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The influence of the microstructure of carbon fibre reinforced polymers (CFRPs) with epoxy
matrix (E-CFRP) and nylon matrix (T-CFRP) on the galvanic behaviour of DP590 steel, 6022-
aluminium alloy, 1040-steel and AZ31-magnesium alloy was investigated in the GMW14872
solution. The E-CFRP/metal couples were initially more galvanic corrosion resistant, but
their galvanic corrosion gradually became more severe than the T-CFRP/metal couples.
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Carbon fibre reinforced polymer determined the galvanic corrosion. A detailed surface layer model was proposed, the elec-
(CFRP) trochemical processes through the surface polymer layers during galvanic corrosion were
Composite discussed. A better understanding on the microstructure of CFRP determined by composites
EIS manufacture process can be obtained.
Galvanic corrosion © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
Defect CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. in infrastructure, such as the highways, oil and gas pro-
1. Introduction

duction facilities, chemical refineries, water and wastewater
treatment systems. They have even been successfully used

Due to their high strength, high modulus, high corrosion
resistance and especially light weight, carbon fibre reinforced
polymers (CFRP) have been regarded as a promising material
to replace some traditional high strength metals. For exam-
ple, the use of CFRPs in car body can lead to obvious weight
reduction, improved mileage, and eventually reduced carbon
dioxide emission [1]. The high strength and corrosion resis-
tance [2-4] have also made CFRPs one of the durable materials

* Corresponding author.

to strengthen the elements of concrete bridge structures [5].
However, because of the high fabrication cost, most important
applications of CFRPs today are mainly limited to military and
aerospace industries [6,7]. There is no doubt that CFRPs will
find more applications in various industries after they become
affordable.

Currently, CFRPs are usually used together with metallic
engineering materials, such as steels and aluminium alloys.
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Since carbon fibre is a good electronic conductor like a metal
[8], many electrochemical reactions can occur on its surface.
When a CFRP is in contact with a metal, there will be a gal-
vanic process between the CFRP and metal, which can cause
corrosion damage to the anodic metal. This is always a major
concern in practical applications of CFRPs [9-16].

There have been quite a few publications on the galvanic
corrosion of metals in contact with CFRPs [9,13,17-25]. Com-
pared with the damage of the anode metals, the detailed role
of the cathode CFRP in the galvanic corrosion has appeared
to be overlooked. Currently, investigations into the effect of
CFRP microstructure on the galvanic process are very rare,
and the limited research on CFRPs is mainly focused on their
mechanical properties, while their electrochemical perfor-
mance, especially their galvanic effect, is seldom studied, let
alone the possible damage of the CFRPs themselves resulting
from the galvanic effect [26].

In fact, the microstructure of a CFRP, particularly the sur-
face polymer layer, can significantly affect the electrochemical
behaviour of the CFRP and strong electrochemical reactions on
the CFRP can even damage its surface polymer layer [27]. These
findings imply that the microstructure of a CFRP has a signif-
icant effect on the galvanic behaviour of a metal in contact,
and the galvanic reaction may in return lead to degrada-
tion of the CFRP. These implications closely concern practical
applications of CFRPs, but they have unfortunately not been
systematically investigated so far. A study on the interaction
between cathode CFRP degradation and anode metal corrosion
will not only deepen the fundamental understanding of tradi-
tional galvanic theory, but also provide a guide for CFRP/metal
joint design in industries.

In this study, the basic electrochemical properties of metals
and the coupled CFRPs with different composite microstruc-
tures, surface polymer layers and matrices were measured to
understand the galvanic processes between the anode metals
and the cathode CFRPs. A surface polymer layer model was
proposed to interpret the effect of the CFRP microstructure on
the galvanic corrosion behaviour of the coupled metal anode.

2. Experimental

2.1. Materials and solution

Two types of CFRPs, E-CFRP and T-CFRP, as well as Zn-coated
DP590 steel, 1040-steel, 6022-aluminium alloy and AZ31-
magnesium alloy were used in this study. All the samples
had dimensions of 100 mm x 40 mm x 1.6 mm. Their chemical
compositions and constitutions are shown in Table 1.

All the materials were cleaned with ethanol and distilled
water and then dried in flowing air. The surface polymer layers
of some of the CFRPs were also removed by abrading to expose
their carbon fibre bundles. The arrangements of the carbon
fibre bundles in these two types of CFRPs are quite different [8];
the E-CFRP contains 8 carbon fibre layers in different directions
at 0/45/—45/90/90/—45/45/0°, respectively, while the T-CFRP
contains 6 carbon fibre layers, and in each layer the fibre bun-
dles cross vertically together like the texture of a “woven bag”
[27].

Considering the possible application of these CFRPs in the
auto industry, a GM standard test solution containing 0.9 wt%
NaCl+0.1wt% CaCl, +0.075wt% NaHCO3; (GM WORLDWIDE
ENGINEERING STANDARD-GMW14872) was used in this study.

2.2. Electrochemical measurements

A three-electrode conventional electrolyte cell and an
electrochemical measurement system AUTOLAB (Metrohm)
were used to measure the open-circuit potentials (OCP),
electrochemical impedance spectroscopy (EIS) spectra and
polarization curves of the metals and CFRPs. In the cell, a
platinum plate was used as the counter electrode and an
Ag/AgCl/saturated KCl electrode as the reference. The sur-
face area of the tested sample for measurement was around
0.78 cm?. In polarization curve measurements, the potentio-
dynamic scanning rate was 1mV/s. The EIS spectra of the
metal samples were measured at different immersion times
at their OCPs, and those of the CFRPs at their OCPs, —1V (vs
OCP) and +1V (vs OCP). In all the EIS measurements, the AC
potential amplitude was 10 mV, and the frequency range was
from 0.1Hz to 100kHz with 10 frequency points per logarith-
mic decade.

The galvanic currents Iys between CFRP samples and met-
als were measured in a different electrolyte cell as shown
in Fig. 1, in which W1 represented the CFRP sample (a E-
CFRP or T-CFRP coupon), W2 was a metal sample, and RE was
an Ag/AgCl reference electrode. They were connected to an
electrochemical measurement system P4000+ (AMETEK). The
distance between W1 and W2 was 6 cm, the exposed areas
of the CFRP and metal samples in the solution were around
0.78cm?, and the electrolyte volume in the cell was 100 ml.
The measurement lasted 8h for each galvanic couple.

2.3. Morphology characterization

The surface morphologies of the samples after galvanic
corrosion tests were observed and recorded by an optical
microscope, Leica DMV6. The layer structure of CFRP was
observed by SEM, TM-3000.

3. Results
3.1 Cross-section microstructure of CFRP

The difference of layer structure between E-CFRP and T-CFRP
are shown in Fig. 2. There are obviously many “gaps” between
carbon fibre and polymer matrix in E-CFRP (see Fig. 2a). Those
kind of “gaps” never occur on the cross-section of T-CFRP (see
Fig. 2b), meaning E-CFRP have much more interspace than T-
CFRP in the inner structure.

3.2 Open circuit potentials

The open circuit potentials (OCPs), denoted as Es in this paper,
of all the tested samples in the GMW-14872 solution are shown
in Fig. 3. The OCPs of the CFRPs were more positive than those
of the metals, because the electrochemical behaviour of car-
bon fibre in CFRP was similar to a noble metal like gold or
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Table 1 - Chemical compositions of the test metals and the constitutions of the composite materials.

Sample Composition and constitution

E-CFRP Fabricated in GM R&D containing 57 vol.% carbon fibre in epoxy

T-CFRP Bond Laminates TEPEX Dynalite 201-C200(6) containing 45 vol.% carbon fibre in nylon 6, 6 (200 g/m? fabric, 6 layers)

DP590 steel Fe (Bal.), C (0.095 wt%), Cr (0.03 wt%), Ni (0.035 wt%), Si (0.31wt%); Mn (1.75 wt%), Ti (0.002 wt%), P (0.011 wt%), S
(0.005 wt%); Zn coating on the surfaces

1040-steel Fe (Bal.), C (0.37-0.45 wt%), Si (0.17-0.37 wt%), Mn (0.5-0.8 Wt%), S (<0.035 wt%), P (<0.035 wt%), Cr (<0.25 wt%), Ni
(<0.25wt%), Cu (<0.25 wt%)

6022 Al alloy Al (Bal)), Si (0.8-1.5wt%), Fe (0.05-0.2 wt%), Cu (0.01-0.11 wt%), Mn (0.02-0.1wt%), Cr (0.1 wt%), Mg (0.45-0.7 wt%), Zn

(0.25 wt%), Ti (0.15 Wt%)
AZ31 Mg alloy

Mg (Bal.), Al (3-3.2 wt%), Zn (0.8 Wt%), Mn (0.4 Wt%)

RE

Ag/AgCl/saturated KCI

WE-1: 5
Sample r

Exposed
area: %
0.78cm? =

Volume: 100ml

WE-2:
Sample

Fig. 1 - Schematic illustration of the setup for galvanic current measurement.

N 100um

100um

Fig. 2 - Cross-section morphologies of (a) E-CFRP and (b) T-CFRP.

platinum [28]. In practice, there are five basic factors that can
influence the galvanic corrosion: (1) the potential difference
between the anode and cathode, (2) the anodic polarization
resistance of the anode, (3) the cathodic polarization resis-
tance of the cathode, (4) the solution resistance between the
anode and cathode, and (5) the area ratio of the cathode to
anode [29,30]. In this study, the OCP differences between the
CFRPs and metals were all significantly larger than 50 mV, indi-
cating that the galvanic corrosion could be severe when the
CFRPs were coupled with those metals. According to the OCP

measurements, the OCP order of the samples from positive to
negative was: T-CFRP > E-CFRP > 1040-steel > 6022-Al alloy > Zn
coated DP590-steel > AZ31-Mg alloy. All the materials reached
their relatively stable OCP values rapidly except the E-CFRP
which fluctuated and took about 1.5h to become stable.

3.3.  Potentiodynamic polarization curves

Fig. 4 shows the potentiodynamic polarization curves of all
the test samples and the intersections between the curves
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Fig. 3 - Open circuit potentials of AZ31 Mg, DP590 steel,
1040 steel, Al 6022, T-CFRP and E-CFRP.
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Fig. 4 - Potentiodynamic polarization curves of AZ31 Mg,
DP590 steel, 1040 steel, Al 6022, T-CGFRP, E-CFRP,
T-CFRP-ground and E-CFRP-ground.

of the CFRPs and metals. In the CFRPs/metal couple sys-
tems, the CFRPs were cathodes and the metals were anodes.
The galvanic systems were cathodic reaction/oxygen diffu-
sion controlled, and their overall galvanic reaction rates were
limited by the diffusion processes on the CFRP surfaces.

3.4.  AC-impendence

Fig. 5 shows the EIS spectra of the CFRPs at their OCPs chang-
ing with immersion time. In experiment, the repeatability of
E-CFRP was much worse than T-CFRP. Nevertheless, the resis-
tance of E-CFRP was significantly higher than T-CFRP by a
few order of magnitude [27]. The most important observation
was that the EIS spectra of the E-CFRP and T-CFRP varied dif-
ferently with immersion time. The E-CFRP behaved like an
organic coating on metals [31,32]; its impedance at low fre-
quencies decreased with immersion time from 10° Qcm? to
10* Q@ cm?. However, the low frequency impedance of the T-
CFRP decreased in the first 2h and then quickly reached a
stable value around 10° Q@ cm?. Another interesting charac-
teristic of the measured EIS spectra of the T-CFRP was the

appearance of Warburgimpedance in the low frequency range
all the time, indicating that the electrochemical process on
the T-CFRP after immersion in the solution was diffusion con-
trolled. The EIS spectra of these CFRPs at —1V have been
reported before [8] and are not presented in this paper.

For comparison, the EIS measurements under the same
conditions were also carried out on ground surfaces of the
CFRPs. Fig. 6 shows the variation of their EIS spectra with
immersion time at OCP and —1V/Ag/AgCl. Their EIS spec-
tra were very stable at the OCPs in the whole test time, the
estimated impedance values were about 10* 2 cm?, and the T-
CFRP had impedance slightly lower than the E-CFRP. When a
polarization voltage of —1V (vs OCP) was applied to the ground
CFRPs, their low frequency impedances increased initially and
then quickly became stable. This was probably caused by
the generation of gas bubbles in the effective pores in the
CFRP surface polymer layers and the damage of the polymer
surfaces to some degree in the beginning [27]. This effect dis-
appeared quickly after the polymer surfaces were completely
wetted. Overall, the impedances of the ground CFRPs changed
insignificantly with time (Fig. 6) compared with those of the
CFRPs with their original surface polymer layers before grind-
ing (Fig. 5).

The EIS spectra of the metals changed with immersion time
at OCP are shown in Fig. 7. Considering for the complicated EIS
behaviour of metals, the low frequency impedances (0.1 Hz)
were simply used to represent R,. Compare with the EIS spec-
tra of the CFRPs, the impedances of the metals were much
lower.

3.5. Galvanic current density

The experimentally measured galvanic current densities of all
the CFRP/metal couples are shown in Fig. 8. The E-CFRP/metal
couples had lower galvanic current densities than those of
the T-CFRP/metal couples initially, which corresponded well to
the intersection points of their potentiodynamic polarization
curves. For all the T-CFRP/metal couples, the galvanic cur-
rent densities started from relatively high values, but rapidly
decreased with time and eventually reached relatively low sta-
ble levels. On the contrary, the galvanic current densities of the
E-CFRP/metal couples were initially low, but they increased
with time, and finally became higher than those of the T-
CFRP/metal couples. In addition, it took a longer time for
the E-CFRP/metal couples than the T-CFRP/metal couples to
reach a relatively steady galvanic current density. Although
the galvanic current densities of the E-CFRP/1040-steel and the
T-CFRP/1040-steel couples did not intercross within the test-
ing time in Fig. 8c, they had clearly shown an intercrossing
trend.

According to these curves, the galvanic corrosion damage
of the couples can be compared, which are listed in Table 2.
When the E-CFRP was coupled with different metals, its gal-
vanic current densities could be arranged in a decreasing
order: AZ31-Mg alloy > Zn coated DP590 > 1040-steel > 6022-Al
alloy. If the T-CFRP was coupled with the metals, then the
galvanic current densities would have a following decreasing
order: 1040-steel > AZ31-Mg alloy ~ Zn coated DP590 > 6022-Al
alloy. In fact, the differences in galvanic current density among
the T-CFRP/metal couples were not very significant. The same
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for the unground E-CFRP and T-CFRP.

Table 2 - Measured galvanic current densities of CFRP/metal couples.

E-CFRP (initially) (nA/cm?)

E-CFRP (8h) (nA/cm?)

T-CFRP (initially) (wA/cm?) T-CFRP (8h) (nA/cm?)

AZ31-Mg 29 9.7
DP590 1.9 6.1
1040-steel 1.1 4.2
6022-Al 0.3 2.3

6.9 3.7
6.8 3.5
5.8 4.7
1.0 0.8

result has been predicted by the potentiodynamic polarization
curves (see Fig. 4).

Fig. 9 presents a comparison in galvanic current density
between E-CFRP/Zn coated DP590 and T-CFRP/Zn coated DP590
couples after the surface polymer layers of the CFRPs were
removed by grinding. It shows that: (1) the galvanic current
densities became much higher after the CFRP surface were
ground, (2) the difference between the galvanic current den-
sities of the E-CFRP/Zn coated DP590 and T-CFRP/Zn coated
DP590 became much smaller after the CFRP surfaces were
ground, and (3) the couples with ground CFRPs reached a
steady state much more quickly.

3.6. Overall corrosion damage

After galvanic current measurements, the CFRP and metal
surfaces were examined, and their surface morphologies are

presented in Figs. 10 and 11. The DP590 coupled with E-CFRP
was slightly more seriously corroded than that with T-CFRP
after the first week. The difference became more obvious with
duration time. After 4 weeks of testing, there was a large
amount of red rust (i.e., the Zn coating had been completed
dissolved and the substrate Fe was corroded) on the sur-
face of DP590 coupled with E-CFRP. On DP590 coupled with
T-CFRP, only some white rusts could be observed through-
out the test time, indicating that the Zn coating was still
there, not penetrated by corrosion attack. The morphologies
of CFRPs after the galvanic current measurements did not
change except the appearance of a mechanical mark in the
area where had been sealed by a rubber ring during the test
(see Fig. 11). This suggests that the CFRPs simply acted as cath-
odes and themselves were not significantly affected by the
metal.
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4, Discussion

According to the report by Mandel and Kriiger [33], carbon
fibre bundles cannot be completely embedded in a polymer,
and may be exposed to the electrolyte in some areas after

immersion. This idea was further developed recently in a sur-
face polymer model, in which the exposure of carbon fibre
was believed to be through “effective pores” [27]. The above
results can be explained if this model is further developed
to involved the ingress of corrosive species with time in the
effective pores.

4.1. Galvanic corrosion and self-corrosion

The bulk resistivity of CFRPs is very low because they are elec-
trically conductive [8]. Thus, the traditional galvanic theory, in
which the resistance of anode and cathode is normally negli-
gible, can be directly applied to the CFRPs/metal couples.

In this study, the corrosion potentials of the E-CFRP and
T-CFRP were much more positive than the metals, thus there
would be a risk of galvanic corrosion if the CFRPs and metals
were joined together in a corrosive environment. The driv-
ing force for the galvanic corrosion caused by the T-CFRP was
stronger than that caused by the E-CFRP, because the former’s
OCP was more positive than the latter’s.

The galvanic corrosion rate of a couple can be predicted
by the intersection between the anodic polarization curve of
the anode and the cathodic polarization curve of the cath-
ode of the system, and the self-corrosion rate of a metal
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Fig. 11 - Morphologies of exposed areas of (a) E-CFRP (not ground) and (b) T-CFRP (not ground) after 4 weeks of testing.

Table 3 - Corrosion current densities and galvanic current densities of metals coupled with E-CFRP and T-CFRP before

and after grinding.

Self-corrosion I, with E-CFRP I, with T-CFRP I'y with Ground-E- I'y with Ground-T-

rate (pnA/cm?) (nA/cm?) (nA/cm?) CFRP (pnA/cm?) CFRP (nA/cm?)
AZ31-Mg 24.46 2.27 11.80 137.74 109.90
DP590-steel 7.14 0.97 6.64 23.39 23.12
1040-steel 14.63 0.31 3.77 14.81 14.70
6022-Al 4.45 0.27 3.13 11.58 11.49

can be estimated from its anodic and cathodic polarization
curves through Tafel extrapolation. Table 3 lists the estimated
self-corrosion rates (corrosion current densities, Ions) of the
metals and the predicted galvanic corrosion rates (galvanic
current densities, I3s) of these metals coupled with the CFRPs
before and after surface grinding based on their polarization
curves shown in Fig. 4. For both CFRPs with original surface
polymer layers before grinding, their Ie,rs are larger than Igs,
which means that the galvanic corrosion damage was less
severe than the self-corrosion of the metals. This is under-
standable, as the cathodic reactions on the CFRPs were much
slower than the reactions on these metals (see Fig. 4). There-
fore, the self-corrosion of the metals could not be ignored

when they were coupled with CFRPs. The results in Table 3
suggest that the T-CFRP is much more detrimental than the E-
CFRPin terms of the galvanic effect if they are in contact with a
metal, and the detrimental galvanic effect of these two CFRPs
on different metals can be ranged in a decreasing order: AZ31-
Mg alloy >Zn coated DP590-steel > 1040-steel > 6022-Al alloy.
After the surface polymer layers were removed by grinding
all the apparent galvanic current densities I'ys dramatically
increased, but their ranging order of galvanic corrosion dam-
age was not changed. The similarity in polarization behaviour
for the E-CFRP and T-CFRP after surface grinding obviously
resulted from the exposure of carbon fibre bundles to the
solution. The exposed carbon fibre bundles could cause more
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Fig. 12 - The corrosion current density (Icorr) of AZ31
estimated from its anodic and cathodic Tafel extrapolations
and the galvanic current densities (I;s) between AZ31 and
coupled CFRPs (not ground) predicted from their
polarization curves.

serious galvanic damage on the metals according to the polar-
ization curves (see Fig. 4). In this case, the self-corrosion (Icors)
may become relatively insignificant compared with the gal-
vanic corrosion damage (I'ys) of a coupled metal.

Fig. 12 shows typical intersections between the polariza-
tion curves of a metal (AZ31) and a CFRP (E-CFRP) before
and after grinding. The self-corrosion rate Iy of the metal
can be estimated through Tafel extrapolation. The intersec-
tion point of the cathodic polarization curve of the CFRP and
the anodic polarization curve of the metal represents the gal-
vanic current density I; between the metal and CFRP. It can be
observed that Iy < Icorr < I'g, indicating that galvanic corrosion
was more severe in the ground-CFRP/metal couples than in the
CFRP/metal couples, and the self-corrosion had an important
contribution to the overall corrosion damage.

It should be noted that the E,4 of the unground CFRP cou-
pled with the metal was nearly equal to the Ecyr of the metal.
That means the galvanic current density or the dissolution
rate of the metal caused by the CFRP due to galvanic effect was
close to its self-corrosion rate I..r. However, after the surface
polymer layer was removed by grinding, the cathodic current
density of the CFRP dramatically increased, and the intersec-
tion point between the polarization curves of the ground CFRP
and the metal became much more positive than the Ecy. At
this Eg, the anodic dissolution rate or galvanic current density
I4 of the metal would be significantly higher than Ie.

4.2. Development of galvanic corrosion

The most important finding in this study was the changing
galvanic current densities with time as shown in Fig. 8. The
galvanic currents caused by the two different CFRPs had very
different changing trends, and different anode metals did not
alter these differences.

Initially, the measured impedance values of the metals
were a few orders of magnitude lower than those of the CFRPs
(compare the impedance values in the low frequency range in
Figs. 5 and 7), which are consistent with polarization curve

measurements (see the extrapolation of the cathodic Tafel
straight lines at the corrosion potentials of the CFRPs and
the extrapolation of the anodic Tafel straight lines at the cor-
rosion potentials of the metals in Fig. 4). In fact, the CFRPs
were always much more resistant than the metals during the
whole test period (Figs. 5 and 7). Therefore, the galvanic cur-
rent of a CFRP/metal galvanic couple mainly depends on the
cathodic polarization resistance of the CFRP, which is actually
determined by the initial microstructure and thickness of the
CFRP surface polymer layer. A thicker and less porous CFRP
normally has a larger cathodic polarization resistance. During
immersion, in addition to the microstructure and thickness,
the change of the galvanic current with time is also closely
associated with water ingress and corrosion product accumu-
lation in the surface polymer layer of the CFRP. Hence, the
microstructure of CFRP is a critical factor influencing the gal-
vanic behaviour of the system.

According to Reuvers et al. [34], the development of an EIS
spectra with time for a coating system can be divided into
three stages: (1) a polymer film is exposed to the solution and
water starts to enter the polymer, (2) the entered water reaches
the metal matrix, and (3) the polymer containing a significant
amount of water becomes conductive and the water fills the
interface of polymer/metal. The surface polymer layer of a
CFRP can be regarded as a coating on carbon fibre bundles
in the study (epoxy as coating and carbon fibre as conductive
matrix). Corresponding to the three stages, the CFRP surface
layer will have a decreasing capacitive resistant behaviour
(i.e., the resistance plateau and the following capacitance
slope) firstly and then another capacitive resistant behaviour
will appear (Fig. 5). The EIS results supported the different
changes of the galvanic processes of the E-CFRP/metal and T-
CFRP/metal couples with immersion time (Fig. 8). The E-CFRP
had a much higher impedance in the low frequency range
than the T-CFRP initially. However, it decreased with immer-
sion time, while the low frequency impedance of the T-CFRP
decreased and reached a relatively stable value quickly. The
electrochemical process on the T-CFRP was always controlled
by diffusion process (see the Warburg impedance characteris-
tics in Fig. 5). These confirm that the electrode state changed
with immersion time. In addition, T-CFRP exhibited a dif-
fusion control process at low frequencies while E-CFRP did
not (Fig. 5). It should be noted that both the CFRPs had a
diffusion control process at low frequency, but the diffusion
behaviour of E-CFRP could be concealed by its large resistance
and thus could not be exhibited in the frequency range in the
study. The diffusion-controlled processes of both the CFRPs
disappeared when their surface polymer layers were removed
(Fig. 6), meaning that the surface polymer layers did signifi-
cantly affect the galvanic processes.

The variation of the measured EIS spectra with time for
the CFRPs under —1V/Ag/AgCl polarization [8] was similar to
that of the EIS spectra at their OCPs. Their impedances in low
frequencies also decreased with immersion time. The resis-
tance of the E-CFRP gradually decreased, whereas that of the
T-CFRP at the beginning decreased rapidly, but quickly sta-
bilized at steady value. Cathodic polarization led to a more
significantly decreased impedance in the low frequency range
for the E-CFRP than the T-CFRP. The impedance under the
cathodic polarization condition decreased faster than that at
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Fig. 13 - Illustration of pore-defects in the surface polymer layers of (a) E-CFRP and (b) T-CFRP.

OCP, because polarization could accelerate the water diffusion
and cause damage in the surface layers of the CFRPs to some
extent. The impedance of the T-CFRP becoming stable quickly
implies that the cathodic polarization did not influence its
surface polymer layer too much.

4.3. Effect of the defects in surface layer

The above changes in EIS parameters can be interpreted by
a water up-take process into the surface polymer layers,
which can be better understood based on the surface poly-
mer layer model proposed recently [27] if more defect details
are considered in the model, including the number and dis-
tribution of the defects in the surface polymer layer (see
Fig. 13). The morphologies of defects are schematically sim-
plified into rectangles in the model. The defects are diverse,
but only the through pores, which connect the carbon fibre and
the environment, can significantly affect the electrochemical
behaviour of the CFRP. The through pores were denoted as
“effective defects”. The number of effective defects in the sur-
face polymer layer of the E-CFRP is large and there are many
gaps between carbon fibre and the polymer surface layer, but
the surface polymer layer is relatively thick, while in the sur-
face polymer layer of the T-CFRP, there are fewer effective
defects and gaps, but the defects are larger.

The model has the following characteristics: (1) there are
two kinds of defects: those effective pores that penetrate
through the surface polymer layer from the top surface to
the first layer of the carbon fibler providing shortcuts for the

soultion in the environment to reach the carbon fibre, and
the others that are ineffective non-through pores, having no
contribution to the penetration of solution through the sur-
face polymer layer, (2) only the effective defects exist in the
surface polymer layer can significantly affect the electrochem-
ical behaviour of a CFRP, and the contribution of those below
the first layer of cabon fibre bundles is limited, (3) there are
gaps between carbon fibre and polymer (Fig. 2), and (4) the
environment solution penetrates larger through-pores (effec-
tive pores) preferentially, while the relatively smaller effective
through-pores can also be gradually penetrated by water.
Based on these, an equivalent circuit (Fig. 14) can be employed
to interpret the electrochemical behaviours of the CFRPs. The
circuit can be simplified into a simple one in Fig. 15 by letting

Rp: n1 , Re= nl ng: nl ,Uwcz%
Zi:ll/ Rypi Zi:ll/ Rei Zi:ll/ Ryi Ei:ll/ O
and o,g = . According to the EIS results in this paper,

— 1
Z?:ll/awgi
E-CFRP and T-CFRP should have different parameter values:
Ryie > Rpit, Rgie < Rgir — 00, ng increased with time gradually
and significantly, and nr increased with time immediately and
insignificantly. The differences in these parameters determine
that the electrochemical behaviours of E-CFRP and T-CFRP are
quite different. Althrough the parameters Ry, Rc and R, are
meaningful, they cannot be easily separated in the EIS results
and spectrum-fitting for a real system (Fig. 16). Therefore, the
EIS results are not fitted, and the equivalent circuits are simply
used to help understand the degradation of the CFRPs in this

papetr.
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Fig. 14 - Equivalent circuit for the surface polymer layer of a CFRP in solution, in which Ry: resistance of the effective
through-pores in the surface polymer layer filled with water; R.: polarization resistance of the carbon fibre surface exposed
to the water in the effective through-pores; R,: resistance of the gaps filled with water at the interface between the surface
polymer layer and carbon fibre; ¢,.: Warburg resistance on the carbon fibre surface exposed to the water in the effective
through-pores; 0,,4: Warburg resistance on the carbon fibre surface exposed to the water in gaps between the carbon fibre
and the surface polymer layer; n: number of effective through-pores in the surface polymer layer.
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Fig. 15 - Simplified equivalent circuit of a CFRP in solution.

For E-CFRP at beginning, R) — oo, 095 — 00, R)+RI>
69., and thus the circuit can be further simplified into Fig. 16a,
which is a typical Randles circuit and will show a semicir-
cle spectra on the Nygqist plane or two plateaus and a~ -1
slope between them on the Bode plane. Later, as Rg — R'p,
R? R, Rg — Ry, 00— 0w, agg — 0'ug, Q°—>Q, R¢> Rg,
'wc > 0'wg, R)p > R'g, Rp > 0'0g, Rg KR, R'p < RY, and o’y <
029, the Randles circuit will have smaller resistances, and thus
a smaller semicircule and lower plateaus will appear in the
Nyquist and Bode plots (see Fig. 16b).

The T-CFRP is very different from E-CFRP in these parame-
ters. For T-CFRP at beginning: R} — oo, 00y — o0, R)+R? <
00, 03, <00, R)+RI~0l. In this case, the equivalennt cir-
cuit will chang into one containing a Warburg impedance (see
Fig. 16c). Hence, on the Nyquist plane, there will be a diffu-
sion controlled impedance tail in the low frequency range
in additon to the semicircle loop at high frequencies. On
the Bode plane, there will be a~—1/2 slope at frequencies
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Fig. 16 - Circuits for the CFRPs: (a) E-CFRP at beginning, (b) E-CFRP later, (c) T-CFRP at beginning, and (d) T-CFRP later.

left to the R, plateau. Quick after that, Rg — Ry, RO >R,
R(g) — Ry — o0, 029 — 0'pg = 00, agc — ' wes QO—> Q, Ry « o0,
R'¢ € 00, Ry + R'¢c K 00, R'p + R'¢e~00, and R’y < R). The circuit
will have much smaller parameters, and the corresponding
EIS spectra have smaller semicircle in Nyquist plot and low Ry
plateaus in Bode plot (see Fig. 16d).

It is interesting that the metal/T-CFRP couple had a higher
galvanic current density than the metal/E-CFRP initially, but
the galvanic current density of the latter exceeded that of the
former gradually. The phenomenon can also be explained by
the model shown in Figs. 13 and 14. Comparing to the metals,
the resistance of CFRP was much higher. Therefore, the gal-
vanic current of the CFRP/metal couple system was mainly
determined by CFRP. Corresponding to the three stages of
water uptake and diffusion in the surface polymer layer, the
circuit would change with time. In the beginning, the resis-
tance of this system was very high, because the water just
contacted the surface of the polymer layer. After that, water
penetrated into the polymer through the defects inside. For E-
CFRP, the number of the “large through-pore defects” exposed
to the outside solution directly was very small, i.e., less parallel
Ryi, Reis Rgi» 0cir 0ogi Were involved in the circuit Fig. 14. Thus,
the Rp, Ry and the impedance of the surface polymer layer
were high. For T-CFRP, the number of the “large through-pore

defects” exposed to the outside solution directly was large, i.e.,
more Ry, Rij, Rgi, 0o 0gi in parallel were involved in the cir-
cuit Fig. 14. Hence, the Ry, Ry and the impedance of the suface
polyer layer were small. That is the reason why the resis-
tance of E-CFRP was significantly higher than T-CFRP. With
the immersion time, more and more effective through-pore
defects inside the polymer were penetrated by water, i.e., the
number of the parallel Ry;, Ry, Ryi, 0acis 0agi iNCreased, and the
Rp, Rg and the impedance of the suface polyer layer decreased.
In T-CFRP, the number of gaps at the carbon fibre surface was
very limited. The Ry, Rg and the impedance of the suface polyer
layer would not decrease further. On the contrary, there were
many gaps at the polymer/carbon fibre interface in E-CFRP,
Le., the number of parallel Ry; was large. When water reached
the inner of the surface polymer layer, the resistance would
further decrease. Therefore, E-CFRP still exhibited a decreas-
ing impedance trend, and eventually, the resistance of E-CFRP
could even become lower than that of theT-CFRP. In the last
stage after the the polymer was saturated by water and sur-
face of carbon fibre under the surface polymer had been to
the greatest degree exposed to water, both the CFRPs would
have stable electrochemical performance. As the E-CFRP has a
thicker surface polymer layer, the metal/E-CFRP took a longer
time to have a relatively stable galvanic current density than
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the metal/T-CFRP. As to the galvanic current densities of the
metal/T-CFRP systems decreasing with immersion time, the
polarization of the carbon fibre under the surface polymer
layer might need to be considered. Fig. 6 indicates that the
polarization resistance of the carbon fibre is around 10* Q cm?,
a few orders of magnitude smaller than that of the E-CFRP, but
only one order lower than that of the T-CFRP. Thus, the polar-
ization resistance of the carbon fibre in the E-CFRP system is
negligible, but its influence on the galvanic current densities
to the TCFRP cannot be ignored, particularly when the carbon
fibre is cathodically polarized by the coupled metals. Fig. 6
clearly shows that the polarization resistance of the carbon
fibre slightly increases after polarization at —1V. This means
that the polarization resistance of the carbon fibre in the T-
CFRP could gradually increase as the surface polymer layer
of the T-CFRP became less resistant, resulting in decreasing
galvanic current densities of the T-CFRP/Metal systems with
immersion time.

4.4. Corrosion behaviour in practice

The real corrosion damage is a sum of self-corrosion and
galvanic corrosion. According to the galvanic current density
curves shown in Fig. 8, the galvanic corrosion damage on the
metals can be estimated. For example, the galvanic current
density for E-CFRP/DP590 was 1.9 nA/cm? while T-CFRP/DP590
was 6.7 pA/cm? initially. The two couples reached the same
galvanic current density 3.9 uA/cm? after 2.6h. This means
that the galvanic corrosion rate of DP590 steel in E-CFRP/DP590
couple kept increasing while in T-CFRP/DP590 couple kept
decreasing. The galvanic corrosion damage caused by T-CFRP
was more serious than that caused by E-CFRP. In 2.6-4.6 h, the
galvanic current caused by E-CFRP became more serious than
that caused by T-CFRP, and the difference became more evi-
dent with time. The integral of the galvanic current over time
from 0 to 4.6 h caused by T-CFRP can be calculated to be simi-
lar to that caused by E-CFRP. After 4.6 h, the damage occurred
on the DP590 caused by E-CFRP was more serious than that
caused by T-CFRP. Since the damage occurred on the DP590
was an accumulated result over the whole testing period, the
final damage degree should not be simply predicted by the
initial or final galvanic current density.

It was noted that the different changing trends of the gal-
vanic corrosion of the DP590 caused by the two kinds of CFRP
cannot be observed from the surface morphologies after 8h
of test. According to the polarization results (see Fig. 4 and
Table 2) and the above discussion, initially, the self-corrosion
of the DP590 was actually even faster, causing more severe
damage on the DP590 surface than the galvanic corrosion.
Therefore, the slightly different galvanic corrosion caused by
E-CFRP and T-CFRP could not lead to an evident difference in
surface corrosion morphology in a short period time. However,
with time, due to the accumulation of corrosion products on
the metal surface, the self-corrosion of the metal usually could
slow down, while the galvanic effect could become stronger as
the resistance of the surface polymer layer could decrease by
water penetration. Therefore, the contribution of the galvanic
corrosion to the overall damage might become dominating
compared with the self-corrosion. This was supported by the
4weeks galvanic corrosion measurement as shown in Fig. 10.

According to Fig. 8b, the galvanic corrosion of DP590 caused
by E-CFRP was more server than that caused by T-CFRP very
quickly after a few hours of coupling in the solution. However,
due to the interference of the self-corrosion, the more seri-
ous galvanic corrosion damage was clearly displayed by the
surface morphology in 4 weeks (see Fig. 10).

Actually, many factors that can affect the corrosion damage
in practical applications in addition to the galvanic corro-
sion. For example, in a galvanic couple joint, infiltration of
electrolyte into the crevice between anode and cathode may
also occur through capillary effect or by diffusion [35]. This is
particularly likely in the crevice of a joint. Hence, crevice cor-
rosion could not be overlooked. It is important to distinguish
the contributions of galvanic corrosion, crevice corrosion and
self-corrosion to the overall damage in practice.

5. Conclusions

(1) CFRPs perform similar to a noble metal with an OCP (or
electrode potential) more positive than a typical engi-
neering metal. They can cause galvanic corrosion to
engineering metal in an aggressive environment.

(2) If coupled with a CFRP, the galvanic corrosion risk of
different metals can be ranged in the following decreas-
ing order: AZ31-Mg alloy > Zn coated DP590-steel > 6022-Al
alloy > 1040-steel.

(3) The galvanic current density of a CFRP/metal couple is
mainly determined by the surface polymer layer of the
CFRP, whose resistance is much higher than that of the
coupled metal. The electrochemical polarization and the
galvanic behaviour are affected by water uptake and pene-
tration in the surface polymer layer of the CFRP. Therefore,
the galvanic corrosion behaviour of a CFRP/metal couples
can vary significantly with time after the surface polymer
layer is affected by water penetration.

(4) The T-CFRP is initially more galvanically corrosive to the
metal than the E-CFRP, because the latter has a thicker
and less-porous surface polymer layer with more gaps at
the interface of carbon fibre and the layer than the former.
However, after water penetration in to the surface poly-
mer layers through the defects and reaching the interface
gaps, the latter is more significantly affected, becoming
less resistant and more galvanically corrosive.

(5) Self-corrosion has an important contribution to the over-
all corrosion damage of the studied engineering metals
(AZ31-Mg alloy, Zn coated DP590-steel, 6022-Al alloy and
1040-steel) coupled with a CFRP. The overall corrosion
behaviour of a CFRP/metal couple in a practical applica-
tion can be much more complicated than the expectation
by continuous galvanic current and instantaneous self-
corrosion rate measurements.
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