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Abstract: In actual building structure, it usually takes tens of years for the degradation to be significantly observed during impressed
current cathodic protection (ICCP) process. Thus, simulated ICCP with aqueous electrolyte (instead of concrete) was used as an accelerat-
ed method to study degradation mechanism and make service life prediction. In this work, the impact of parameters including current
(density) and NaCl electrolyte concentration on the degradation mechanism and service life prediction was evaluated for a simulated ICCP
system with CFRP as anode. Experiments were performed with different levels of applied current (4, 10, and 20 mA) as well as with differ-
ent NaCl electrolyte concentrations (3, 10, and 20% by mass). Test results showed that under all the designed conditions, both chlorination
and oxidation reaction occurred during the simulated ICCP process, ensuring consistency of mechanism. From the aspect of service life
prediction of CFRP, it was found that the system was not sensitive to the concentration of NaCl electrolyte but was much more influenced
by the current (density) applied. Thus, for the simulated ICCP system, the current (density) should be carefully chosen since a tiny change
in level of current may cause a large variation in service life prediction.
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1. INTRODUCTION

Corrosion of reinforcement in concrete exposed to chloride con-
taining environments is a serious problem in civil engineering
practice. Electrochemical method such as impressed current ca-
thodic protection (ICCP) method through adjusting down the steel
potential to the immunity region based on the Pourbaix diagram of
iron [1], is considered to be one of the most effective and widely
used approaches in controlling chloride-induced rebar corrosion.

Carbon Fiber Reinforced Polymer (CFRP), which has excellent
mechanical properties, durability and ease of installation, etc., is
the widely used structural reinforcement material in civil engineer-
ing [2-7]. For example, it was used as externally bonded CFRP
systems in strengthening and retrofitting of reinforced concrete
structural members [8-12]. In addition, CFRP’s excellent conduc-
tivity and electrochemical stability makes it a potential anode ma-
terials used in ICCP [13]. Thus, researchers are focusing more in
utilizing the dual functions of structural strengthening and ICCP of
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reinforced concrete structures of CFRP [14-19]. For instance, Ngu-
yen et al. investigated mechanical performance of CFRP in pre-
corroded reinforced concrete beams for both structural strengthen-
ing and ICCP [20].

When ICCP process is used with concrete structure, it usually
takes tens of years for degradation to be observed significantly.
Thus, simulated ICCP with aqueous electrolyte instead of concrete
is used to accelerate the process so that the tests can be completed
within a reasonable amount of time [21, 22]. In accelerated ICCP
process, the experimental parameters such as current density and
concentration of electrolyte should be carefully selected as these
parameters are important for maintaining consistency of mecha-
nism as well as precisely predicting service life of CFRP anode.
The factors that could affect the degradation property of anode
typically include current supplied and concentration of electrolyte.
From available literatures, most of the applied impressed current
densities range from 2.7 to 16.7 A/m?, while the concentration of
NaCl electrolyte range from 1 to 20% [21-25]. The accelerated
protection using an impressed current is widely being used; how-
ever, there is little information available in literature on the influ-
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Figure 1. Geometric dimensions of CFRP specimens used for test-
ing (unit: mm).

ence of varying the current density level and concentration of NaCl
electrolyte on the effect of mechanism consistency and service life
prediction of CFRP anode.

Therefore, in this research, the impact of current (density) and
electrolyte concentration on the service life prediction was studied
for a simulated ICCP system with CFRP as anode and NaCl solu-
tion as electrolyte. Three levels of applied current (4, 10, and 20
mA, corresponding to current density of 2.67, 6.67, and 13.33 A/m?
of anode surface, respectively) and three electrolyte concentrations
(3, 10, and 20% by mass) were used. The influence on cathode
protection effectiveness, degradation mechanism of CFRP, and
service life of CFRP anode were investigated.

2. EXPERIMENTAL

2.1. Materials

The CFRP were obtained from CA.BEN Composite Co. Ltd
(Guangdong, Guangzhou province, China). The CFRP strips con-
tained 60% volume fraction of multi-layer carbon fibers (Toray
T700) and were bounded by LAM-125 / LAM-226 epoxy (Pro-Set
Inc., Bay city, MI, USA). The concentration of different ingredients
present in epoxy is shown in Table 1.

The geometric dimensions of tested CFRP strip are shown in
Figure 1. It consist of three regions; the tested region (50 mm in
length with one side exposed) having 1500 mm? of nominal anodic
surface area, protected region (protected by Kafuter K-5704RTV
sealant) having length of 70 mm, and electrical connection region
having length of 30 mm. The thickness of CFRP used in this re-
search was 2.00+0.01 mm.

Table 1. Chemical composition of epoxy in CFRP.

Ingredients Concentration
Bisphenol-A type epoxy resin 37-38%
Novolac epoxy resin 19-20%
Dicyandiamide 5-6%
Methyl ethyl ketone (MEK) 36-37%

Power source

NaCl solution j

Figure 2. Details of simulated ICCP system.

2.2. Setting of simulated ICCP system and speci-
men designation

The details of simulated ICCP system are shown in Figure 2. It
includes a CFRP strip (current anode), stainless steel strip
(cathode), a constant power supply and NaCl solution (electrolyte).
The spacing between anode and cathode is approximately 100 mm.
Stainless steel 304 having a density of 7.9 g/cm’, elasticity modulus
of 200 GPa, and thermal conductivity of 15 W/mK was used as
cathode to ensure an effective electric connection. During the simu-
lated ICCP process, constant currents of 4, 10, and 20 mA were
used. These values of currents correspond to current densities of
2.67, 6.67, and 13.33 A / m® of CFRP anode surface area, respec-
tively. As far as the electrolyte is concerned, three different concen-
trations of NaCl solutions (3, 10 and 20%) were used. In order to
further investigate the role of current during the electrochemical
process and for comparison purpose, CFRP specimens were also
immersed in the 3, 10, and 20% NaCl solutions without current
applied as control samples. The testing was carried out for 21 days.
The details of experimental matrix are shown in Table 2.

Table 2. Details of experimental matrix.

Group . Spqcimep Current  Current dgnsity Concentra.tion of
identification ~ (mA) (A/m°) NaCl solution (%)
S3 10S3 0 0 3
14S3 4 2.67 3
110S3 10 6.67 3
120S3 20 13.33 3
S10 10S10 0 0 10
14S10 4 2.67 10
110S10 10 6.67 10
120S10 20 13.33 10
S20 10S20 0 0 20
14S20 4 2.67 20
110S20 10 6.67 20
120820 20 13.33 20
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Figure 3. Feeding voltage during simulated ICCP process with
different NaCl concentrations and applied currents.

The specimens were designated according to level of applied
current and concentration of NaCl solution. For example, in
110820, ‘110’ represents the nominal applied current of 10 mA while
S20 represents 20% concentration of NaCl solution.

|

Figure 4. Surface of steel cathodes after simulated ICCP process.
The white arrows indicate the attachment of carbon black from
solution. The black arrows indicate the dissolved rust trace from
the part above the electrolyte surface. The dashed lines separate
the part immersed in solution and that exposed to air.

2.3. Testing methods

In this research, the feeding voltage measurements, XRD, and
FTIR were conducted to investigate the degradation mechanism of
CFRP anode and its influence on service life prediction. For each
test, two samples were used to ensure the repeatability.

2.3.1. Feeding voltage

During simulated ICCP process, the connection of the circuit was
evaluated by the feeding voltage between stainless steel and CFRP.
The feeding voltage was monitored with a multi-channel data log-
ger at an interval of 1 min.

2.3.2. XRD

The mineralogy of CFRP surface was evaluated by taking XRD
measurements using Bruker D8 instrument with CuKa source oper-
ated at 40 kV and 40 mA. For XRD measurements, the sample was
cut to approximately 20 * 13 mm’size while the phase identifying
analysis was performed using the software available with the in-
strument.

2.3.3. FTIR

Perkin-Elmer FTIR spectrometer was used to evaluate the degra-
dation mechanism of CFRP in different solutions. For sample prep-
aration, CRFP was mixed with KBr in controlled humidity environ-
ment. After that, the mixed sample was pressed and pellets were
used to obtain infrared spectrum via Spectrum Version 5.0.1. Fol-
lowing scanning parameters were used: range 400-4000 cm™, reso-
lution 2 cm™, and number of scans equal to 16.

3. TEST RESULTS AND DISCUSSION

3.1. Protection effectiveness of cathode
3.1.1. Feeding voltage

During simulated ICCP process which continued for 21 days, the
feeding voltages between CFRP anode and stainless steel cathode
with different concentration of NaCl solution and applied current
was monitored and the results are shown in Figure 2. At all given
conditions, the feeding voltages remained stable between 2.4 and
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Figure 5. The removal of carbon black attached to the surface of
steel cathode (a) and steels immersed in different concentrations of
NaCl solution after 21 days with applied current of 0 mA; (b) 3%
NacCl solution; (c) 10% NaCl solution; (d) 20% NaCl solution.

3.5 V. It indicates that during the tested period, the circuit can pro-
vide a continuous protection to the cathode. Furthermore, it sug-
gests that at all the testing conditions (currents of 4-20 mA and
concentrations of NaCl solutions of 3-20%); the conductivity of
solutions is much higher than that of CFRP anode. This means that
the feeding voltage was mainly determined by CFRP and the
change of feeding voltages was caused by CFRP. For the specimen
with 20% NaCl concentration and applied current of 20 mA, a sud-
den drop in feeding voltage at the age of 14 day was observed
(Figure 4 (c)). This may be attributed to the increase in contact area
between the carbon fibers because of corrosion and removal of
epoxy matrix in CFRP. However, it did not affect the connection
through the circuit and the cathode was protected. Therefore, at the
given NaCl concentration and level of applied current, the cathode
can be applied a continuously cathode protection during 21 days
electrochemical process.

3.1.2. Evaluating the surface of cathode

After 21 days of electrochemical process, the surface of steel
cathode was monitored and the results are presented in Figure 4.
For S3 group having 3% NaCl concentration, the surface of sample

above the solution was clean and no corrosion was observed. How-
ever, the sample surface immersed in solution showed darker color
and the color slightly varied for different currents (Figure 4, white
arrow). The color may be attributed to carbon black from solution,
which originated from the corrosion of CFRP. However, this color
can easily be removed from the surface by immersing the sample in
water as shown in Figure 5 (black arrow). Moreover, when carbon
black was removed, the exposed steel surface exhibited no sign of
corrosion. Hence for the tested feeding voltage (Figure 3), it seems
that the layer of carbon black does not influence the conductivity of
the system. It can therefore be deduced that during the cathode
protection process, S3 group can maintain a stable electrical con-
nection. When the concentration of NaCl electrolyte increased to
10% (S10) and 20% (S20), the part of steel sample immersed in
solution showed no sign of corrosion as well as no adherence of
carbon black. However, corrosion was observed in the part of steel
sample above the solution as this part was not electrochemically
protected. Moreover, corrosion was more severe in S20 than S10. It
is believed that the corrosion products dissolved by moisture were
carried down to the protected region (as indicated by black arrows
in Figure 4) suggesting that corrosion tends to occur in the area
close to the highly-concentrated NaCl solution with high environ-
mental humidity.

In order to further investigate the role of current during the elec-
trochemical process and for comparison purpose, steels were also
immersed in the 3, 10, and 20% NaCl solutions without current
applied for 21 days. The results are presented in Figures 5 (b)-(d).
It can clearly be seen that neither steel nor color of solutions
changed suggesting that the current applied plays an important role
during electrochemical process. However, by comparing the three
cathodes applied with different current levels and under the same
NaCl concentration, it can be seen that during the electrochemical
process, the influence of current level seems insignificant.

Based on above results, it can be concluded that for a current
level in between 4-20 mA (current density 2.67-13.33 A/m?), the
cathode of the system was well protected. However, higher concen-
tration of NaCl electrolyte (such as 10-20%) will lead to corrosion
of steels or iron connecting wires close to the surface of aqueous
solution and in turn may influence the effectiveness of the experi-
ment operated for a long duration. Hence, from this aspect, the
lower concentration of NaCl such as 3% is preferred unless the
system is fully protected.

3.2. Degradation mechanism of CFRP anode

The degradation mechanism of CFRP in different concentrations
of NaCl solution was evaluated using XRD and FTIR techniques as
described in the following sections.

3.2.1. XRD

XRD technique was used to determine the mineralogy of degrad-
ed CFRP specimens. The XRD spectra obtained after electrochemi-
cal process are shown in Figure 6. NaCl was the only crystalline
phase observed in the XRD spectra and came from the NaCl elec-
trolyte. As expected, more NaCl was formed with the increase of
concentration of NaCl solution as well as with the increase in the
level of applied current. The latter may be related to the movement
and precipitation of negative chloride ion towards CFRP anode
during the simulated ICCP process. The broad amorphous humps
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Figure 6. XRD of CFRP anode surface obtained in different concentrations of electrolyte solutions and currents. (a) 3% NaCl solution; (b)
10% NaCl solution; (c) 20% NaCl solution; (d) Control specimens with applied current of 0 mA. The indexed crystalline phase was identi-

fied to be NaCl.

can also be seen in the XRD spectra which are believed to be relat-
ed to carbon fiber and residue epoxy. Furthermore, for all the solu-
tion levels, the height of amorphous humps decreased with increase
in the level of applied currents, indicating that more CFRP was
consumed at higher current.

From above discussion, it is inferred that for different concentra-
tions of NaCl solution and applied current levels, the crystalline
phases observed in XRD spectra of CFRP were from crystallized
NaCl electrolyte rather than the degradation products of CFRP
anode, and it thus could not reflect the degradation mechanism of
CFRP anode. We would like to mention here that due to the limita-
tion of XRD technique, the information regarding amorphous phas-
es present in corroded CFRP cannot be detected. Therefore, FTIR
technique was used to carry out further investigation to find out the
degradation mechanism at different NaCl concentrations and ap-
plied current levels.

3.2.2. FTIR

The FTIR spectra of specimens with different concentrations of
NacCl solution and applied current levels are shown in Figure 7
while the significant peaks are indicated by arrows. Compared with
as-received CFRP, the spectra of control CFRP specimens im-
mersed in different concentrations of NaCl solutions and without
current applied showed almost no change (Figure 7d). For as-
received CFRP, the bands at 1506 and 830 cm’™, which wereat-
tributed to the stretching vibration of benzene in the epoxy struc-
ture [26-28], were observed. These bands decreased or even disap-

peared with the increase in current density indicating that the ben-
zene ring might have opened when CFRP acted as an anode. In as-
received CFRP spectra, the band at 1181 cm™, which represent the
C-N stretching in epoxy [29, 30], can also be observed. The de-
crease in C-N peak with increase in current density indicates that
the linkage between epoxy resins is broken and is the potential
main cause of epoxy degradation. One of the choices of the open
carbon linkage could be related to the re-bonding of Cl, which is
confirmed by newly formed C-Cl stretching peak at 804 cm™ [31,
32]. For the specimens subjected to electrochemical process, the
peaks at 1732, 1697, 1472, 1454, 1394, 1273, and 935 cm™' can be
observed. The intensity of 1732, 1697, and 1394 cm™ bands belong
to C=0 stretching of carbonyl group, ester, and COO" group, re-
spectively [26, 33-36]. The bands of 1472 and 1454 cm™ belong to
methoxy groups [37] while the signals at 1273 and 935 cm™ are
ascribed to the stretching and vibration of C-O-C bond [38-41].
The common characteristic of these four bands (1472, 1454, 1273,
and 935 cm™) is oxygen related, which is believed to be the second
choice for open carbon linkage. The presence of these bands indi-
cates that during the simulated ICCP process, more oxidation reac-
tion of epoxy occurred. Meanwhile, in the as-received spectra, the
presence of 1047 cm™ band (C-OH of diglycidyl ether unit [26])
decreased with the level of applied current implying that condensa-
tion reaction occurred to form those oxygen-related bonds.

By analyzing FTIR spectra, it can be seen that for a certain NaCl
concentration such as 3%, when the current increased from 0 to 4
mA, both chlorination and oxidation reaction appeared. However,
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Figure 7. FTIR spectra of CFRP in different concentrations of the NaCl solutions and currents. (a) 3%; (b) 10%; (c) 20%. (d) The FTIR

spectra of control CFRP specimens with applied current of 0 mA.

when the current increased from 4 to 10 and 20 mA, no significant
change in FTIR spectra was observed. The same is also true for
NaCl concentration increased from 3% to 10% and 20% at a certain
current level. However, the quantity of degradation products might
vary and was not reflected here due to the resolution limit of this
technique. In conclusion, both chlorination and oxidation reaction
occurred during the simulated ICCP process in NaCl solution.
However, in the current range 4 to 20 mA and NaCl concentration
range 3 to 20%, the degradation mechanism of CFRP anode is sim-
ilar.

3.3. Service life prediction of CFRP anode
3.3.1. Degradation depth

In order to assess the service life of CFRP in NaCl solution dur-
ing simulated ICCP process, the degradation depth of CFRP was
measured. The CFRP showed no significant change after immers-
ing in 20% NaCl solution for 21 days without current applied
(Figure 8b). However, three parts (soft part, hard but laminating
part, and un-damaged part) were obtained when the CFRP sample

(b)

Figure 8. (a) Degradation pattern of CFRP after simulated ICCP
process showing two parts (soft and hard but laminating part) as
indicated by arrows. (b) CFRP after immersing in 20% NaCl solu-
tion for 21 days without current applied.
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Figure 9. Degradation depth of CFRP with different solution con-
centrations and applied currents.

was immersed in NaCl solutions and subjected to different level of
applied current. In the soft part, the epoxy was weak and corroded
and can easily be removed by knife through scraping (Figure 8a).
In the hard but laminating part, the epoxy in a specific layer seems
un-damaged but the epoxy between adjacent layers was corroded
(Figure 8a). This part was difficult to remove by scraping. Howev-
er, it can be removed layer by layer by peeling. We would like to
mention here that these two parts were counted towards degrada-
tion depth. Finally, the un-damaged part was hard and could not be
removed by either scraping or peeling. The thickness of this part
was measured and used to calculate the degradation depth through
formula (the total thickness — un-damaged part).

The results of degradation depths of CFRP in varied NaCl con-
centrations and applied current levels are shown in Figure 9. It can
be seen that the degradation depth increased with the increase in
the level of electrolyte concentration as well as applied current

Table 3. Degradation rate and service life calculation for CFRP anode.

Group Specimen identification
S3 14S3 4 2.67
110S3 10 6.67
120S3 20 13.33
S10 14S10 4 2.67
110S10 10 6.67
120S10 20 13.33
S20 14820 4 2.67
110S20 10 6.67
120820 20 13.33

Current (mA) Current density (A/m?) Degradation depth (mm)

109

level, since at these conditions more oxidizing species (chloride
and oxygen) will be produced at the anode region. For a certain
applied current level (4 or 10 or 20 mA), the degradation depth
increased with increasing concentration of NaCl electrolyte (from
3% to 20%). This shows that the higher solution concentration
increased the degradation depth. As far as degradation rate is con-
cerned, the degradation depths increased firstly at a faster rate fol-
lowed by gradual increase. For a certain NaCl concentration, when
the current level increased from 0 to 4, 10, and 20 mA, it can also
be seen that when NaCl concentration increased from 3% to 10%
and 20%, the change in degradation depths is relatively small
(0.62-0.88 mm for current 4 mA, 0.80-1.10 for current 10 mA, and
0.92-1.30 for current of 20 mA). It indicates that the existence of
currents and chloride has an important impact on the degradation of
CFRP anode. However, when the current level increased from 4 to
20 mA and the concentration of NaCl solution from 3% to 20%, the
impact on the degradation of CFRP is much less. The finding is
consistent with the conclusion of FTIR analysis presented in Sec-
tion 3.3.2. Finally, the degradation rate was calculated by applying
the following formula (degradation depth / duration time) and the
results are presented in Table 3. The degradation rate varied from
29.52 and 61.90 um/day. Accordingly, the service life of the CFRP
strip was estimated as discussed in next section.

3.3.2. Service life estimation

The NACE standard [42] was used to determine the service life
of CFRP anode. As per standard, for CFRP to survive for 40 years
at a current density 108 mA/m?, the estimated total charge density
is 38500 A-h/m’ of anode surface. This current density is common-
ly used for reinforced concrete structures deteriorated by corrosion
[43]. For example, for the specimen in 3% NaCl solution and with
applied current 4 mA (during 21 days simulated ICCP test), a total
charge density of approximately 2.67*21%24 = 1346 A-h/m* passed
through the interface with 0.62 mm CFRP corroded. This means
that the whole CFRP having thickness of 2.00 mm can survive
charge density of 1346%2.00/0.62 = 4342 A-h/m’ and represents a
service life of 4342/38500%40 = 4.51 years. According to the calcu-
lations (Table 3), the service life of tested specimens varied from
3.04 to 15.86 years. It is worth mentioning here that in comparison
to aqueous solutions, the aggressiveness of corrosion on CFRP in
real reinforced concrete structure would be less due to much less
electrolyte in pores of concrete. Hence, in actual structure, CFRP

Degradation rate (um/day)  Service life (year)

0.62 29.52 4.51
0.63 30.00 11.09
0.88 41.90 15.86
0.80 38.10 3.50
0.85 40.48 8.22
1.10 52.38 12.69
0.92 43.81 3.04
1.10 52.38 6.35
1.30 61.90 10.74
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may survive much longer than the estimates given here for electro-
chemical condition.

In order to determine the influence of NaCl electrolyte concen-
tration on the service life of CFRP, Table 3 is referred. It can be
seen that for applied current of 4 mA, when the concentration of
NaCl electrolyte increased from 3% to 10% and 20%, the calculat-
ed service life decreased from 4.51 years to 3.50 (22.5% decrease)
and 3.04 years (32.6% decrease). It indicates that for 1% change of
concentration from 3% to 10%, the predicted service life changed
by 9.64% while for 1% change of concentration from 3% to 20%,
the predicted service life changed by 5.75%. Similarly, for currents
of 10 mA, a 1% change of NaCl electrolyte concentration from 3%
to 10% and from 3% and 20%, the predicted service life changed
by 11.09 and 7.54% respectively. In the same way, for currents of
20 mA, the changes are 8.57 and 5.70% respectively.

The influence of applied current level on service life of CFRP
anode was also determined. It can be seen that for 3% NaCl con-
centration, when the current level increased from 4 mA to 10 and
20 mA, the predicted service life increased from 4.51 years to
11.09 (146% increase) and 15.86 (252% increase) years. It indi-
cates that for 1% change of applied current level from 4 mA to 10
mA, the predicted service life changed by 97% while for 1%
change of applied current level from 4 mA to 20 mA, the predicted
service life changed by 59%. Similarly, for 10% NaCl concentra-
tion, a 1% change of current from 4 mA to 10 mA and from 4 mA
to 20 mA, the predicted service life changed by 90 and 66% respec-
tively. The changes for concentration of 20% are 73 and 63% re-
spectively.

From the above calculation and for the tested conditions, it can
be concluded that the predicted service life of CFRP in simulated
electrochemical system is not sensitive to the concentration of
NaCl electrolyte (change less than 12%). However, it is more influ-
enced by the current applied (change more than 60%). Hence, for
the simulated ICCP system, the current (density) should be careful-
ly chosen since a tiny change in level of current may cause a large
variation in service life prediction.

4. CONCLUSIONS

In this research, the impact of current (density) and NaCl electro-
lyte concentration on the service life prediction for simulated ICCP
system with CFRP as anode was investigated. Based on the test
results, the following conclusions can be drawn.

1) From the aspect of cathodic protection, a stable connection

was maintained during the simulated ICCP and the cathode of the

system was well protected. However, higher concentration of

NaCl electrolyte (such as 10-20%) will lead to corrosion of steels

or iron connecting wires close to the liquid surface unless the

whole system is fully protected. Hence, from this aspect, the
lower concentration of NaCl such as 3% is preferred unless the
system is fully protected.

2) Under all the designed conditions, both chlorination and oxi-

dation reaction occurred during the simulated ICCP process,

ensuring consistency of mechanism.

3) It was found that the predicted service life of CFRP in simu-

lated ICCP system is not sensitive to the concentration of NaCl

electrolyte (change less than 12%). However, it is more influ-
enced by the current applied (change more than 60%). Hence, for
the simulated ICCP system, the current (density) should be care-

fully chosen since a tiny change in level of current may cause a

large variation in service life prediction.

Besides the current and concentration of NaCl electrolyte, pow-
er-on time is another important factor which should be investigated
to improve the accuracy of service life prediction of CFRP anode.
Based on the findings of this work, the trend of service life with
power-on time can be evaluated in future research.
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