelectrolyte lm prepared by loading GO as
an inhibitor on magnesium alloy and investigated its corrosion
resistance and self-healing ability, proving that the proposed
coating owned a rapid self-healing ability in the presence of water
aer performing the swelling test on the LBL lm-coated samples.

To date, limited studies focused on the performance and
anticorrosion mechanism of LBL lm loaded with GO on Al
alloy surface, and the evaluation of wear resistance of LBL lms
has not been reported yet. Herein, several issues related to
anticorrosion behaviour as well as the mechanism of LBL lms
were addressed. X-ray photoelectron spectroscopic analysis
(XPS), scanning electron microscopy (SEM) and electrochemical
impedance spectroscopy (EIS) were employed to analyze the
chemical interactions, surface morphologies and corrosion
resistance of the fabricated LBL surfaces, respectively. Simul-
taneously, atomic force microscopy (AFM) was carried out to
characterize the roughness of LBL lms before and aer the
wearing test. The principal objective of this study is not only to
introduce a newmethod for modication of Al alloy surface, but
also to provide reference resources for potential industrial
applications of the protective anticorrosive materials.
2. Experimental
2.1. Materials and reagents

Al alloys (2A12) with a thickness of 3–4 mmwere purchased from
Beijing Goodwill Metal Technology Co., Ltd. Cerium(iii) nitrate
hexahydrate (Ce(NO3)3$6H2O), acetone, and ethanol were ob-
tained from Sinopharm Chemical Reagent Co., Ltd.
Poly(ethyleneimine) (PEI) with a MW of 70 kDa, and GO of 1 wt%
were purchased from Shanghai Aladdin Bio-Chem Technology
Co, Ltd. Poly(acrylic acid) (PAA) with a MW of 450 kDa was
purchased from Sigma-Aldrich. All the reagents were of analytical
grade and used without further purication. Deionized water
with a resistivity of 18.0 MU cm was used in all the experiments.
Fig. 1 Schematic of the LBL deposition method.
2.2. Fabrication of multilayer lms

Prior to the test, the surfaces of the specimens were ground with
SiC abrasive paper to 800 grit, degreased ultrasonically with
acetone, rinsed with distilled water and nally dried in air.
Before LBL deposition, the samples were pre-treated with 0.5 M
cerium nitrate to form a conversion lm because of its combi-
nation of remarkable adhesion promotion between metal base
This journal is © The Royal Society of Chemistry 2017
and the polymeric top lms35,36 and then dried for 1 h at 80 �
0.2 �C. The corresponding sample was denoted as Ce-CF. Then,
two types of deposition routines were carried out on Ce-CF
sample for comparison. The rst one was 10 times alternate
deposition of 4 mg mL�1 PEI and 4 mg mL�1 PAA. The second
routine was to add 0.2 g L�1 GO solution with negative charge as
a corrosion inhibitor in the rst deposition step. Then, it was
deposited by the same method as the rst routine with PEI and
PAA. Aer each deposition step, the samples were washed in
a mixture of water and ethanol for 5 minutes.

The samples were denoted as LBL-1 and LBL-2 for routine 1
and routine 2, respectively. The principle of our strategy is
schematically shown in Fig. 1.
2.3. Characterization

The surface morphologies were recorded using a eld-emission
scanning electron microscope (FE-SEM) under vacuum at 15 kV
(Hitachi S-3400N, Japan). The roughness of the surface was
measured using an atomic force microscope (AFM, Multimode 8,
Bruker) in tapping mode. The scanning area of AFM measure-
ment was 50 mm� 50 mm, 10 mm� 10 mm and 1 mm� 1 mm. The
chemical compositions were measured by XPS (ESCALAB250Xi,
Thermo Scientic, Waltham, USA). The spectra were recorded
with monochromatized Al Ka radiation (1486.6 eV) as the exci-
tation source with a base pressure of 1.3 � 10�9 mbar, at
a constant power of 150 W (15 kV, 10 mA). The pass energy was
20 eV for the high-resolution spectra. The binding energy of
adventitious carbon (C 1s: 284.8 eV) was used as a basic reference.

EIS measurements were performed using a Gamry 3000
electrochemical workstation (Gamry Instrument, USA). A clas-
sical three-electrode cell system was employed in which a satu-
rated calomel electrode (SCE), a platinum plate and the Al alloy
RSC Adv., 2017, 7, 33764–33774 | 33765
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with or without LBL lms were used as the reference electrode,
counter electrode and working electrode, respectively. The
surface area of the test samples exposed to the corrosion solution
was 1 cm2. EIS measurements were performed over the frequency
range from 100 kHz to 10 mHz. A sinusoidal ac perturbation of
20 mV amplitude was applied, and the EIS data collected were
analyzed and tted by electrical equivalent circuit models using
the ZSimpWin soware.

The wearing test was conducted using a steel block with
a weight of 40 g as a pressure, and the pressed area was 20 mm�
20 mm. The gravitational acceleration was a constant of 10 m s�2,
and hence the calculated pressure value was about 1.0 kPa. The
samples were dragged at a speed of 2mm s�1 tomove a distance of
200mm and 400mmon 1500 grit SiC sand paper in one direction.
3. Results and discussion
3.1. Surface morphology

The surface topographies and roughness of different lms on
the Al alloy substrates were characterized by SEM and AFM.
Fig. 2 shows the typical SEM images of bare Al alloy and the
different resultant lms.

The surface of bare Al alloy displayed numerous scratches, as
shown in Fig. 2a. Aer pretreatment with cerium nitrate,
a continuous conversion layer with cracks of sizes less than 10
mm was formed on the surface of Al alloy (Fig. 2b). The layer
formation mechanism was related to the anodic dissolution of
aluminium and cathodic hydrogen evolution:

Al/Al3þ þ 3e

Al3þ þH2OþNO3
�/Hþ þAlOHNO3

þ

2Alþ 6Hþ 4Cl�/3H2 þ 2AlNO3
2þ

2H2OþO2 þ 4e/4OH�

(1)

The concentration of hydroxyl ions was improved aer the
electrochemical reaction, which subsequently promoted the
Fig. 2 SEM images of (a) bare Al alloy, (b) Ce-CF, (c) LBL-1 and (d) LBL-
2.

33766 | RSC Adv., 2017, 7, 33764–33774
deposition of cerium hydroxide and cerium oxide on the
surface.37–39 These cracks facilitated mechanical binding for the
following deposition of polymer multilayers.34 For specimens
without graphene oxide, the positively charged PEI and nega-
tively charged PAA were alternatively deposited on the cerium-
based conversion layer. With the deposition of polyelectrolyte,
an inhomogeneous but non-cracking surface can be observed
on the sample of LBL-1 (Fig. 2c). Fig. 2d shows the morphology
of LBL-2 specimen and the surface is observed to be denser and
darker with some curly fold due to the addition of GO.

Fig. 3 shows the corresponding AFM tapping mode 3D
images of LBL-1 and LBL-2 with different scanning areas,
illustrating the surface roughness of the LBL self-assembling
lm. In Fig. 3a, for LBL-1 with a scanning area of 10 � 10
mm2, the average roughness (Ra) and root-mean-square rough-
ness (Rq) were found to be 48.6 nm and 64.1 nm, respectively,
and for that with a scanning area of 1 � 1 mm2, Ra and Rq values
were 7.67 nm and 9.83 nm, respectively. In Fig. 3b, for LBL-2
with a scanning area of 10 � 10 mm2, Ra and Rq values were
found to be 23.4 nm and 31.0 nm, respectively, and for that with
a scanning area of 1� 1 mm2, Ra and Rq values were 4.88 nm and
6.31 nm, respectively. Compared with Fig. 2, the 3D images of
Fig. 3 were more intuitive to show the corresponding
morphology of the LBL self-assembling lm. There were
signicant differences in these two self-assembling lms. From
the perspective of roughness value, Ra and Rq values of LBL-1
were clearly higher than those of LBL-2 whether for the scan-
ning area of 10 � 10 mm2 or for 1 � 1 mm2.

From the view of the geometric shape of 1 � 1 mm2 scanning
area, the surface of LBL-1 liked large-scale rolling hills, whereas,
for LBL-2, it presented numerous hills with a sharp peak. All the
differences suggested that GO had a great impact on the surface
state of the lm and it was conductive to form the uniform and
smooth self-assembling lm, which might have nally affected
the anticorrosion properties of the self-assembling lm.
3.2. Chemical composition of protective lms

XPS was utilized to analyze the chemical compositions of
different lms on Al alloy substrates. Fig. 4a–c reveal the XPS
Fig. 3 AFM tapping mode 3D images of (a) LBL-1 and (b) LBL-2 with
scanning areas of 10 � 10 mm2 (left) 1 � 1 mm2 (right).

This journal is © The Royal Society of Chemistry 2017
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survey spectra, Ce 3d and O 1s decomposition tted curve of
XPS spectrum for Ce conversion lm, respectively. According to
the gures, the presence of Ce and O can be observed.

Typically, the Ce 3d XPS spectrum in Fig. 4b exhibited three
lobed envelopes, around 879–890 eV, 895–910 eV and 917 eV,
individually. As the heating process promoted the oxidation of
cerium, some part of Ce3+ was transformed into Ce4+. These
envelopes conrmed the coexistence of both Ce3+ and Ce4+,40 as
well as O 1s spectrum (Fig. 4c); two bonds of Ce with O were
formed, which were CeO2 with a binding energy of 529.0 eV and
CeOOH with a binding energy of 531.3 eV. The XPS survey
spectrum of the LBL-1 sample mainly showed the presence of C,
O, and N on the surface of LBL-1, as shown in Fig. 4d. Fig. 4e
and f show the C 1s and N 1s decomposition tted curves of the
XPS spectra for LBL-1 sample, respectively, which were investi-
gated for further conrmation of the chemical composition of
the LBL self-assembling lm. As a result, the C 1s spectrum of
LBL-1 showed two peaks with a bonding energy of 284.6 eV and
286.8 eV, which is due to the bonds of C–H and C]O, respec-
tively, while there were two peaks for N 1s spectrum in Fig. 4f:
one located at 399.1 eV, assigned to C–NH–C group, and the
Fig. 4 XPS of different films: (a), (b) and (c) are for Ce-CF; (d), (e) and
determined results; the red lines are the total fitted curves; the blue and

This journal is © The Royal Society of Chemistry 2017
other was at 399.8 eV, which corresponded to O]C–NH–C
group.

The XPS survey spectrum of the LBL-2 samplemainly showed
the presence of C, O, and N on the surface of LBL-2, as shown in
Fig. 4g. Fig. 4h and i present the C 1s and N 1s decomposition
tted curves of the XPS spectra for LBL-2 sample, respectively,
which were employed for the comparison of chemical compo-
sition with that of LBL-1 sample. The C 1s spectrum of LBL-2
displays two peaks with bonding energies 284.3 eV and
285.3 eV, which were attributed to C element and O]C–CH2

bond, separately. The difference in C 1s spectrum peak type and
location was due to GO in LBL-2. The N 1s spectrum in Fig. 4i
revealed two peaks at 399.1 eV and 399.8 eV, which was the
same as that in Fig. 4f; moreover, the peak areas were larger
than that in Fig. 4f. For O]C–NH–C bond at 399.8 eV of LBL-2,
the peak area was about 2 times that of LBL-1, signifying that
the occupy ratio of O]C–NH–C bond is increased, while the
occupy ratio of C–NH–C bond is reduced.

The XPS results indicated that LBL-1 and LBL-2 were
successfully deposited onto the specimen surface. As several
functional groups were introduced in the production process of
GO, such as epoxy, hydroxyl, carboxyl, and carbonyl,41 the
(f) are for LBL-1; (g), (h) and (i) are for LBL-2. The black lines are the
green lines are the decomposition fitted curves.

RSC Adv., 2017, 7, 33764–33774 | 33767
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chemical bonds in LBL-2 sample were different from those of
LBL-1 under the inuence of these functional groups. A large
number of carboxyl groups in grapheme oxide can react with the
amino group to form O]C–NH–C bonds with higher bond
energy than that of C–NH–C bond, which endow LBL-2 lm with
more stability than LBL-1 lm.42 The reaction diagram of GO
and PEI is illustrated in Fig. 5.
Fig. 6 EIS plots and the fitting curves of Al alloy samples with different
film. (a) Nyquist plots; (b and c) Bode plots.
3.3. Electrochemical properties

The anticorrosion performance is a key factor in evaluating the
possibilities of the protective lm in fundamental research and
practical applications.43 The electrochemical behaviors of the
blank Al alloy, Al alloy with Ce-CF, LBL-1 and LBL-2 were
determined in 3.5 wt% NaCl solution, individually, and the
results are illustrated in Fig. 6.

In Fig. 6a, it can be seen that all curves presented capac-
itive properties. In addition, for the four samples, the radii of
the capacitive arc were different, indicating various protec-
tive abilities of these samples; for the blank sample, it was
the smallest, followed by Ce-CF, LBL-1 and LBL-2 samples. In
Fig. 6b, the total system impedance similarly followed the law
of blank sample, Ce-CF, LBL-1 and LBL-2. For phase angle in
Fig. 6c, except the blank sample, all the other samples pre-
sented multi time-constants features. To quantify the corro-
sion resistance of different samples, equivalent
electrical circuits were established to t the EIS results,
and the detailed discussions are addressed in the next
section.

Fig. 7 illustrates the diagram of equivalent circuit models
used for tting the measured EIS data, and the tted line is
presented along with the measured data in points in Fig. 6. For
Al alloy, the Nyquist spectrum presented only one capacitive
Fig. 5 Reaction diagram of GO and PEI.

33768 | RSC Adv., 2017, 7, 33764–33774 This journal is © The Royal Society of Chemistry 2017
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semicircle. This can be attributed to the fact that the surface of
bare Al alloy was abraded by the SiC sand paper, and there was
no lm formed on the metal surface. Therefore, the character-
ization of the determined curve was the charge-transfer process
at the solution/alloy interface. Thus, the corrosion parameters
were tted by model 1, and the code should be described as
Rs(QdlRct). Rs denotes the solution resistance, and Qdl and Rct

represent the double-layer capacitance and the charge-transfer
resistance of the interfacial double electric layer, respectively.
Specially, in this study, all the constant phase elements Q were
used to model the capacitance because of the heterogeneity of
the electrode surface.44 The impedance of Q is expressed as

ZQ ¼ 1

Y0ðjuÞn (2)

herein, Y0 and n are the coefficient and the exponent, respec-
tively, u is the angular frequency in rad s�1 (u ¼ 2pf), and j is
the imaginary unit with j2 ¼ �1.45

For Ce-CF sample, the curve in Fig. 6a showed a depressed
capacitive semicircle. Essentially, this semicircle was formed
by two overlapping semicircles, a high-frequency one and
a low-frequency one, which correspond to two electro-
chemical processes. The high-frequency semicircle was
related to the Ce conversion lm, whereas the low-frequency
semi-circle corresponded to the charge-transfer process.
Because there were numerous defects in the conversion lm
as shown in Fig. 2b, the corrosive medium could penetrate
the conversion lm directly through these cracks into the
lm/metal interface, which resulted in various series
connection of these two electrochemical processes, as dis-
played by model 2. In addition, the total model code can be
expressed as Rs(QconRcon)(QdlRct), in particular Qcon and Rcon

represent capacitance and resistance of the Ce conversion
lm, individually.

For LBL-1 sample, 10 layers of polyelectrolytes were depos-
ited on Al alloy with Ce conversion lm, the system impedance
was close to 106 U cm2, which was signicantly higher than that
Fig. 7 Equivalent circuits of EIS plots for Al alloy samples with different

This journal is © The Royal Society of Chemistry 2017
of the blank sample and Ce-CF sample, suggesting that the layer
played a good protection role and the corrosive ions were
effectively inhibited from participating in the electrochemical
reaction. Thus, it was reasonable to analyze the EIS plots
regarding the polyelectrolytes layer as the capacitor. The
charges passed through the pores of the polyelectrolyte layers,
penetrated into the Ce conversion lm, and then arrived at the
interface of lm/metal. Herein, the state of Ce conversion lm
was different from the pure Ce conversion lm on Al alloy
because the polyelectrolytes could ll some inherent cracks of
the pure Ce conversion lm,35,36 endowing it with better
blocking ability from the corrosive ions. For LBL-2 sample, the
system impedance was higher than that of LBL-1 sample
because of the function of GO. GO can participate in the
absorption process and form a integrated structure with the
polyelectrolytes; thus, the electrode process was similar to that
of LBL-1 sample. Model 3 was employed to model LBL-1 and
LBL-2 samples with three electrode processes on the self-
assembling lm, Ce conversion lm and charge-transfer.
The model code can be denoted by
Rs(QLBL(Rpor(Qcon(Rcon(QdlRct))))); herein, QLBL and Rpor repre-
sent the capacitance and the pore solution resistance of the
LBL self-assembled lm, respectively.

In summary, the total impedance of the three models can be
calculated by the following equations:

Model 1:

Z1 ¼ Rs þ 1

1

Rct

þ Y0dlðjuÞn3
(3)

Model 2:

Z2 ¼ Rs þ 1

1

Rcon

þ Y0conðjuÞn2
þ 1

1

Rct

þ Y0dlðjuÞn2
(4)
films.

RSC Adv., 2017, 7, 33764–33774 | 33769

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04458e


Fig. 8 EIS plots and fitted line for LBL-2 sample after wearing test: (a)
Nyquist plots; (b) Bode plots and (c) equivalent circuit.
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Model 3:

Z3 ¼ Rs

þ 1

Y0LBLðjuÞn1 þ 1

Rpor þ 1

Y0conðjuÞn2 þ 1

Rcon þ 1

1

Rct

þ Y0dlðjuÞn2

(5)

The electrochemical parameters were obtained from simu-
lation of the EIS data from Fig. 5 and are illustrated in Table 1.
The inhibition efficiency (h) is calculated using the following
formula:46

h ð%Þ ¼
�
1� R0

ct

Rct

�
� 100% (6)

In Table 1, the Rct value of the blank Al alloy was 8241 U

cm2. Once the surface of Al alloy was covered with different
lms, Rct changed accordingly. The changing law of Rct value
followed the order of LBL-2 > LBL-1 > Ce-CF > blank Al alloy.
The lowest Rct value of the blank Al alloy indicated that the
charge-transfer process occurred more easily compared with
the other samples, which was prone to induce corrosion of Al
alloy. Rcon value increased as LBL lms were deposited on
Ce-CF lm compared with the pure Ce-CF lm, conrming the
fact that the polyelectrolytes can react with the cracked part of
Ce conversion lm and enhance its protection ability. The
higher Rpor value of LBL-2 sample compared with LBL-1
sample indicated that a more dense lm was formed on the
Al-alloy surface, which was attributed to GO applied in LBL-2.
In GO molecule, there were several carboxyl and hydroxyl
groups,47 which could combine with primary, secondary and
tertiary amines in PEI, forming a continuous and high
strength lm to prevent the corrosive ions effectively.
Furthermore, the inhibition efficiency of the protective lm to
prevent corrosion of the substrate was calculated and it fol-
lowed the order of LBL-2 > LBL-1 > Ce-CF, providing further
evidence for the function of LBL and GO.

As a result, we found that corrosive ions cannot penetrate
into the Al alloy substrate to cause corrosion, and the LBL self-
assembling lm can effectively separate the corrosive medium
and protect the underlying substrate, indicating that the self-
Table 1 Fitting results of the samples

Rs, U cm2

QLBL

Rpor, U cm2

Qcon

n1 Y0LBL, U
�1 cm�2 sn n2 Y0con,

Blank 17.92 — — — —
Ce-CF 4.334 — — — 0.93 1.2 �
LBL-1 21.73 0.89 1.19 � 10�5 7.89 � 105 0.73 4.78 �
LBL-2 37.73 0.74 3.30 � 10�6 1.55 � 106 0.92 7.13 �

33770 | RSC Adv., 2017, 7, 33764–33774
assembling lm can inhibit corrosion of the substrate applied
both in marine atmosphere and in natural seawater.
3.4. Wear resistance

Wear resistance ability is an important parameter for evaluating
the anticorrosive durability of the lm because lm thinning
caused by wear is inevitable in the application process of
materials. From the EIS analysis and characterization results, it
can be concluded that LBL-2 exhibits better protective perfor-
mance. Based on these results, LBL-2 specimen was taken as the
Rcon, U cm2

Qdl

Rct, U cm2 h, %U�1 cm�2 sn n3 Y0dl, U
�1 cm�2 sn

— 0.78 3.54 � 10�5 8241 —
10�3 6081 0.91 4.11 � 10�5 3.99 � 104 79.3
10�6 3.25 � 105 0.90 4.02 � 10�5 9.98 � 105 99.2
10�10 1.32 � 106 0.89 1.88 � 10�5 3.89 � 106 99.8

This journal is © The Royal Society of Chemistry 2017
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Table 2 Fitting results of the LBL-2 sample after being dragged for different distances

Dragging
distance, mm Rs, U cm2

QLBL

RLBL,
U cm2

Qcon

Rcon,
U cm2

Qdl

Rct,
U cm2 h, %n1

Y0LBL,
U�1 cm�2 sn n2

Y0con,
U�1 cm�2 sn n3

Y0dl,
U�1 cm�2 sn

200 22.65 0.22 2.30 � 10�3 2.33 � 103 0.75 2.07 � 10�6 5.86 � 104 0.94 2.58 � 10�6 5.12 � 105 98.4
400 22.22 0.46 2.56 � 10�4 7.62 � 102 0.86 8.76 � 10�6 1.51 � 104 0.82 3.99 � 10�7 2.15 � 105 96.2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 4
:3

1:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sample for dragging test to evaluate the wear resistance
performance of the LBL self-assembling lm.

Fig. 8 illustrates EIS diagram and the corresponding equiv-
alent circuit of LBL-2 sample dragged on 1500# SiC sandpaper
moving for a distance of 200 mm and 400 mm. Moreover, the
tted lines were presented along with the measured data in
points in Fig. 8a and b. The dragged sample was denoted as
LBL-2-200 mm and LBL-2-400 mm, individually.

The LBL-2 sample was separately dragged to move 200 mm
and 400 mm, and two depressed capacitive circles are observed
in Fig. 8a, from which it can be seen that the radius of capacitive
circles decreased with the increase in dragging distance. The
phase angle curves in Fig. 8b indicated that multi time-
constants features were present in both samples, considering
that more than one peak appeared on the curves. The imped-
ance modulus in Fig. 8b is relatively high, which is up to 106 U
cm2, suggesting a favorable blocking performance of the
samples aer the wearing test.

Compared with the initial LBL-2 sample, the system
impedance was reduced with the dragging distance, but the
value was much higher than that of the blank sample, indi-
cating that the friction specimen still has better blocking
properties from the corrosive ions than that of the pure one. In
fact, the dragging behavior mainly damaged the surface of the
LBL lm, it may be thinning by the friction. In this circum-
stance, the LBL lm did not play a dominant role in protecting
the substrate metal, which was replaced by the conversion lm
or the charge-transfer process. Therefore, the LBL lm was not
hard and perfect enough to be considered as a capacitor. The
conversion lm was considered to be a capacitor for protecting
the substrate. An equivalent circuit including parallel RQ
elements connected in series with Q(R(RQ)) was proposed for
depicting the impedance spectroscopy, as shown in Fig. 8c, and
the code can be denoted by Rs(QLBLRLBL)(Qcon(Rcon(QdlRct))),
where, RLBL is the resistance of the LBL lm. Correspondingly,
Fig. 9 AFM tapping mode 3D images of LBL-2 before and after wearing
200 mm and (c) worn distance ¼ 400 mm.

This journal is © The Royal Society of Chemistry 2017
the total impedance Z4 can be calculated using the following
equation:

Z4 ¼ Rs þ 1

1

RLBL

þ Y0LBLðjuÞn1

þ 1

Y0conðjuÞn2 þ 1

Rcon þ 1

1

Rct

þ Y0dlðjuÞn3

(7)

Table 2 illustrates the tting results by equivalent circuit of
LBL-2 samples aer the wearing test. In Table 2, the RLBL value
is smaller than the Rpor value of LBL-2 in Table 1, indicating that
the protection performance of LBL-2 was reduced by the friction
behavior. Similarly, the Rcon and Rct values declined in varying
degrees, directly revealing the damage effect caused by the
dragging test. With the increase in dragging distance, the
resistance values were all reduced, indicated that the longer the
dragging distance, the weaker the protective ability the lm has.

However, compared with the blank sample, the inhibition
efficiency of the abraded sample is still up to 98.4% and 96.2%,
indicating that the LBL-2 self-assembled lm can still effectively
protect the underlying substrate from aggressive media and
inhibit electrochemical reaction of the substrate in both marine
atmosphere and natural seawater.

In order to further characterize the wear degree of the LBL-2
lm surface, AFM was applied to obtain the surface topography
of the dragged samples, as shown in Fig. 9.

Fig. 9 shows the corresponding AFM tapping mode 3D
images of LBL-2 with a scanning area of 50 � 50 mm2, illus-
trating the surface roughness of LBL-2 lm before and aer the
wearing test. In Fig. 9a, before dragging, the Ra and Rq of LBL-2
were found to be 318 nm and 254 nm, respectively. For LBL-2-
200 mm in Fig. 9b, the Ra and Rq values were 466 nm and
with a scanning area of 50 � 50 mm2: (a) no wear; (b) worn distance ¼

RSC Adv., 2017, 7, 33764–33774 | 33771
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356 nm, respectively, whereas for LBL-2-400 mm in Fig. 9c, the
Ra and Rq values were presented to be 520 nm and 403 nm,
respectively. Clearly, the surface roughness was increasing with
the dragged distance, suggesting a certain extent of wear and
damage of LBL-2 lm. However, for the geometric shape and the
color, the surface of LBL-2 without wear liked a few yurts scat-
tered on the metal with dark color, while aer being dragged to
move 200 mm, the dome of the initial yurt presented irregular
and bright. Aer dragging to a distance of 400 mm, the number
of yurts signicantly increased and the size became smaller
than the initial size of the yurts at the same site. Thus, it can be
concluded that the wearing test had a certain impact on LBL-2
lm. The longer the dragging distance of the lm was, the
higher the average roughness of the lm surface would be. The
wearing behavior can make the lm thinner and thinner,
resulting in reduction of the protective function, suggesting
that the wear resistance performance should be further
improved in the future research.
4. Conclusions

In summary, two types of LBL self-assembling lms were
successfully produced on Al-alloy surface as an effective block-
ing layer against corrosive medium, providing a reference
strategy for the corrosion protection of metallic substrates. The
tentative conclusions are depicted as follows:

(1) LBL self-assembling is a simple and easy operational
method providing a valid strategy in designing a protective lm
against corrosion on Al-alloy surface.

(2) The obtained LBL self-assembling lms exhibit greatly
enhanced corrosion resistance in 3.5% NaCl solution. The
inhibition efficiency of graphene oxide-modied LBL lm was
approximately 99.8%.

(3) LBL self-assembled lm modied by GO has certain wear
resistance with the corrosion inhibitive efficiency higher than
96% aer dragging to move a distance of 400 mm.

(4) The wear resistance of LBL self-assembling lm was ex-
pected to be improved in future research studies. In addition,
the lm was designed to be studied in more potential practical
applications, such as anti-contamination, antifouling and
anticorrosion in harsh marine environments.

(5) For comprehensive understanding, some other aspects
should be researched in the future, such as the concentration of
the polyelectrolyte solution, the effect of different numbers of
polyelectrolyte layers, different materials like GO and the deep
effective mechanism of GO on the wear resistance.
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