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The galvanic corrosion behaviors between carbon fiber-reinforced epoxy composites (CFREC) and
aluminum alloy (2219 and ZL205A) in 3.5 wt.% sodium chloride solutions were evaluated by
laboratory electrochemical measurement. The corrosion morphology, products and galvanic currents of
galvanic couples were measured. The results indicate that there were serious galvanic corrosion when
these two kinds of materials were coupled for 10 hours in 3.5wt.% NaCl solution, corrosion pits and
grooves can be clearly observed on both aluminum alloys; the galvanic current of 2219 is slightly
higher than that of ZL205A which both decrease with time; the average galvanic current density of
2219 and ZL205A is 20.19μA·cm-2 and 16.08 μA·cm-2 respectively; as a result, two types of aluminum
alloys are not allowed to contact with CFREC directly in hygrothermal salt spray environment.
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1. INTRODUCTION
In new generation launch vehicles, the engine supports and interstages of core stages always
adopt the metal and nonmetal composite material connection structure. Carbon fiber-reinforced epoxy
composites(CFREC),owing to light weight, large specific strength and modulus, excellent thermal
resistance and high designability, have been wildly used in these major parts[1-3]. The amount and
performance level of the advanced composite materials on the aircraft has become one of the important
evaluation marks of the advanced aircraft [4, 5]. While carbon fiber is a very noble cathode material
and results in corrosion of most metals that are coupled to it [6, 7].
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Military materials are deployed and used under varied and severe environmental conditions.
The use of aluminum alloy and CFREC is desirable in the design and fabrication of equipment.
Aluminum alloy ZL205A, produced by Liu et al. [8] in the 1970s and Aluminium alloy 2219 has been
widely used in the aerospace and aviation industries as a main structural material for its excellent
mechanical properties, stress corrosion resistance and good weldability [9-13]. However, Corrosion of
aluminum alloy in corrosive environments could reduce the mechanical properties of components and
lead to material failure. And when CFREC and the aluminum alloy are served as connection structure
materials of launch vehicles and placed in humid ocean-atmosphere environment, there will be a
significant electrical potential difference between them [14,15]. The potential difference will provide a
stronger driving force for the dissolution of the aluminum alloy [16-19]. Consequently, these corrosion
processes will reduce the degree of anastomosis between the two joints and the structural strength and
sealing [20].
Although the danger of galvanic corrosion has been recognized generally, little work has been
done to quantitatively measure the extent of corrosion of various galvanic couples, and use of such
data as the basis for ranking of galvanic couples [21]. Therefore, to carry out deep and thorough
research work on galvanic corrosion of aluminum alloy and CFREC couples means a lot not only in
extending their applications on materials of launch vehicle, but also enriching electrochemical
corrosion data and assessing their service life.

2. EXPERIMENTAL
2.1 Materials
The working electrodes used in this work were coupling samples, which were 2219 and
ZL205A aluminum alloy as the anodic material and CFREC as the cathode material. CFREC was
made of MT300/803, polyacrylonitrile based unidirectional woven carbon fiber reinforced epoxy
composites, and the laminate was prepared with vacuum autoclave method. The element components
of the two kinds of aluminum alloys are shown in Table 1.
Table 1. Chemical compositions (mass fraction in %)
Materials
2219

ZL205A

Cu

Mn

Si

5.80-

0.20-

0.20-

6.80

0.40

0.40

4.60-

0.30-

5.50

0.50

<0.06

Fe

Mg

Zn

0.30

0.20

0.10

<0.15 <0.05

-

Zr

Ti

V

Cd

0.10-

0.02-

0.05-

0.25

0.10

0.25

0.05-

0.15-

0.05-

0.15-

0.20

0.35

0.30

0.25

-
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Samples of 2219, ZL205A aluminum alloys and CFREC were cut into 66 mm×15 mm×2 mm.
In order to fix the sample, a small hole with a diameter of 3 mm was drilled at the top of the sample by
10 mm, as shown in Fig.1. The two kinds of materials were grounded with silicon carbide emery paper
from 400 grit, 800 grit, 1200 grit until 2000 grit sequentially, then rinsed with alcohol and dried under
cold air stream. The surfaces of samples were coated with silica gel that the bulk surface area of 14
cm2 was exposed to the corrosion test. Then the aluminum alloy and CFREC was coupled with 5 mm
spacing between them.

Figure 1. Shapes of aluminum alloy and CFREC

2.2 Electrochemical measurement of galvanic corrosion
The electrochemical cell was allowed to stabilize before performing the electrochemical
measurements. For the galvanic corrosion measurements, the galvanic current density (Ig) was
recorded simultaneously as a function of time using the ZRA (ZRA-2, Beijing Zhongfu Corrosion &
Protection Co., Ltd) instrument and applying a zero potential against the galvanic cell (Fig. 2).The
electrolyte used for electrochemical tests was aqueous 3.5% NaCl solution. All the measurements were
carried out at a temperature of 30℃ in the air environment. Couples mentioned above were immersed
in 500 ml electrolyte for 10 hours, and measured galvanic current every other 30 minutes.

Figure 2. Electrochemical measurement of galvanic corrosion
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Macro-morphologies of specimens before and after the electrochemical measurements were
recorded by stereology microscope (KEYENCE VHX2000). Micro-morphologies and EDS of
corrosion products on the specimens surfaces were recorded by FEI Quanta 250 environment scanning
electron microscope with an electron-accelerated voltage of 20 keV.
3. RESULTS AND DISCUSSION
3.1 Corrosion morphology and corrosion products
Fig.3 shows the surface morphologies in macro scale as well as the distribution of the etch-pits
of two different aluminum alloys after they were coupled to CFREC for 10 hours in 3.5% NaCl
solution. A severe selective corrosion occurred on the surface of two different aluminum alloys. The
corrosion status of 2219 is more serious and the corrosion products are in the forms of pits, which are
relatively uniform distributed.

(a)

(b)

50 m

(c)

(d)

50 m
Figure 3. Galvanic corrosion morphology (a) and 3D version (b) of 2219 and galvanic corrosion
morphology (c) and 3D version (d) of ZL205A aluminum alloy coupled with CFREC
On the other hand, straight cracks can be seen on the surface of ZL205A aluminum alloy,
which is relatively flat without obvious undulating deep pits. Such condition of surface is probably
formed by the continual expansion and aggregation of the pits.
Fig.4 shows the surface morphologies microcosmically of two different aluminum alloys
change with time from the immersion test lasting for 10 hours in 3.5% NaCl solution after they were
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coupled with the CFREC. It can be seen that the corrosion products are incompact and irregular on the
surface of two types of magnesium alloy, and cracks appeared around the corrosion products.
Moreover, the corrosion products of 2219 aluminum alloy is more incompact than that of ZL205A
aluminum alloy, which indicates that more serious corrosion occurred on 2219 aluminum alloy. In
addition, EDS gives results about types and compositions of major elements of corrosion products: the
main elements of the sample surface are O and Al, which means that the main corrosion products are
aluminum oxide during the process of corrosion. Hernandez [22] found that when chloride ions are the
only pollutants present in the aqueous solution, the corrosive attack results in the formation of a rather
big number of corrosion pits. In this paper, there are more corrosion products due to the existence of
CFREC.

(a)

30 m

(b)

30 m
Figure 4. Galvanic corrosion morphology and EDS results of corrosion products of 2219 (a) and
ZL205A (b) aluminum alloy coupled with CFREC
3.2 Galvanic corrosion current-time curves
Fig.5 shows how the current of two different aluminum alloys change with time from the
immersion test lasting for 10 hours in 3.5% NaCl solution after they were coupled with the CFREC. It
can be seen that the CFREC/2219 and CFREC/ZL205A couplings starts with a high current density,
and then the current density decreases with ﬂuctuations rapidly within a few minutes. With the
increase of testing time, the detected current of CFREC/2219 and CFREC/ZL205A are stabilized at
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around 280 μA and 220 μA (area 13.9 cm2), respectively. The required time for CFREC/2219 and
CFREC/ZL205A to reach the steady current densities is about 400 minutes.
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Figure 5. Galvanic current-time curves of couples between 2219 (a), ZL205A(b) aluminum alloy and
CFREC;
It indicates that galvanic current density of both types of aluminum alloys decreases on the
whole with time, which means that corrosion products that can serve as a protector for the substrate on
the surface of aluminum alloy increase with the time. The inhibitory effect of corrosion products/films
also be found on steel, magnesiumalloys and high strengthen aluminum. [23-25]. Moreover, it also
shows that the galvanic current of CFREC/2219 is slightly higher than that of CFREC/ZL205A . Two
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reasons could probably clarify the variation of the galvanic current density as follows. First, 2219
is wrought aluminum alloy, the massive grain boundary and inner-stress increase the corrosion
susceptibility. Moreover, the reduced amounts of alloying elements such as copper, magnesium
and zinc in ZL205A compared with 2219 (see Table 1) will decrease the corrosion susceptibility
[26].

3.3 Evaluation of galvanic corrosion sensitivity
Calculate the average galvanic current(Ig) within 10 hours according to the galvanic current
time curve; Calculate the galvanic current density (ig) according to the actual size of the galvanic
—

anode; Calculate the average galvanic current density (ig)and standard deviation (SD) according to the
results of three sets of parallel test; Results are as follows in Table 2.
Table 2. (a) Galvanic current of CFREC/2219 couple
2219 aluminum alloy

No.1

No.2

No.3

Ig/μA

327.29

256.19

258.29

23.55

18.43

18.58

ig/μA·cm

-2

—

ig/μA·cm-2

20.19

SD

2.91

Table 2. (b) Galvanic current of CFREC/ZL205A couple
ZL205A aluminum alloy

No.1

No.2

No.3

Ig/μA

216.05

217.05

236.93

15.54

15.62

17.05

ig/μA·cm

-2

—

ig/μA·cm-2

16.08

SD

0.85

According to the relevant provisions of galvanic corrosion sensitivity of metal materials (level
—

—

—

—

A: ig≤0.3 μA·cm-2; level B: 0.3<ig≤1.0 μA·cm-2; level C: 1.0<ig≤3.0 μA·cm-2; level D: 3.0<ig≤10.0
—

μA·cm-2; level E: ig >10.0 μA·cm-2), both two types of aluminum alloys are classified as the highest
level of E. According to the regulations of Air Force Materials Research Laboratory, when average
galvanic corrosion sensitivity between two types of materials is higher than 15.0 μA·cm-2, they are not
allowed to use when contact directly. Thus both two types of aluminum alloys are not allowed to
contact with CFREC directly in hygrothermal salt spray environment. Lu Feng [27] gives similar
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results about the galvanic corrosion using Carbon Fiber Reinforced Plastic and LY12CZ couples. And
probably due to different types of materials, galvanic current in our work is much higher.

4. CONCLUSIONS
(1) The surface morphology of 2219 and ZL205A aluminum alloy changes obviously after the
galvanic corrosion when coupled to CFREC respectively. In particular, the surface roughness of
aluminum alloy has increased and corrosion pits and grooves appears on the surface.
(2) Galvanic current density decreases with time on the whole. With the extension of time, the
corrosion products on the surface of aluminum alloy have increased, serving as a protector for the
substrate. Furthermore, the galvanic current of 2219 is slightly higher than that of ZL205A.
(3) The average galvanic current density of 2219 is 20.19μA·cm-2 while the average galvanic
current density of ZL205A is 16.08 μA·cm-2. As a result, two types of aluminum alloys are not allowed
to contact with CFREC directly in hygrothermal salt spray environment.
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