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Abstract

T300 carbon fiber reinforced polymer (CFRP) and 5083P-O aluminum (5083P-O Al)
alloy bolted joints have been used in high-speed trains due to the advantages of light
weight and high strength. However, high potential difference between the CFRP and
5083P-O Al will induce galvanic corrosion and result in accelerating corrosion rate of
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5083P-O Al, which is a potential risk for its engineering applications. In this work,
combination with the electrochemical analysis, surface and cross-section corrosive
morphologies analysis, the galvanic corrosion behavior between CFRP/5083P-O Al
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bolted joints with and without anodizing in 3.5 wt.% NaCl spray was investigated.
Results indicated that severe corrosion occurred on unanodized 5083P-O Al in the
coupled regions of the CFRP/5083P-O Al bolted joint due to galvanic corrosion. With
the content of sulfuric acid increasing, the thickness of each Al,O; layer and atomic
oxygen content increases significantly. 5083P-O Al anodized by the 135g/L
H,SO, + 8 g/L H;BO3z mixed solution had the favorable Al,O; film, which increased
the resistance of 5083P-O Al by roughly three orders of magnitude, effectively
improving the corrosion resistance of 5083P-O Al
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1 | INTRODUCTION

due to the screws can withstand high loads and
repeatedly used, so CFRP is often bolted with metals in

The application of carbon fiber reinforced polymer
(CFRP) in high-speed trains has shown a tremendous
rise in recent years, due to its advantages of high specific
modulus, specific strength, toughness, wear resistance,
and many molding processes.' ™ In the engineering
application of CFRP, it is usually necessary to be
connected with metals such as 5083P-O aluminum
(5083P-O Al), which is mainly used in high-speed train
bodies to form a composite structure. To date, several
methods have been developed for joining CFRP and
metals, including adhesive bonding, welding, riveting,
and bolting.!"7! Bolting can be used for large components

high-speed trains.

When CFRP is connected to metals, the corrosion
potential of metals is usually lower than CFRP and
may lead to galvanic corrosion. In general, the more
noble material is protected and the less noble material
experiences significantly accelerated corrosion.>*!
Therefore, the study on the corrosion behavior of CFRP
and metals is one of the important contents in the
engineering application of CFRP.1"%2! There have been
many studies on the galvanic corrosion behavior of
different metals, such as Mg-AlL"3! steel-Mg ['*15 and
steel-AL"®! However, there are few studies on the
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galvanic corrosion behavior of CFRP and metals, and the
existing research mainly focuses on the existence of
current density between CFRP/metal coupling double
electrodes to illustrate that CFRP accelerates metal
corrosion,!'”**! but does not provide reasonable antic-
orrosion measures for metal materials. Corrosion resis-
tance of metals is a consideration in CFRP/AI bolted
joints engineering applications.[?*!}

In this paper, the surface of 5083P-O Al was anodized
with three different contents of sulfuric acid solution.
Combination with the electrochemical analysis, surface
and cross-section corrosive morphologies analysis, the
galvanic corrosion behavior between CFRP/5083P-O Al
bolted joints with and without anodizing in 3.5 wt.%
NaCl spray was investigated.

2 | MATERIALS AND METHODS

2.1 | Materials

3 mm thickness T300 CFRP and 5083P-O Al were used in
this study. T300 CFRP is made of T300 unidirectional
carbon fiber (tensile strength up to 3.5 GPa) and epoxy
resin, with a carbon fiber content of 70%, and 30% 5028A/
5028B epoxy resin. The fiber composite laminate was
covered 14 plies (ply orientation of 0°/90°). The
morphologies from top view is shown in Figure 1a. The
5083P-O Al is a rolled microstructure state, chemical
composition, and metallographic are respectively shown
in Table 1 and Figure 1b.

2.2 | Anodizing of 5083P-O Al

Al,O; layers were produced on 5083P-O Al in three
different concentrations of sulfuric acid by anodization.
The anodizing process is shown in Figure 2. All the
specimen surfaces were ultrasonically cleaned in deio-
nized water for 10 min to remove the surface stains. Before

4mm

the anodization, the pretreated specimen was sonicated in
a 20 g/L NaOH solution for 1 min, sonicated in 30% HNO;
for 5s to expose a fresh surface, ultrasonically washed
with water and dried to perform anodization.?*?*! Then
the specimens were anodized at 15V voltage for 40 min at
three concentration parameters: 45g/L H,SO,+8 g/L
H;BO3, 90 g/L H,SO, + 8 g/L H3BOs, and 135 g/L H,SO, +
8g/L H;BOs;. After anodizing, the cross-section and
surface morphologies were imaged by scanning electron
microscope (SEM). The chemical composition of the oxide
layers was analyzed by EDS.

2.3 | Electrochemical test

To determine the electrochemical properties, the T300
CFRP and 5083P-O Al (unanodized and anodized) were
cut into 10 X 10 X 3 mm rectangular parallelepiped speci-
mens. The 5083P-O Al surface had no passivation film,
and the surface of the CFRP was exposed with carbon
fiber to lead the copper wire from the surface. Except for
the working surface, the rest was partially packaged with
denture base resin and denture-based resin liquid. After
being fully cured, the samples were polished one by one
with #180, #400, #600, #800, #1,000, #1,200, #1,500
sandpaper, rinsed with deionized water, then washed
with alcohol and acetone. Electrochemical tests were
conducted in a three-electrode flat cell. A saturated
calomel electrode and a platinum mesh were used as
the reference and counter electrodes and the specimens
as working electrode.[**?] The test solution was 3.5
wt.% NaCl and the pH was 5. Before polarization,
specimens were immersed in the solution for 30 min to
allow the system to reach steady state. The polarization
measurements were performed with respect to the
open circuit potential —500 to 500 mV at a scan rate of
1mV/s. EIS was carried out at frequency ranged
between 1072 and 10° Hz. ECN was applied to analyze
the galvanic corrosion between CFRP and 5083P-O Al
for 24 hr.

FIGURE 1 Metallographic picture of (a) T300 carbon fiber reinforced polymer and (b) 5083P-O aluminum



SHAN ET AL.

Materials and CorrosionJ—3

TABLE 1 Chemical composition of 5083P-O aluminum (wt.%)

Si Cu Mg Zn Mn Ti Cr Fe Al
<0.40 <0.10 4.0-4.9 <0.25 0.40-1.0 <0.15 0.05-0.25 0.00-0.40 Bal
Grinding, Ultrasonic
Polishin cleanin: -
¢ £ H* <£=Al
Q A1203
H,
Pickling Degreasing, | _._5083_ |
neutralization Alkali etching ] - .
S node - E._
oy — ==
g - = =]
z ;
=
Cathode
Ultrasonic Dry
cleaning preservation

FIGURE 2 Anodizing process [Color figure can be viewed at wileyonlinelibrary.com]

2.4 | Salt spray test

The salt spray test is used to observe the corrosion
morphology of CFRP/5083P-O Al bolted joints after long-
term exposure to corrosive medium. Before the salt spray
test, 30 X 100 X 3 mm CFRPs, 5083P-O Al (anodized and
unanodized) were prepared, and CFRP was bolted to the
aluminum alloys with a torque of 20 N-m. Figure 3
depicts the geometry of the bolted joint with an overlap
area of 40 x30mm and a hole diameter of 6 mm. The
bolted joints were exposed under salt spray environment
condition (3.5 wt.% NaCl solutions, pH 5) at a tempera-
ture of 35°C in a salt spray chamber. After continuous
spraying for 336 hr, the samples were cleaned according
to ASTM B117 and the surface topography of the bolted
joints was observed by a stereomicroscope and SEM.

5083P-0 Al

3 | RESULTS AND DISCUSSION

3.1 | Anodizing results

Figure 4a-c shows cross-sections of oxide films on
anodized 5083P-O Al with three mixed electrolytes:
45g/L. H,SO,+8g/L H3;BO;, 90g/L H,SO,+8g/L
H;BO;, and 135g/L H,SO,+8g/L H;BO;, and the
chemical composition is shown in Table 2. The concen-
tration of sulfuric acid in the anodizing solution caused a
significant difference in the thickness of the oxide layer.
As the content of sulfuric acid increases, the thickness of
Al,O; layer and atomic oxygen content increases
significantly. The coating thicknesses of #1 45g/L
H,SO,+8g/L H;BOs, #2 90g/L H,SO,+8g/L H;BO;,
and #3 135g/L H,SO,+ 8 g/L H3BO; are 5.50, 9.06, and

160
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FIGURE 3 Specimen geometry used in salt spray test. 5083P-O Al, 5083P-O aluminum; CFRP, carbon fiber reinforced polymer [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Cross-section of the specimen (a) #1 anodized specimen, (b) #2 anodized specimen and (c) #3 anodized specimen. Surface of
the specimen under scanning electron microscope for (d) #1 anodized specimen, (e) #2 anodized specimen and (f) #3 anodized specimen

[Color figure can be viewed at wileyonlinelibrary.com]

10.57 um, respectively. Figure 4d-f are the surface
topography of the coating, the red area indicates the
pore size, as the concentration of sulfuric acid increases,
the number of pores formed on the surface of the coating
becomes lower and the coating is denser. The increase of
sulfuric acid concentration increases the anodic oxidation
current density, and accelerates the ion movement,
resulting in the faster formation of the film and greater
thickness of the film.

3.2 | Polarization curve and EIS

The polarization curve of the materials measured by the
potentiodynamic scanning is shown in Figure 5a. CFRP
has the highest self-corrosion potential (—0.15V), and
5083P-O Al has a lower self-corrosion potential (—0.8 V).
According to Schneider et al,?®! if the potential
difference between two materials is higher than 0.05V,

TABLE 2 Analysis of chemical composition of Al,O; layers

Atomic aluminum Atomic oxygen

Specimen content (%) content (%)
5083P-0 Al 95.60 4.40
45g/L H,SO,+8g/L  43.55 56.45
H;BO;
90 g/L H,80,+8g/L  39.50 60.60
H;BO;
135g/L 36.51 63.49
H,SO, + 8 g/L
H,BO,

Abbreviation: 5083P-O Al, 5083P-O aluminum.

the effect of galvanic corrosion should not be neglected.
In this study, the potential difference between CFRP and
5083P-O Al can reach 0.65V, which means that when the
CFRP is in contact with the Al the galvanic corrosion
effect will be very serious. The self-corrosion rate of the
specimens calculated from the anodic/cathodic Tafel
slope are shown in Figure 5b, as the concentration of
sulfuric acid in the anodizing solution increases, the self-
corrosion rate of 5083P-O Al decreases. Unanodized
5083P-O Al has the fastest self-corrosion rate
(4.45x10"*mm/a), and specimen anodized by 135 g/L
H,SO, + 8 g/L H3BO; has the lowest self-corrosion rate
(4.43 x 10"*mm/a), which is two orders of magnitude
lower than unanodized 5083P-O Al. Anodization reduces
the corrosion current and corrosion rate, improves the
corrosion resistance of 5083P-O Al, and the thicker the
anodic oxide film, the better the corrosion resistance.
Figure 6 shows the EIS analysis results; all Nyquist
diagrams only show a capacitive reactance arc. According
to the electrochemical impedance test principle,’*” the
radius of the capacitive anti-arc in the Nyquist diagram
reflects the surface polarization resistance of the material,
and the larger the radius of the arc resistance of the
capacitor, the better the corrosion resistance. We can see
that as the concentration of sulfuric acid in the anodizing
solution increases, the capacitive anti-arc increases
gradually. Bode diagrams (Figure 6b) are similar to the
Nyquist diagram, the impedance modulus of the ano-
dized specimens is significantly higher than the impe-
dance modulus of the 5083P-O Al without anodization, in
which the impedance modulus of specimen anodized by
135g/L H,SO,+ 8g/L H3BO; is the highest, 10 times
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FIGURE 5 (a) Polarization curve in 3.5% NaCl solution. (b) Corrosion rate of materials [Color figure can be viewed at
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than the unanodized 5083P-O Al. Table 3 shows the fitted
electrochemical parameters of the EIS spectra of CFRP
and 5083P-0 Al, where Ry is the solution resistance, CPE-
T is the interfacial capacitance, CPE-P is the diffusion
index of the curve and R, is a polarization resistance. It
can be seen from Table 3 and Figure 6d that the R, of
the CFRP is much larger than 5083P-O Al, at the same
time, and the R, of anodized 5083P-O Al by anodizing is
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three orders of magnitude higher than that of unanodized
5083P-0O AL

3.3 | Galvanic corrosion test results

The galvanic current curves between CFRP and 5083P-O
Al (unanodized and anodized) are shown in Figure 7.
The results show that the galvanic current density of
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(a) Nyquist plot, (b) Bode plot, (c) Bode plot and (d) column diagram of R, [Color figure can be viewed at
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TABLE 3 Parameters of electrochemical impedance
Material R, (Q-cm?) CPE-T (uF-cm?) CPE-P R, (Q-cm?)
T300 15.89 221x107° 0.75 3.74 x 10"
5083P-0 Al 0.99 1.20x 107° 0.91 336.90
45 g/L H,S0, + 8 g/L H;BO, 0.47 419%x1077 1.0 8.07 x 10*
90 g/L H,S0, + 8 g/L H;BO, 1.17 2.79%107° 0.88 1.93 x 10°
135 g/L H,S0, + 8 g/L H3BO; 2.75 2.25x107° 0.87 2.79 X 10°

Abbreviation: 5083P-O Al, 5083P-O aluminum.

CFRP/5083P-O Al anodized by 45g/L H,SO,+ 8g/L
H3BO; coupling fluctuates greatly, which is the same as
that of CFRP/unanodized 5083P-O Al coupling. There
are many sharp transient peaks in the current, indicating
that the corrosion reaction is happening rapidly. How-
ever, the galvanic current density and current peak
density of CFRP/5083P-O Al (anodized by 90g/L
H,SO, + 8 g/L. H3BOs) coupling and CFRP/5083P-O Al
(anodized by 135g/L H,SO,+ 8 g/L H3;BO;) coupling
decreased, indicating that the reaction speed is slow at
this time.?®! The sample anodized by 135 g/L H,SO, + 8
g/L H;3;BO; has the best anticorrosion effect, because the
galvanic corrosion current density is <5 uA/cm>.

Figure 8a shows that the surface of the unanodized
5083P-O Al specimen was severely corroded, the oxide
film on the surface of the specimen was cracked, and
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FIGURE 7 Galvanic current densities of carbon fiber
reinforced polymer/5083P-O aluminum couples

large pitting pits appeared. The surface of anodized
specimens was not seriously corroded, and the number of
pitting pits decreased as the thickness of the oxide film
increased. However, several cracks occurred in the oxide
film at the grain boundary because the anodic oxide film
at grain boundaries is weak, so it is relatively easy to be
damaged by chloride ions during the process of dissolu-
tion and destruction. As shown in Figure 8g, because the
oxide film was uniform and continuous, corrosion pitting
did not occur in the specimen anodized by 135g/L
H,SO,4 + 8 g/L H;BO;. When the anodized 5083P-O Al is
connected with the CFRP, the aluminum oxide film layer
is first destroyed, which serves to protect the aluminum
matrix. As shown in Figure 9b,d,fh, the CFRP coupled
with unanodized 5083P-O Al has no obvious defects on
the surface due to the protection of galvanic effect.
However, the CFRP coupled with the anodized 5083P-O
Al has defects such as cracks and holes. Anodizing
improves the corrosion resistance of the 5083P-O Al and
promotes a more uniform corrosion between the CFRP/
5083P-0 Al bolted joints, which effectively avoids serious
damage of the negative potential metal material.

34 |

Figure 9 shows the morphology of the CFRP/5083P-O Al
bolted joints after 336 hr of salt spray corrosion. More
severe corrosion occurred on the unanodized 5083P-O Al,
a large number of pits appeared in the uncoupled regions,
and the pits in the coupling region expanded and
connected into a sheet. The corrosion diagram of
CFRP/5083P-O Al (anodized by 45g/L H,SO,+8g/L
H;3BO;) bolted joints shows that part of the oxide film fell
off in the coupling region, and there were a small amount
pits on the surface of the sample. In the macro and micro
images, no obvious pits were observed for CFRP/5083P-O
Al bolted (anodized by 90g/L H,SO,+ 8 g/L H3BO3)
joints and the CFEP/5083P-O Al (anodized by 135g/L
H,SO0, + 8 g/L H3BO3) bolted joints. The anodized 5083P-
O Al anodized layer conforms to the standard specifica-
tion MILA8625F, and the number of pits per 150 square
inches of test material is less than 15.

Salt spray corrosion results
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FIGURE 8 Surface of the specimen under scanning electron microscope: (a) unanodized 5083P-O Al, (b) CFRP coupled specimen,
(c) specimen anodized by 45 g/L H,SO,4 + 8 g/L H3BO;, (d) CFRP coupled specimen, (e) specimen anodized by 90 g/L H,SO, + 8 g/L H3BOs,
(f) CFRP coupled specimen, (g) specimen anodized by 135 g/L H,SO, + 8 g/L H;BO3 and (h) CFRP coupled specimen. 5083P-O Al, 5083P-O
aluminum; CFRP, carbon fiber reinforced polymer [Color figure can be viewed at wileyonlinelibrary.com]

The cross-section of corrosion specimens is shown in
Figure 10; unanodized 5083P-O Al has the most serious
corrosion, and the depth of the corrosion pit is 30 times of
the specimen anodized by 45 g/L H,SO,4 + 8 g/L H3BOs, the
oxidation film of specimen anodized by 90 g/L H,SO,+
8 g/L H;BO; and specimen anodized by 135g/L H,SO, +
8 g/L H3BO; basically has no obvious corrosion pit.

3.5 | Discussion

Combined with the results of electrochemical and salt spray
tests, the corrosion mechanism of CFRP/5083P-O Al in 3.5
wt.% NaCl dielectric solution was proposed. In the galvanic
corrosion process (Figure 11), when the CFRP is coupled
with the 5083P-O Al, the CFRP acts as a cathode, does not
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FIGURE 9 Corrosion morphology of bolted joints. 5083P-O Al, 5083P-O aluminum [Color figure can be viewed at

wileyonlinelibrary.com]

participate in the reaction, the electrode oxygen undergoes
reduction reaction, and the reaction formula is

0, + 2H,0 + 4e~ = 40H". (1)

The Al coupled with the CFRP acts as an anode, the
surface loses electrons, and an oxidation reaction occurs
to form an oxide. The reaction formula is

Al = AB* + 3e-. @)

In the electrolyte solution, the potential difference
between the two materials causes the electrons to flow

between the two electrodes. Al’* is easily hydrolyzed to
produce a large amount of H*, forming AI(OH); which is
difficult to dissolve in water. The reaction formula is

AP+ + 3H,0 — AI(OH); | + 3H*. (3)

The deposition of AI(OH); will create an occlusion
environment to prevent the entry of dissolved oxygen. To
maintain the electrical neutrality of the local environment,
Cl” is continuously moved and undergoes a series of
reactions with the oxidation film. Subsequently, C1™ diffuses
to the surface of the base aluminum alloy, transforming the
metal into an activated state, then the metal is dissolved by
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FIGURE 10 Cross-section of the aluminum alloy after corrosion (a) unanodized 5083P-O Al, (b) specimen anodized by 45 g/L
H,SO, + 8 g/L H3BOs, (c) specimen anodized by 90 g/L H,SO, + 8 g/L H3;BO; and (d) specimen anodized by 135 g/L H,SO,4 + 8 g/L H3BOs.

5083P-O Al, 5083P-O aluminum

anodic reaction and pores appear. The metal in the pores is
continuously dissolved, forming high concentration chlorides
(such as AICly), causing the H* concentration to increase one
more time. Under the action of high CI™ concentration and
low pH, an acidic solution with extremely low pH and high
corrosivity is formed in the pores. The metal dissolution in
the pores accelerates, and the pores develop and extend
rapidly, which accelerates the corrosion of 5083P-O Al. Al,O;
films of different thicknesses can act as barrier layers to
hinder reactions (1), (2) and (3). The corrosion resistance of
the anodized 5083P-O Al samples is significantly improved
because the oxide film is thicker than the passivation film
formed on the Al surface in the natural state. The thicker the
oxide film, the slower the diffusion of CI™ to the surface of
the base aluminum alloy, thus reducing the metal dissolution
rate and improving the corrosion resistance.

3.5 wt.% NaCl
AlLO,

4 | CONCLUSION
The 5083P-O Al was anodized by three different
sulfuric acid concentrations. The corrosion behavior
and mechanism of CFRP/5083P-O Al were studied by
electrochemical corrosion and salt spray test. The
results are as follows:

1. 5083P-O Al was anodized by three concentrations of
sulfuric acid: 45g/L H,SO,+8g/L H;BO;, 90g/L
H,SO,+8g/L H;BO; and 135g/L H,SO,+8g/L
H;BOs. The results showed that as the concentration
of sulfuric acid increased, the anodic oxidation film on
the surface of 5083 P-O Al became thicker, and the
thickness of 135g/L H,SO,4 + 8 g/L. H3;BO; coating was
up to 10.57 um.

FIGURE 11 Schematic representation of the galvanic corrosion processes in the CFRP/5083P-O Al (al through a3) bolted joints.
5083P-0O Al, 5083P-O aluminum; CFRP, carbon fiber reinforced polymer [Color figure can be viewed at wileyonlinelibrary.com]
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2. The galvanic effect accelerates the corrosion rate of
5083P-O Al. The thicker the oxide film, the more
difficult the diffusion of C1™ in the electrolyte solution
is, and the more significant the corrosion resistance of
5083P-0 Al is.

3. In this study, all bolted joints were observed after 336 hr
of salt spray test. The 135g/L H,SO,+ 8 g/L H3;BO;
mixed solution anodized layer meets the standard
MILAS8625F to improve the corrosion resistance of
5083P-O Al
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