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Abstract

In this study, the functionality of self-formulated carbon-based conductive
coatings (CBCCs) with incorporation of graphite as the anode in an impressed
current cathodic protection system is studied. The anode materials are tested

and evaluated for long-term durability and performance by an accelerated
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durability test method. The results show that the functional time is highly
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( ) material during testing, as well as the material composition. From the results,
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there are also indications that the addition of graphene into the CBCC matrix
has a positive effect on the homogeneity of the material, but without any
major influence on the conductivity and performance.

KEYWORDS

accelerated durability test, conductive anode material, conductive coating, graphene,
graphite, impressed current cathodic protection (ICCP), long-term performance,
scanning electron spectroscopy

1 | INTRODUCTION

also a significant source of global carbon dioxide (CO,)
emissions. The extensive use of concrete (worldwide

Worldwide, infrastructure depends on available and afford-
able materials. One such material is cement-based concrete,
which is most widely used both in terms of volume and

~10 km®*" ) causes high CO, emissions not only because
of the fossil fuels used for the production of cement, but also
due to the large amount of CO, released to the air during

mass. However, cement-based materials, like concrete, are the calcination process (650-900 kg CO,/ton clinker).1*!

Abbreviations: CBCC, carbon-based conductive coating; CemCoat, Lanark micro-cement; GeS, graphene in suspension; GiP, graphite powder;
HSA, micro-graphite; ICCP, Impressed current cathodic protection; rGO, reduced graphene oxide; SAC, Lanark Vinnapas 240 D; SBR, Sika
SikaLatex; SEM, scanning electron spectroscopy.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Materials and Corrosion published by Wiley-VCH GmbH.

Materials and Corrosion. 2024;1-14. Www.matcorr.com 1


http://orcid.org/0000-0002-1911-0272
mailto:arezou.ahmadi@chalmers.se
https://www.matcorr.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmaco.202314178&domain=pdf&date_stamp=2024-01-15

2—I—Materials and Corrosion

JANSSON ET AL.

One of the solutions to reduce CO, emissions from
the cement and concrete sector is partial substitution of
cement clinker with supplementary cementitious materi-
als, which allows manufacturing and production of
concrete in a more sustainable way and has therefore
become a common alternative today. However, consider-
ing the very large volume of concrete that is needed for
infrastructure development and maintenance, sustain-
ability cannot be reached only by reducing the volume of
cement used yearly. Also, the service life of concrete-
based structures must be extended by, for example,
increased durability and long-term performance as well
as well-designed repair, maintenance, and service proce-
dures. Thus, for a sustainable construction sector, the
primary challenge is to assure the long-term durability,
that is, the service life of the materials.

Although concrete itself is a relatively durable material
when used under normal exposure conditions, its intrinsic
weak tensile strength and cracking sensitivity (e.g., during
shrinkage) requires, in most cases, reinforcement, generally
in the form of steel bars. However, since concrete structures
are porous, they are consequently vulnerable to ingress of
aggressive substances such as chlorides. Chlorides are
known to induce corrosion of reinforcement, and are
therefore also one of the most frequent causes of degrada-
tion of steel reinforced concrete structures.!®! Chloride ions
can come from, for example, seawater or de-icing salt,
which makes structures in marine environments, such as
bridges, or in climates with large temperature fluctuations
(where de-icing by salts is the general solution), most prone
to this problem. In addition, to extend the service life of
concrete-based structures, there are several parameters to
consider when choosing a repair technique such as the

DC power
supply

‘ » Anode

Wiring

extent and severity of the damage, weight limitations, costs,
additional maintenance, traffic administration during
repairs, esthetics and technical limitations.!®’ This makes
the annual cost of corrosion of reinforcement, worldwide, is
high and estimated to be 3%-4% of the gross domestic
product (GDP) of industrialized countries.”**!

One method to prevent chloride induced corrosion of
reinforcement is to cast a thicker cover layer of concrete or
to use more dense concretes with lower permeability.!>*"!
However, since such solutions result in both higher costs
of the construction as well as use of larger amounts
of cement, the consequence is a higher environmental
footprint.

Another powerful and effective technique to reduce the
cost for prevention of chloride induced corrosion of
reinforcement is cathodic protection.!”!! Impressed cur-
rent cathodic protection (ICCP) is a method that can be
used to prevent corrosion and to address significant
corrosion issues in larger structures.!’?! In such a system
the metal surface, that is, the steel reinforcement, acts as
the cathode in an electrochemical cell. The anode, to
which an electric power is applied, is placed on the surface
of the concrete structure. The electric power provides the
current that leads to the electrochemical reaction required
for the cathodic protection to take place. An ICCP system
can be used to control corrosion at any chloride level due
to the possibility to alter the applied current, and therefore
such a system can be implemented and tuned to the
desired protection requirements.!*

A schematic illustration of the basic elements of an
ICCP system with its external anode and internal cathode
is shown in Figure 1. As shown, the anode (the positive
terminal) is connected to the positive terminal of a

FIGURE 1 To the left, the traditional ICCP system set-up with a titanium mesh as the anode (positive terminal) and the steel
reinforcement as the cathode (negative terminal). To the right, a schematic illustration of the cathodic and anodic chemical reactions in an

ICCP system. [Color figure can be viewed at wileyonlinelibrary.com]
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low-voltage DC source and the cathode (the negative
terminal) is connected to the reinforcement. Once applied,
the IPCC system is expected to operate for the entire service
life, and for a proper function, the anode not only has to be a
good electrical conductor, but also resistant to corrosion and
able to tolerate high currents without forming resistive oxide
layers.!>'?! Examples of ICCP anode materials are magnet-
ite, carbonaceous materials (generally graphite), high-silicon
iron (alloy containing silicon), lead/lead oxide, lead alloys
and platinised materials such as titanium,"*! where the
latter is the most commonly used anode material.

When a voltage is applied to the ICCP system, several
chemical reactions occur and electrons flow to the cathode
(i.e., the steel/concrete interface) and induces a cathodic
reaction in which hydroxide ions are produced from oxygen
and water. The hydroxide ions then migrate through the
concrete to the concrete-anode interface, oxidizing to oxygen
and electrons, as shown in Equation (1). Other chemical
reactions occurring at the cathode and the concrete-anode
interface are shown in Equations (2)-(5).

Reactions at the anode:

40H™ — 2H20(]) + Oz(g) + 4e_, (1)
2H,0q) — 4H2;iq) + Oy + 4e7, 2)
2C1(_aq) - Clg(g) + 2e. 3)

Reactions at the cathode:

2H,0qy + Oz(g) + 4e” — 4OH(_aq), 4

H,Oq) + 2™ — ZOH(_aq) + Hz(g). (5)

However, although the need for prevention and
repair of chloride induced corrosion on reinforcement
is extensive, the ICCP system is losing the market due to
some major issues related to the anode materials. The
main obstacles are high material costs, installation
difficulties, and demanding maintenance of the ICCP
system."'*! Furthermore, the installed anode material
generally requires a relatively thick (typical on the
centimeter scale) cementitious overlay,“S] which makes
the system heavy. Failure of these types of anodes is
typically due to disbandment of the overlay, which
requires additional repair and maintenance.'*!

Instead of installation of a metal mesh as the anode in
an ICCP system (see Figure 1) also conductive coatings can
be used. From such studies!'®®! it is clear that the main
challenge is to create a conductive coating material that not
only maintains its functionality in the alkaline concrete
environment, but also withstands external environmental

conditions, such as rain or splashes, and exhibits resistance
towards consequences of ICCP chemical reactions. Espe-
cially the effect on the anode is of importance for the
service life and performance.'" Also, the gas production
during the chemical reactions at the anode (see
Equations 1-3) has to be considered, and the coating thus
needs to be porous enough to release the gas to avoid
damages like delamination of the coating material from the
substrate.””! In addition, delamination can occur due to the
production of hydrogen ions (H*), which generates an
acidic environment, and can lead to a lower Ca/Si ratio and
increased porosity of the cementitious matrix,'**! around
the anode. Delamination is thus the most critical parameter
to consider when accounting for the service life and
durability of the coating material. In the literature there are
several studies investigating conductive coating materials,
see for example, Refs,1°'®2! put very few evaluate the
long-term performance. In fact, not even a patented
conductive coating material for the anode of an ICCP
system!??! is assessed for long-term performance.

In this study a new type of carbon-based conductive
coatings (CBCC) was developed for the utilization as an
anode material in an ICCP system to replace the titanium
mesh generally used (see Figure 1) with the aim to
reduce both cost and time for installation as well as the
maintenance to increase its long-term performance and,
thereby, its service life. For the development, highly
conductive carbon-based materials based on graphite
with the addition of smaller amounts of graphene were
evaluated for their conductive properties.

The evaluation of the developed CBCCs was
performed in three steps: (i) production and evaluation
of potential alternatives of CBCCs with different
material compositions, (ii) development of a simple
conductivity measurement test method for fast screen-
ing of the conductivity levels of these material
compositions, and (iii) development of an acceleration
test to demonstrate the effective service life of the
materials, that is, the expected time for the material to
be functional. From the results it is obvious that not
only the type of graphite but also the binder material
used for the CBCC is of importance. In addition, the
results indicate that a smaller content of graphene
added to the matrix has a positive effect on the
homogeneity of the material, however without any
major influence on the conductivity.

2 | MATERIALS

For the development of a new type of conductive coatings
for the use as the anode in an IPCC system, three types of
commercially available carbon-based products from the
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Talga group'®*! were investigated. Two of the products were
graphite in the form of platelets but with different surface
areas. A high surface area micro-graphite (HSA) and a
graphite powder (GiP). The third product was a product
consisting of graphene nanoplatelets in a water-based
suspension (GeS). Information on the products is given in
Table 1.

The binder material for the anode, that is, the material in
which the carbon-based materials are incorporated were
primers produced by Lanark and Sika, respectively. The
product from Lanark was a styrene-acrylate copolymer,
Vinnapas 240 DH (SAC), and the product from Sika,
Sikalatex, was a styrene butadiene rubber (SBR). In
addition, a cement-based binder material, a polymer
enhanced micro cement from Lanark, was also evaluated
(CemCoat).

Based on these products, several CBCCs, with various
combinations and amounts of the carbon-based and
binder materials, were prepared and evaluated based on
the conductivity level (by a fast screening method, see
Section 3.1), the porosity and the water resistance. Only
combinations with a conductivity of about 1-100S/m

TABLE 1 Material specification of the carbon-based materials.

Bulk density Surface
Material (g/cm®) area (m?/g)
HSA 0.15-0.25 25-35
GiP 0.3 6.1
GeS

were considered for testing as the anode in the ICCP
system. Details about the material compositions are given
in Tables S1-S8.

The cement used for the cementitious substrate on
which the CBSS was placed was made of ordinary Portland
cement (CEM II/A-LL 42.5R from Heidelberg Cement
group), the material chemical composition is shown in
Table S9. Each substrate was in the form of a prism with
the dimensions 40 X 40 X 160 mm. For the investigations a
series of specimen was made, each consisting of a
cementitious substrate covered with the developed CBCC,
that is, the conductive anode material. The CBCC was, in
turn, covered by a thin protective cementitious layer.

3 | METHODS

3.1 | Conductivity measurements

A simple test method for fast screening of the conductivity
level of the anode materials was developed, the set-up is
illustrated in Figure 2. As shown, the cementitious

Lateral size Lateral size Lateral size

D10 (um) D50 (um) D90 (um)
1-3 3-6 7-11

2.4 5.5 12.1

<0.1 <0.13 <2

Note: The lateral sizes were determined by laser scattering and the surface area by BET.

FIGURE 2 The set-up for fast screening of the conductivity level of the anode material. [Color figure can be viewed at

wileyonlinelibrary.com]
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substrate, coated with the CBCC, is connected to a
voltmeter by two cables, which, in turn, are connected
to the coating by two copper tapes. To secure the contact
between the copper tapes and the coating material two
clamps were used. The resistivity and conductivity are
calculated according to Equations (6) and (7), respectively.

Resistivity (o) = R X L X Dh/a, (6)

Conductivity (o) = 1/p, (7

where R is the resistance measured by a common
voltmeter, L is the width of the sample, Ah is the
thickness of the conductive coating and a is the distance
between copper tapes.

3.2 | Durability test method

To evaluate the service life of the developed conductive
coatings, that is, the CBCCs, an accelerated durability
test method was used. As shown by the schematic
illustration of the arrangement in Figure 3, the cementi-
tious substrate, coated with one of the developed CBCCs,
was placed on a stainless-steel plate holder in a plastic
container, which was partially filled with a 10% NaCl
solution. Thus, part of the cementitious substrate was
submerged into the solution and part of it, including the
conductive coating, was kept above the solution. With
this arrangement, the stainless-steel plate functions as
the cathode of the electrochemical cell and is thus
connected to the negative terminal of a power supply.
The CBCC functions as the anode and is therefore
connected to the positive terminal of the power supply.
The connection was secured through the fixation of a

Cathode - stainless steel plate

Sensors

Water level
controller

i

carbon brush on the CBCC through which the connec-
tion to the power supply is obtained, see Figure 4.

In general, the recommended applied current density
for prevention of corrosion of steel reinforcement of
concrete structures is 2mA/m? (EN 12696-1). However,
by applying higher levels of the current density at varying
time durations it is possible to accelerate the process and
evaluate the functionality over time.”*! In Table 2 the
applied current densities, the duration in terms of
experimental time and the corresponding real time, and
the calculated acceleration factor are presented.

3.3 | Microscopy: Scanning electron
microscopy

The surface topography and elemental composition of the
CBCC and the concrete-anode interface were analyzed by
use of scanning electron microscopy (SEM). For the
investigations, a FEI Quanta ESEM 200 equipped with a
field emission gun and an Oxford Inca energy dispersive
X-ray (EDX) system was applied on thin cubes of the solid
sample with a dimension of about 20 X 10 X 10 mm. Before
the measurements, the samples were vacuum dried and
polished. The chemical analysis by EDX was performed in
high vacuum mode and at a 9.5 mm working distance.

3.4 | Pull-off test

The adhesive connection between the surface of the
cementitious substrate and the CBCCs was measured by
a pull-off test. This is a near-to-surface method, which
measures the resistance of the coating, in this case the
anode material, to separate from the substrate when a

- + Carbon brush
Galvanostad )

Anode -conductive coating

Plastic container

Substate

10% NaCl

A

La ben

ch

FIGURE 3 The set-up for the durability test by the ICCP method. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Photos showing the placement of the carbon brush and its connection to the conductive coating (CBCC). [Color figure can

be viewed at wileyonlinelibrary.com]

TABLE 2 Specification of accelerated durability test method
parameters.

Applied current Experimental time Acceleration
density versus real time factor

730 mA/m? 1 day testing =1 year 365

104 mA/m? 1 week testing =1 year 52

26 mA/m? 4 weeks testing=1 year 13

perpendicular tensile force is applied. The results are
thus given by the force required to pull the conductive
coating layer from the surface of the substrate. The set-up
is schematically illustrated in Figure 5

4 | RESULTS AND DISCUSSION

4.1 | Characteristics of the coating
systems

Figure 6 presents the conductivity levels of the CBCCs
(presented in Table 3) as a function of graphite content.
As can be observed, in terms of the measured conductiv-
ity level the CBCCs can be divided into three groups. One
group, marked by a blue dashed line, is the primer-based
(i.e., SAC of SBR) anode. Among the CBCCs, these
materials show the highest conductivities at the lowest
carbon content and the conductivity level appears to be
dependent on the carbon content since there are
indications that a small increase in graphite content
results in a relatively large increase in conductivity. The

Coating layer

\\2

\
§§

‘\\/\\\\\\\

N\

N

72

I

FIGURE 5 A schematic illustration of the set-up for the pull-
off tests. [Color figure can be viewed at wileyonlinelibrary.com]

group marked by a red dotted line shows the mineral-
based (CemCoat) CBCC, which in comparison with the
CBCCs based on the primer materials, generally shows
lower conductivity even if the carbon content is higher.
For this CBCC, an increased graphite content results, as
expected, in an increase in the conductivity, however,
with a less pronounced effect than that obtained for the
primer-based CBCCs.

The third group, marked by a solid green line, are the
ternary anode materials HSA + CemCoat + SAC and
GiP + CemCoat + SAC. This group of conductive coat-
ings shows among the highest values of the conductivity
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m HSA+SAC
¥ GIP+SAC
HSA+SBR

' *  GiP+SBR
FE = HSA+CemCoat
C I ¢ GiP+CemCoat+SAC
i - HSA+CemCoat+SAC

\
4
u

Conductivity (S/m)
=]
.
N
it

Carbon content (vol %)

FIGURE 6 Conductivity as a function of the content of carbon-
based material in developed coating systems. The blue dashed line
shows the group of water resistant and gas permeable anode
materials and red dotted line the group with opposite properties.
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Evaluation of the water resistance and gas
permeability of the hypothetical coating systems.

Water Gas
Coating material resistance permeability
1. HSA + SAC v X
2. GiP + SAC v X
3. HSA + SBR v X
4. GiP + SBR v X
5. HSA + CemCoat X v
7. HSA + CemCoat + SAC v v
8. GiP + CemCoat + SAC v v

Note: v indicates positive and X negative results, respectively.

at intermediate contents of graphite within the evaluated
interval (i.e., at lower and higher carbon content than the
CemCoat and the primer-based CBCCs, respectively).
Worth mention is that also fast screening of a CBCC with
graphene (in the form of reduced graphene oxide, rGO,
described in Table S6) incorporated in the CemCoat
matrix was evaluated, but the results showed on a very
low conductivity level (~0.25S/m), and therefore this
CBCC was excluded from further investigations. Such a
result is unexpected and in contrast to most of the
existing literature, see, for example, Refs.*>?°! The
reason for this is not clear but it can be due to that
the addition of rGO to the cementitious material, like
the here used CemCoat, can result in a decrease in
conductivity due to that the particles increase the gel
pore structure, which decreases the mean free path for
electron transmission and, thereby, increases the electric

FIGURE 7 Gas bubbles generated at the anode, and how it
affects the surface of coating systems with low gas permeability.
[Color figure can be viewed at wileyonlinelibrary.com]

resistivity.!?®! Another possible explanation is that rGO
tends to agglomerate in an alkaline environment.'?”!

As mentioned above, in addition to the conductive
properties of the developed CBCC, also the gas perme-
ability of the material as well as its resistivity towards
water are of great importance.[g] A porous structure is
crucial for the release of the gases generated around the
anode during the anode reactions (see Equations 1-3).
The ability to resist water is significant to withstand
external environmental conditions, like rain or splashes.
The developed conductive coatings were therefore
characterized with respect to such properties. The gas
permeability and water resistance were evaluated after
conductivity measurements for 1 week with an applied
current density of 2mA/m? The water resistivity was
thereafter evaluated based on whether the coating could
be easily washed off the cementitious substrate, and the
gas permeability was assessed with respect to effect on
the coating due to gas production and accumulation
during the conductivity measurements.

The water resistance and gas permeability properties
of the CBCCs are shown in Table 3. As observed, the
CBCCs based on only a primer as the binder material
(Samples 1-4, based on either SAC or SBR) display a
good resistance towards water but show negative results
in terms of gas permeability. Although the final product
was not exactly easy to wash off, that is, removed from
the concrete surface (i.e., the substrate) by water, the
conductive coating displayed a very short time of
function due to delamination from the substrate caused
by the poor gas permeability. One typical example of this
is presented in Figure 7, where it can be observed that
the CBCC is destroyed by the generated gas. The reason
for this is that the anode material has poor gas permeable
properties, which results in that gas generated during the
anodic reactions (Equations 1-3) cannot be released.
This, in turn, results in blisters and delamination of the
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anode and, consequently, to the end of the service life of
the primer-based CBCCs.

The CBCC with the mineral-based binder (CemCoat)
displays the opposite behavior to the primer-based anodes,
see Table 3. Even if this type of binder materials can
release the gas generated during the anodic reactions, it
shows a very weak water resistance. In addition, the
CBCC is easily brushed away from the substrate directly
during use. Only two of the possible anode materials show
the desired and required properties, that is, suitable
properties in terms of both gas permeability and water
resistance. These are the ternary conductive coatings
HSAS + CemCoat + SAC and GiP + CemCoat + SAC.

As shown in Figure 6, there is a difference in the
conductivity level of these ternary CBCCs, especially at
higher graphite contents, which partly can be explained
by that the surface area of HSA is larger than that of GiP
(see Table 1). The reason for the variations in conductiv-
ity with relatively small variations in graphite content,
seen for the CBCC HSA + CemCoat + SAC, may be due
to small variations in thickness of the conductive coating,
or that the combination of CemCoat with SAC or SBR,
makes the structure both porous, and thereby gas
permeable, as well as reasonable water resistant as
discussed above and shown in Table 3. Since conductivity
is dependent on the porosity,?®?*! one explanation for
the difference in conductivity is the difference in
porosity, and consequently the ionic conductivity prop-
erties,**! of the CBCC for mineral binder material
compared to the primer-based CBCCs. Another explana-
tion can be that there is an optimum content of graphite
for the conductivity, as previously shown for a conduc-
tive anode material with incorporated graphite.[3 1

4.2 | Conductive composite coatings
for the anode

Based on the results presented in the previous section, it is
obvious that only two of the possible anode materials show
all the desired and required properties, that is, proper

properties in terms of both gas permeability, water
resistance, and conductivity, that is, the ternary coating
materials HSA + CemCoat + SAC and GiP + CemCoat +
SAC. In addition to these ternary CBCCs, two additional
material compositions, with the addition of smaller amounts
of graphene (GeS) were prepared to further screen the effects
(see Tables S5 and S7). Thus, four material compositions,
which are described in Table 4, and hereafter denoted C1,
C2, C3, and C4, were prepared for further investigations.
Worth noting is that the introduction of graphene (GeS)
resulted in a reduction of the conductivity level, see Table 4,
which is highly unexpected since graphene has superior
conductive properties compared to graphite. The reason for
this is unclear but one explanation could be that graphene is
not homogeneously distributed in the CBCCs, which should
affect the network structure necessary for high conductivity.
Also, as can be observed from the table is that the reduction
in conductivity is higher for the CBCC containing GiP than
for the one containing HSA, which most likely depends on
the fineness and surface area of the graphite. However, as
found from the investigations, when graphene is added to
the CBCC there is a general enhancement in the more
macroscopic homogeneity of the material, which is expected
to have a positive influence of the material performance.
The homogeneity of these CBCCs is discussed below in
Section 4.3.

4.3 | Accelerated durability tests of the
developed conductivity anode materials

In Figure 8 the applied current density through the
anode during the accelerated durability tests, by
the different acceleration factors, as a function of the
corresponding duration time (given in eq. years, see
Table 2), is shown for the CBCCs C1, C2, C3, and C4
described in Table 4. For zoom-in figures of the results, on
a linear scale, see Figures S1-S3. From the results it is
clear that when subjected to the highest applied current
density, that is, 730 mA/m?, (acceleration factor 365) the
current density through the materials starts to deviate

TABLE 4 The material compositions and the conductivity obtained by the fast-screening method of the investigated conductive

coatings (the CBCCs).

Denotation Material composition

C1 HSA + CemCoat + SAC

C2 HSA + GeS + CemCoat + SAC
C3 CiP + CemCoat + SAC

C4 CiP + GeS + CemCoat + SAC

Note: The water/material-ratio is for all compositions ~0.5.

Content (g) Conductivity (S/m)
150 + 100 + 250 15.5

150 +1.25 4+ 100 + 250 13.1

150 + 100 + 250 13.55

150 +1.55 + 100 + 310 6.0
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FIGURE 8 The current densities through 1000 -
the anode as a function of duration time (in ]
equivalent years). The results for CBCCs C1, C2,
C3, and C4 are shown by black, red, blue, and
green lines, respectively. The dashed lines are
only a guide to the eye. Note that the result for
acceleration factor 13 is not complete, these
measurements are still ongoing. [Color figure
can be viewed at wileyonlinelibrary.com]|

Current density (mA/m?)
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from the applied current density after a rather short
functional time, corresponding to approximately 2 equiva-
lent years. From the results it is also indicated on that the
drop in conductivity occurs earliest for the CBCC C3. The
deviation from the applied current density for CBCCs C4
and C1 starts at around 3 and 4 equivalent years,
respectively. Subjected to this high acceleration factor,
C2 seems to be the most resistant anode material against
resistivity increases and material damages. The 730 mA/
m?® ICCP acceleration was interrupted at an equivalent
time corresponding to approximately 8 years because the
resistance of the anode materials became too high, and the
materials was thus no longer considered functional.

For CBCCs subjected to the acceleration factor 52
(i.e., an applied current density of 104 mA/m?) the same
scenario as for acceleration factor 365 is observed. There
is, thus, a start of deviation from the applied current
density at about the same equivalent years for the
different CBCCs as for the higher acceleration factor.
Here it should be noted that also for an applied current
density of 104 mA/m?, the conductive coating C2 is the
most resistant material. The experiment was interrupted
after an equivalent time of about 22 years.

The possible microstructural changes within the
anode materials as well as around the anode that give
rise to the reduced conductivity with time, during the
durability tests with accelerations factors 365 and 52, is
further discussed in the next section.

As also can be observed in Figure 8 (and Figure S3),
the ICCP accelerated durability test with the lowest
applied current density, that is, 26 mA/m? (accelera-
tion factor 13) results in a completely different
scenario compared to the higher acceleration factors.
This experiment is still ongoing and at the present
time, which is equivalent to approximately 6 years,

T T T T T T T T T T

T
4 6 8 10 12 14 16 18 20 22 24
Test duration (eq. years at 2mA/m?)

there is no indication of a drop in conductivity for any
of the CBCCs. Worth noting is also that this accelera-
tion is 13 times higher than the recommended applied
current density (2 mA/m?) for corrosion prevention of
steel reinforcement. This implies that the developed
CBCCs can be considered as highly stable materials
since they can withstand this rather high applied
current density and thus, making them suitable as the
anode in an ICPP system.

Figure 9 shows the total charge passed through the
CBCCs during time of exposure to the applied current
densities. For the CBCCs subjected to the highest applied
current density (red bars in the bar chart) the mean value
of the charge passed is ~0.49, ~0.54, ~0.52, and ~0.57 MC
for the material combinations C1, C2, C3, and C4,
respectively, after an equivalent time of 8 years. For the
medium acceleration factor (blue bars) the correspond-
ing charge passed is ~1.39, ~1.48, ~1.06, and ~1.39 MC at
a time duration of approximately 22 years.

For the lowest acceleration factor (green bars) the
charged pass after an equivalent time of 6 years is about
the same for all anode material compositions, ~0.36 MC.
However, as mentioned above, these measurements are
still ongoing and since there is no sign of any changes in
conductivity, a much higher value of charged passed
through the material is expected when the experiment is
terminated.

Previous studies have shown that the applied current
density plays the most important factor for the service life
of the anode.*®*! A higher applied current density
results in a higher total charge passing through the anode
during the ICCP functional time and a resistivity increase
around the anode.®®! This, in turn, decreases the
efficiency of the anode, which with time results in a
complete destruction of the material. An important
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observation from Figure 9 is also that the CBCCs C2 and
C4 display the highest values of the charge passed both at
the highest and medium levels of the accelerations
tested. This is most likely due to that these material
compositions are the most homogeneous of the CBCCs,
which will be discussed in more detail in Section 4.4
below.

4.4 | Microstructural characterization
Figure 10 shows the SEM images of the developed
CBCCs and as can be observed, there is a rather large
difference in homogeneity between the different material
combinations. The CBCCs that appear to be the most
homogeneous are C2 and C4, that is, the materials to
which a smaller amount of graphene (GeS) is added. Of
these two CBCCs, the most homogeneous is C2, which is
also the anode material that is most resistant to the
highest applied current densities (acceleration factors 52
and 365) as shown in Figure 8. Due to its homogeneity
and the very promising results from the acceleration
tests, the conductive coating C2 was the focus for further
evaluation.

To evaluate the effect of the accelerated IPCC, that is,
the applied current density, on the microstructure of the
CBCC and the anode-concrete interface in more detail,
the conductive coating C2 subjected to the highest
acceleration factor (hereafter called C2-365) was evalu-
ated in comparison with a reference consisting of the
same anode material but without any applied current
density, that is, with an acceleration factor of 0 (hereafter
called C2-0). The results are shown in Figure 11. Based
on the image of C2-0 (Figure 11a), three layers are easily
seen, the concrete substrate, the conductive anode layer
(black part), and the thin protective layer of cement

I Acc fact 365

B Acc fact 52
I Acc fact 13

FIGURE 9 The total charge passed through
the conductive anode materials (coating ID, see
Table 3) during the experimental time. [Color

figure can be viewed at wileyonlinelibrary.com]

coating (without any incorporation of graphite or
graphene). This contrasts however with the image
representing C2-365 (Figure 11b).

When subjected to this high applied current density, it
is obvious that an additional layer is built up between the
anode material and the concrete cover. This layer is due to
that a very large amount of gas is generated during the
anodic reactions when the material is subjected to such a
high acceleration factor. Even if the material is reasonably
gas permeable, such large amounts of generated gas cannot
be released to the surrounding area. Instead, part of it is
accumulated, which affects the structure, and an addi-
tional porous layer is built up at the anode-concrete cover
interface. This layer is, however, not expected to have any
effect on the conductivity of the CBCC, or the resistivity of
the concrete substrate, but only affect the cementitious
cover layer.

As shown in Equation (2), one of the chemical
reactions at the anode results in production of hydrogen
ions, that is, a pH decrease. Such acidification is well
known to be associated with the applied current density
and the total charges passed through materials during time
of exposure.*”! In addition, it is well known that increased
acidity leads to leaching of calcium in porous layer between
the anode and the concrete substrate, which, in turn,
causes an increase in the resistivity at the interface between
the anode and concrete substrate.****! From the SEM
image of C2-365 there are indications on a thin porous
layer at the interphase between the substrate and the CBCC
layer, see marked area in Figure 11b (for an enlargement of
this image, see Figure S4). This porosity is most likely
caused by leaching of calcium. Moreover, when compared
to C2-0 there are also indications on a somewhat higher
porosity of the conductive coating layer of C2-365, which
also can affect the conductivity level due to the influence
on the carbon network.
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FIGURE 11 A comparison of the microstructure with (a) and without (b) an applied current density. The dashed circle shows the
porous zone at the interface between the CBCC layer and the cementitious substrate. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 (a) SEM image of C2-0 and EDX analysis of the carbon (b) and calcium (c) at the different layers of the system. The
cementitious substrate is to the right and the thin cover layer to the left in the images. The conductive coating is the dark (black) layer

in image a. [Color figure can be viewed at wileyonlinelibrary.com]

100pum '

carbon

100pum '

FIGURE 13 (a) SEM image of C2-365 and EDX analysis of the carbon (b) and calcium (c) contents at the different layers of the system.
The cementitious substrate is to the left and the thin cover layer to the right in the images. The conductive coating is the dark (black) layer in

image a. The dashed circle shows the porous part of the zone between the substrate and the CBCC. [Color figure can be viewed at

wileyonlinelibrary.com]

To further investigate the microstructure and micro-
structure changes, elemental composition of the different
layers was investigated by energy-dispersive X-ray spec-
troscopy (EDX). The results are presented Figures 12
and 13. The SEM images on which EDX analysis were
performed is shown in Figure 12a (C2-0, i.e., the reference)
and 13a (C2-365) and Figures 12b,c and 13b,c the
elemental analysis of the same materials.

Concentrating on the anode layer for C2-0, that is, the
middle layer (black area) in Figure 12a, it is obvious that
this layer, as expected, contains large amounts of carbon
(Figure 12b) and only smaller amounts of calcium
(Figure 12c). The concrete substrate and the thin
cementitious cover layer mainly consist of calcium. This
is an expected result since the specimen is not subjected
to an applied current density, and thereby there is no
expected gas production that can have negative effects on
either of the materials or the interfaces at the anode.

Figure 13 shows the corresponding results for C2-365,
that is, the specimen subjected to the highest applied

current density. From the results, it is obvious that the
anode layer of C2-365 is intact since no larger amounts of
calcium are present (Figure 13c). However, in compari-
son with Figure 12, the CCBC layer of C2-365 seems to be
somewhat more porous and/or diffused (for an enlarge-
ment of Figure 13a, see Figure S4). However, as expected
also in this case the anode layer consists mostly of the
carbon-based materials used for the development of
the CBCC. Also expected is the presence of calcium in
the thin concrete cover layer. However, as shown in
Figure 13a (and enlarged in Figure S4) there are some
cracks in the cementitious substrate and a porous zone
between the cementitious substrate and the conductive
coating that is not seen for C2-0 (Figure 12). As discussed
above, applying a current density to the system results in
gas production and acidification at the anode. The higher
the applied current density, the more gas is produced and
the higher the acidification.** The acidification has a
direct effect on the structure since it consumes calcium
hydroxide (CaOH, Portlandite), where an increase in
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FIGURE 14 Bar chart showing the pull-off test results for the
material compositions C1, C2, C3, and C4 exposed to the
acceleration factors 52 (blue bars) and 365 (red bars) in comparison
with the material compositions without an applied current density
(i-e., acceleration factor 0, grqy bars). [Color figure can be viewed at
wileyonlinelibrary.com]

acidity eventually destroys the calcium-silicate-hydrate
(CSH) gel by calcium leaching and deteriorates the bond
strength between the cementitious substrate and the
anode.® In accordance with this, the results strongly
suggest that the porous zone indicated by the dashed
circle in Figure 13a is due to such microstructural
changes and also the most likely reason for the increased
electrical resistance of the system.

4.5 | Pull-off test
The results of the pull-off test for C1, C2, C3, and C4
subjected to the acceleration factors 52 and 365 are shown
in Figure 14 together with the reference materials, that is,
the same CBCCs without exposure to any applied current
densities. It should here be noted that the material
compositions subjected to the lowest current density
(acceleration factor 13) is still an ongoing experiment
and the results are therefore not included in the figure.
Obviously, there is a rather large difference in the
pull-off test results for the reference CBCCs. In the case
of the reference material (gray bars) the highest value is
obtained for the material composition C1-0 (2.17 MPa)
followed by C2-0 (2.03MPa) and C3-0 and C4-0 (both
with the value 0.75 MPa). A similar trend, however, with
lower bond strengths compared to the reference, is
observed for both the CBCCs subjected to the accelera-
tion factors 52 and 365, shown by blue and red bars,

respectively. The relatively large difference between the
ICCP accelerations 52 and 365 can be explained by the
difference in the total charge passed through the CBCC
(see Figure 9), which is much higher for the acceleration
factor 52 than for the acceleration factor 365. Since a
bond strength lower than 1MPa can be considered a
failure,*'! it can be noted that the CBCC combinations
C3 and C4 should not be considered for an ICCP system.

5 | CONCLUSIONS

In this study we have investigated and evaluated new types
of conductive coatings as the anode for an ICCP system,
consisting of a combination of commercially available
materials, by an accelerated durability test. The results
show that a matrix made of a combination of a micro-
cement (CemCoat) and a styrene-acrylate copolymer (SAC)
with the incorporation of a micro-graphite together (HSA)
with a smaller amount of graphene (GeS) show all the
required and desired properties and can withstand
relatively high applied current densities. This material,
called C2 in the present study, shows proper characteristics
in terms of conductivity and water resistance, and it is
porous enough to release relatively large amounts of the
gases generated during the ICCP anodic reaction. The
results also show that the incorporation of smaller amounts
of graphene into the cementitious matrix mainly influences
the homogeneity of the matrix.

With the developed conductive coatings, the generally
costly and time consuming required for the preliminary
work, as in the case of installing a titanium mesh, can be
avoided. This is expected to reduce not only the labor costs
but also the inconvenience of, for example, traffic
management during installation. The additional weight
of the structure is also considerably minimized as a heavy
cementitious overlayer will not be required.
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