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SUMMARY 
 

Damage to reinforced concrete structures causes immense economic losses every year. 

Costs due to failure of structures and their repair measures are immense. Much of this 

damage is due to the corrosive environment of reinforced concrete structures. One option for 

repairing corrosion-damaged components is cathodic corrosion protection. In cathodic 

corrosion protection, the reinforcing steel is forced to act cathodically and thus the dissolution 

of the reinforcing steel is reduced to harmless levels. The cathodic effect can be achieved for 

example by the attachment of an impressed current anode where the partial oxidation 

reactions are shifted to the external anode. Widely used in cathodic corrosion protection are 

mixed metal oxide (MMO) coated titanium meshes.  

Currently, the use of anodes made of carbon textile is being developed, which are of 

particular interest due to their excellent mechanical properties, low weight and crack bridging 

ability. Additionally, carbon textile is electrically conductive and its functionality as a CP 

anode has already been validated at the Institute of Building Materials Research (ibac) of the 

RWTH Aachen University [Paper 5].  

Carbon, according to the Pourbaix diagram [1], is not chemically resistant, and can corrode. 

Therefore, durability studies were required to determine the suitability of carbon as a long 

term anode material for cathodic protection of steel in concrete. The aim of this thesis is to 

investigate the durability of carbon textile under anodic polarization. The experiments were 

carried out using a simulated pore solution and mortar. The influence of anodic polarization 

on carbon textiles was investigated. 

The behavior of unconsumed carbon textile under anodic polarization in alkaline solution was 

characterized by current density-potential curves through potentiodynamic experiments.  

SEM images were used to detect decomposition of the sizing of the carbon filaments which 

was attributed to anodic polarization. Further tests in solution and further SEM images 

showed that impregnated carbon textiles degraded the epoxy and SBR impregnations. A 

degradation of the carbon fibers themselves could not be achieved for potentials up to 2200 

mV vs. NHE. The decomposition of the sizing and epoxy matrix presumably occurs in the 

transition region of its current density-potential curves at potentials of about 900 mV vs. NHE 

and 1050-1150 mV vs. NHE. The SBR impregnation is decomposed at potentials of 490 mV 

vs. NHE. 

After 240 days of potentiostatic polarization, no visible damage has occurred to the mortar 

test specimens. 
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However, the bond between carbon textiles and mortar as well as stress corrosion cracking 

of carbon textiles under anodic polarization was not investigated.   
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1 BACKGROUND 
 

Reinforcing steel is covered in concrete by a highly alkaline pore solution with a sub-

microscopic thin and non-porous oxide layer. This layer behaves passively and thus prevents 

anodic dissolution of the reinforcing steel. There are two scenarios that can lead to the loss 

of this passive layer. First, by carbonation of the concrete down to the depth of reinforcement 

in which case alkalinity at the steel / concrete interface may be lost. Secondly, penetration of 

chlorides to the level of the reinforcing steel ad subsequent dissolution of the passive layer. 

This can result for example from ingress of de-icing salts or seawater. Depassivated areas 

on the reinforcing steel have a lower electrical potential than the passive areas and form a 

galvanic cell in which the concrete and its pore water serve as an electrolyte. In this cell the 

following reactions take place: 

 

Fe →  Fe2+ + 2e− (1) 

2e− +  H2O + 
1

2
O2  →  2OH− (2) 

 

At the anode, iron is dissolved with the release of electrons (1). The electrons are conducted 

through the steel to the cathode, where they react with the consumption of water and oxygen 

to OH−-ions (2). Because of the potential difference, the OH−-ions migrate to the anode and 

complete the galvanic cell. At the anode, the OH−-ions react with Fe2+ to form iron oxides or 

iron hydroxides. While carbonation leads to widespread depassivation of the reinforcing 

steel, the penetration of chlorides often causes a local loss of the passive layer. 

Consequently, a large cathode to anode area ratio can result with a high driving voltage. This 

can lead to high corrosion rates and thus rapid cross-sectional loss [2; 3]. 

Cathodic corrosion protection (CP) is a widely used electrochemical process for the repair of 

chloride-damaged reinforced concrete structures. Through CP, the steel is forced by the 

connection of a sacrificial anode or an impressed current anode [4] to act cathodically and 

thus reduces the anodic dissolution of iron to negligible orders of magnitude. The cathodic 

effect is synonymous with an inert behavior of the steel. In the field of concrete repair the use 

of CP systems with impressed current anodes has become common place since it is possible 

to dispense with removal of the chloride-containing concrete [5].  
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In addition to the primary effect of the suppression of iron dissolution, the use of impressed 

current anodes has positive secondary effects. Reduction of the oxygen content at the 

cathode results in the beneficial secondary effect of realkalization of the concrete in the 

vicinity of the reinforcing steel [6]. In addition, the current flow in the concrete can lead to a 

transport of chloride ions from the cathode towards the anode and thus to a reduction of the 

chloride content in the area of the reinforcement. However, excessive current densities may 

cause the development of hydrogen at the reinforcement. In the case of prestressing steels, 

this can cause hydrogen embrittlement. In addition, the concrete can be subjected to internal 

tensile stresses from the formation of gases causing it to crack. At the anode, oxygen can be 

evolved and chlorides accumulated, creating harmful conditions for the concrete and anode 

[7]. 

Cathodic corrosion protection of steel in concrete in Germany is typically carried out with the 

utilization of impressed current cathodic protection systems. As an anode material MMO 

coated titanium is typically used. The suitability of carbon textiles for use as a CP anode has 

been investigated previously [Paper 5]. Due to its excellent tensile strength and crack 

bridging ability, carbon can bring other advantages in addition to CP in the repair of 

reinforced concrete structures Such as crack reduction in overlays. 
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2 INTRODUCTION 
 

In the context of current research and this thesis, the durability of carbon textile as an anode 

material was investigated. 

Initially, the corrosion of steel in reinforced concrete and cathodic corrosion protection of 

reinforcing steel in is discussed. Subsequently, the electrochemical behavior of carbon is 

discussed using the Pourbaix diagram and the preparation of carbon materials is presented. 

Thereafter, previous investigations on carbon textile anodes from literature are presented, 

followed by a summary of the current state of knowledge. 

Additionally, various experiments in saturated calcium hydroxide solutions which simulate the 

behavior of carbon textile under anodic polarization in concrete are presented and discussed. 

Subsequently, the experimental investigations on the anodic permanent polarization of 

mortar test specimens are presented. The structure of the specimens and the sample matrix 

are described and the preliminary results of permanent polarization are evaluated. In 

addition, instant-off measurements were carried out on the specimens and reference 

specimens were polarized. 

Finally, the insights gained in this thesis on the durability of carbon textile under 

potentiostatic polarization are summarized and an outlook on future research tasks is 

provided. 

The durability of carbon textiles as anode material for CP has previously been investigated 

[8]. However, there is a lack of experience with the durability of textiles with different 

impregnations that are currently available on the market. Most of the investigations were 

concerned with potentials or current densities that were not in line with practical 

requirements. In this thesis, the investigations in solution were carried out to investigate the 

dissolution of carbon by anodic polarization after polarization. The surface of the carbon 

textiles were examined by means of SEM. As a result, the damage mechanisms of the 

impregnation and sizing were determined. Limit potentials for the operation of CP systems 

with carbon textile anodes were also determined based on impregnation type.  
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3 OBJECTIVES AND LIMITATIONS 
 

The aim of this work was to investigate the durability of polymer-impregnated carbon textiles 

as a CP anode in three steps. The three steps were as follows: 

 

1. Determination of parameters which can influence the polarization experiments. 

2. Investigation of behavior of carbon textile and possible destruction mechanisms of 

impregnation material and carbon textile under different potentials and current 

densities in saturated calcium hydroxide solution. 

3. Potentiostatic measurements of polymer-impregnated carbon textile embedded in two 

different mortars, as well as two different storage conditions over an eight month 

period. 

4. Determination of the limiting potential for damage of the impregnation and sizing 

under anodic polarization 

 

The experiments for the first step were carried out on SBR-impregnated carbon textiles. The 

experiments for the second step were carried out on 4 SBR and 4 epoxy impregnated carbon 

textiles. For the third step, carbon textiles impregnated with selected SBR and epoxy were 

used. It was hypothesized that the durability behavior of polymer-impregnated carbon textiles 

could vary depending on the type, material, thickness of the impregnation and also the 

manufacturing process. 
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4 THEORETICAL BACKGROUND 
 

4.1 Cathodic corrosion protection 

 

Cathodic corrosion protection (CP) prevents further development of pitting corrosion and can 

control the corrosion rate of steel [9; 10]. Therefore, for concrete rehabilitation projects 

utilizing CP, only concrete in areas that have been affected by reinforcement corrosion where 

a reduction in cross section and loss of bond has occurred at the reinforcing steel has to be 

removed. The rehabilitation concept for the installation of CP is normally determined after a 

potential measurement of the reinforcement from the surface of the concrete. The potential 

value less than -350mV vs Cu/CuSO4 could assume a possible corrosion of reinforcement 

[11]. 

The cathodic corrosion protection of steel in concrete is regulated in DIN EN ISO 12696 [12] 

and limited to the protection of steel in concrete exposed to the atmosphere. The cathodic 

corrosion protection system includes an anode system [13] to allow the cathodic protection 

current to reach the respective surfaces or parts of the concrete and to allow the conversion 

of electronic to ionic current at the anode-concrete contact surface and its distribution to the 

surface of the steel embedded in the concrete. The anode system is the most important 

component of the cathodic protection system and must be able to provide the required 

protective current density within the projected service life without impairing the bond between 

anode and concrete or damaging the anode [4]. 

The main purpose of CP is the reduction of corrosion to an acceptable level. To achieve this, 

the potential of the reinforcement is shifted in the cathodic direction by the introduction of an 

external current via embedded or surface-mounted anodes. Figure 1 shows the principle of 

CP using an impressed current anode [4]. The reinforcement is exposed to an external 

current via a direct current source using an embedded insoluble anode [14]. 

Besides the anode, the embedding mortar is probably the most critical component of a CP 

system. Because it is responsible for an even distribution of the protective current over the 

surface to be protected. In addition, anode materials embedded in concrete must be able to 

guarantee permanent current transfer [15]. The currently most widely used anode material is 

mixed metal oxide (MMO) coated titanium, which is generally selected due to its low weight, 

insoluble material behavior under anodic polarization, durability and good conductivity [16].  

In the context of this research, the suitability of carbon textile as anode material is 

investigated. Carbon textile shows great promise due to its electrical conductivity, excellent 

mechanical properties and good processability. In addition, textile concrete with good crack 
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distribution and small crack widths could offer additional advantages in case of possible 

static build-up [Paper5]. 

For the typical operation of a CP system, the current densities are set at a very high level at 

the beginning of the application and decreased within 2 to 3 months. The current densities 

are normally 5 mA/m2 or less after decrease and then remain constant [17].  

A CP system with an impressed current anode requires the following components as shown 

in Figure 1: a DC voltage source (rectifier), an anode material, an embedding mortar, 

connection to the reinforcement, cable connections and monitoring instruments, and 

embedded reference electrodes. The anode introduces the current into the concrete, it is 

connected to the positive pole of the rectifier with the reinforcement connected to the 

negative pole. The potential of the anode is thus shifted in the positive direction and the 

potential of the reinforcement in the negative direction. To produce an electrical circuit, the 

anode is usually embedded in mortar. The pore solution in mortar and old concrete fulfills the 

role of the electrolyte. 

 

 

Figure 1: Scheme of an impressed current CP system with embedded carbon textile anode [Paper 1] 

 

The embedding mortar should be easy to install and form a firm bond to the anode material. 

In addition, it must have sufficient conductivity and good mechanical properties [Paper 5]. 

The mortar is also used to provide an even distribution of the protective current.  

Research is currently underway to determine whether carbon textiles, when used as an 

anode material, can permanently protect the reinforcing steel in concrete. 

For better understanding of the cathodic corrosion protection and associate chemical 

reactions a short introduction on corrosion is provided here. 
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Corrosion of reinforcing Steel in concrete 

 

In the absence of chlorides, reinforcing steel in concrete is generally protected against 

corrosion. The formation of a protective film on the steel at the concrete interface leads to the 

passivation of reinforcing steel [18; 19]. The stability of this film depends essentially on the 

oxygen content and on the pH-value of the interstitial solution at the steel/concrete interface 

[1] 

The passivity of steel in concrete is a result of the high alkalinity of the concrete. During 

cement hydration the aqueous phase rapidly reaches high pH-values which are in the order 

of about pH = 12.5, depending on the type of cement [20; 21]. During the strength 

development process, further alkalis such as KOH and NaOH dissolve and increase the pH 

value to values in the range of 13.0 to 13.8. [22] 

The protection of the steel in the concrete relies on a passivating oxide layer of Fe3O4, which 

oxidizes to Fe2O3 on the electrolyte side. This thin layer of a few atoms (2 – 20 nm) [14] 

prevents the further dissolution process of the steel due to its high density. However, the 

resistance of this passive layer is bound to the alkalinity of the electrolyte. Oxides normally 

found on reinforcing steel are either ferrous (Fe+2) or ferric (Fe+3). These are chemically 

stable within concrete provided that the concrete is not carbonated and free of chlorides at 

the concrete and steel interface. Ferric oxide is considered to be more stable than ferrous 

oxide, especially in the presence of chlorides. The iron oxide is converted into the more 

stable, hydrated Ferric oxide (2FeOOH) over time. This conversion process is never 

complete and is measured as a continued very low passive corrosion rate, as discussed 

later. The development of the ferric oxide film proceeds according to the following anodic 

reactions: [19] 

 

2𝐹𝑒 → 2𝐹𝑒2+ + 4𝑒− (3) 

2𝐹𝑒2+ + 4𝑂𝐻− → 2𝐹𝑒(𝑂𝐻)2 (4) 

2𝐹𝑒(𝑂𝐻)2 +
1

2
𝑂2 → 2𝛾 − 𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 

(5) 

 

Corrosion of the steel will occur if the concrete is carbonated as neither oxide is protected at 

a pH below approximately 11. As noted above, the ferric oxide is more resistant to chlorides 

than the ferrous oxide. Pitting corrosion can occur if chloride ions come into contact with the 
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reinforcing bar at a location where the ferrous oxide has not been converted. This reaction 

competes with the normal passivation process and will only proceed when the chloride 

content is sufficiently high in comparison to the oxygen and hydroxide content. This is the 

basis for the underlying theory as to why chloride-to-hydroxide ratios are related to the onset 

of pitting corrosion. In non-carbonated concrete, this corrosion threshold is approximately 

0.9 kg/m3 (1.5 lb/yd3) of concrete. This passivation process can also be described in 

electrochemical terms [23; 24]. 

 

Electrochemical Fundamentals of Corrosion 

 

Electrochemical corrosion describes metal dissolution under the action of a liquid medium 

with electrolytic conductivity and reduction of an oxidizing agent to form an electric circuit 

consisting of an electron current in the metal and an ion current in the medium [25; 26; 27]. 

At least two individual electrochemical reactions are involved in electrochemical corrosion 

reactions as follows [28; 29]: 

 

• anodic process, electron release (oxidation): 

 

Me → Mez+ + ze-      (metal dissolution) (6) 

 

• cathodic process, electron acceptance (reduction): 

 

Mez+ + ze- → Me      (metal deposition) (7) 

2H+ + 2e- → H2                                                                 (hydrogen corrosion type) (8) 

O2 + 2H2O + 4e- → 4OH-     (oxygen corrosion type) (9) 

 

 

The reactions take place at one electrode, in which an electrochemical sub-process can take 

place. This consists of a metallic conductor in contact with an ion-conducting phase. Through 

the interaction between metal and electrolyte, metal ions of the metal enter the electrolyte 

[30]. The corrosion reaction is in most cases of an electrochemical nature. Material and 
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medium together form the corrosion system. In addition to the suitability of the material, the 

rate of corrosion depends on temperature, potential level and concentration of the medium or 

mechanical stress. The corrosion of the metal in the aggressive medium can take the form of 

an even surface loss or discrete localized dissolution of the surface. The electron release 

(anode) and the electron acceptance (cathode) each form partial reactions in which the 

partial currents take place. This current flow leads to the electrochemical turnover which can 

be described using Faraday’s law [31]: 

m =
M

z F
 I t (10) 

Here, m is the electrochemically converted amount of substance in g, M the molar mass in 

g/mol, z the charge number, F the Faraday constant: 96487 As/mol, I the Current in A and t 

the time in s. 

The current I is proportional to the chemical conversion rate dm/dt. This means that the 

corrosion rate correlates with the corrosion current [32]. The equilibrium potential is the 

potential at which the oxidation and reduction reactions of the same redox system proceed at 

the same speed. The free reaction enthalpy is zero at equilibrium potential and the Nernst 

equation [32, 33] applies to the electrochemical equilibrium potential E*. 

E∗ = E0

R T

z F
 ln

aMe (ox)

aMe (red)
 (11) 

Here, E0 is the standard potential (for a Me (ox) = a Me (red) = 1) in V, R the molar gas constant in 

J/(mol*K), z the charge number, F the Faraday constant in (A*s)/mol, T the absolute 

temperature in K, a Me (ox) the activity of oxidized species and a Me (red) the activity of reduced 

species. 

 

Corrosion current and polarization (current density potential curve) 

 

The current density potential curve can be recorded on single electrodes with defined 

electrode processes, which is appropriately called an overvoltage curve. Figure 2 shows the 

overvoltage curve of a single electrode. 
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Figure 2 Schematic diagram of an overpotential-current density curve of a metal electrode 

The current densities (i0) present at the resting potential (Ecorr) are referred to as the 

exchange current density, at which there is a correlation between the anodic partial current 

density ia and the exchange current density i0 with polarization: 

ia=i0 exp [kA η] (12) 

Here, ia is the anodic partial current density in A/m2, i0 the exchange current density in A/m2, 

kA is a constant and η the overvoltage in V. 

Using current density potential curves, materials and the stability of their passive film can be 

characterized electrochemically as described in Figure 3 [34]. 
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Figure 3 Schematic representation of a current density potential curve 

 

Here, Ecorr is the rest potential in V, EP1 the passivation potential in V, EP2 the activation 

potential in V, Et the breakthrough potential in V, ip the passivation current density in A/m2, 

and ipass the current density in passive range in A/m2. 

The potential dependence of the partial currents of the anodic and cathodic partial reactions 

can be represented in current density potential curves. The current is related to the effective 

electrode surface. At the resting or corrosion potential (ER or Ecor), where the anodic and 

cathodic partial reactions are equal, the corrosion system is without current (no external 

current). 

 

Determination of the corrosion current density (Stern-Geary equation) 

 

The exchange current density is the current density that can be determined at the point of 

free corrosion potential in an electrolyte for an electrode due to the corrosion reaction. The 

exchange current density is determined by semi-logarithmic representation of the E-i- curve, 

whereby the partial current density lg|i-|=f(ƞD) is assigned to the cathodic branch and the 

partial current density lg|i+|=f(ƞD) to the anodic branch with ƞD as pass overvoltage. The 

exchange current density in equilibrium (E=E*) is the measure of the reaction speed at which 

no current flows outwards. However, in order for an electrochemical reaction to take place, 
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the equilibrium potential must be exceeded or undershot. This process is called polarization 

and the deviation from E* is called overvoltage 𝜂 = 𝐸 − 𝐸∗. However, the exchange current 

density only applies to an (through) overvoltage ƞ=0, i.e. for reversible electrode behavior. 

The Tafel equations apply to the partial current densities of penetration-resistant electrodes: 

i+ = +i0 exp[+
∝zF

RT
ƞD] und i− = −i0 exp[−

(1−∝)zF

RT
ƞD] (13) 

Here, I is the current density in A/m2, i0 the exchange current density in A/m2, α the transfer 

coefficient, z the number of transferred electrons, F the Faraday constant in (A*s)/mol, R the 

gas constant in J/(mol*K), T the absolute temperature in K and ηD the overpotential in V. 

For a total current density overvoltage curve of a penetration-resistant reaction, the Tafel line 

results: 

i = i0 exp[
∝zF

RT
ƞD] – exp[−

(1−∝)zF

RT
ƞD] (14) 

Here, I is the current density in A/m2, i0 the exchange current density in A/m2, α the transfer 

coefficient, z the number of transferred electrons, F the Faraday constant in (A*s)/mol, R the 

gas constant in J/(mol*K), T the absolute temperature in K and ηD the overpotential in V. 

 

Figure 4: Determination of the corrosion current density from current density potential curves 

Under favorable conditions, it is possible to determine the corrosion current (lg I) by 

extrapolation of both branches in the direction of the free corrosion potential after the 

cathodic curve has been folded down Figure 4. 
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Chloride-induced corrosion 

 

One of the most severe causes for reinforcing steel corrosion occurs in the presence of 

chloride ions [35]. The source of chloride ions in concrete can be internal or external [36; 37; 

38] such as: 

-The use of chloride-contaminated components 

-The use of CaCl2 as an accelerator when mixing the concrete 

-Diffusion into the concrete from the outside environment 

Nowadays the ingress of chlorides from the outside environment is the largest source of 

chloride-contamination. Intrusion occurs through diffusion or by co-transport with capillary 

water. In concrete, chlorides can be either dissolved in the pore solution (=free chlorides) or 

chemically and physically bound to the cement hydrates and their surfaces (=bound 

chlorides) [39]. Only the free chlorides are responsible for initiating the process of corrosion 

[118]. 

After reaching of a critical chloride content near the reinforcement steel, a localized 

breakdown of the passive film can be induced [40; 41], resulting in the pitting corrosion 

process. [13; 21; 42]. The phase of chloride-permeation up to the depassivation of reinforcing 

steel is commonly referred to as the initiation phase. With the onset of corrosion the 

degradation phase begins. Figure 5 shows that damage to structural elements occur only 

after the damage or propagation phase has been initiated. 

 

Figure 5: Course of damage in structures suffering chloride-induced corrosion, according to [43] 

 

The current approach to quantifying chloride-induced corrosion of reinforcing steel in 

concrete follows from defining chloride threshold values [39]. However, there is no 
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consensus in the scientific community for the specific determination of a critical level of 

chlorides, above which serious problems occur [44; 39; 45; 46; 47; 48]. 

 

4.2 Technical Textiles 

 

The term carbon refers to carbon fiber composites that consist of any number of woven or 

laid carbon fiber rovings which are impregnated with polymers to obtain a more rigid and 

stronger material. Carbon fiber composites are known, for example, from motor sports and 

aircraft construction. In the construction industry, mats are increasingly used as 

reinforcement in textile concrete due to their low weight, chemical resistance and excellent 

mechanical properties.  

The average diameter of a single fiber is around 5-7 µm. If single fibers are bundled together, 

they are called carbon rovings. Carbon rovings consist of thousands of bonded carbon fibers. 

[49] To improve adhesion and handling for further application, carbon rovings are 

impregnated. Figure 6 schematically shows the composition of a carbon roving. 

 

 

Figure 6: composition of a carbon roving (schematic) 

 

To achieve optimal interaction between the composites of one carbon roving, homogeneous 

mixing of sizing and impregnation must occur. 

During the process of impregnation, the formation of 3 different phases is possible: 

1. No mixing of sizing and impregnation: Sizing does not detach from carbon fiber 

during impregnation. This results in a degradation of mechanical properties [50].  

2. Partial mixing of sizing and impregnation: During impregnation a concentration 

gradient develops. The concentration of sizing decreases with increasing distance 
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from the carbon fiber. Along the interface no complete inter-linkage of the molecules 

occurs [51; 52]. 

3. Homogeneous mixing of sizing and impregnation: According to the chemical reactivity 

between sizing and carbon fiber two scenarios have to be considered. If there is no 

covalent binding between sizing and carbon fiber, resin can covalently bind to the 

carbon fiber during impregnation [49]. If there is covalent binding between sizing and 

carbon fiber, mixing proceeds as follows. According to [53; 54; 55] the relatively small 

molecules of the hardener component may mingle with the sizing film, resulting in a 

homogeneous mixing along the interface. 

 

To achieve good adhesion between different materials, direct contact at the molecular 

level is paramount [56]. Thus, homogeneous mixing of sizing and impregnation results in 

enhanced mechanical properties [49]. Figure 7 shows the formation of interfaces during 

the impregnation of the carbon fibre. 

 

 

Figure 7: Interphase formation during impregnation of the carbon fiber, according to [55] 

 

In the next chapters the production of carbon fiber, surface activation of fiber, sizing and 

impregnation with details are explained. 

 

Carbon fiber production 

 

Carbon fiber is the term generally applied to fibers containing a mass fraction of carbon 

> 92 %. Carbon fibers can be produced from different chemical polymers. Most commonly 

used materials are Polyacrylnitril (PAN), Pech und Cellulose [57; 58]. However, PAN-based 
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carbon fibers achieve highest strength, which makes them the dominant fiber when it comes 

to industrial production [59; 49]. 

Processing of PAN-based carbon fibers consists of several stages: 

First, PAN fibers are stabilized in air, which makes them unsusceptible for melting during the 

following higher temperature treatment. After oxidation, initially white PAN fibers turn black. 

These black fibers are subsequently heated in an inert atmosphere to 1000-1500 °C. At 

temperatures around 1300 °C the fibers reach their maximum strength (up to 5000 N/mm2). 

High-tensile fibers develop, which is the main part of carbon fiber production [60]. 

Temperature increase must be low to preserve the fiber’s high degree of molecular order. 

For an improved fiber texture (i.e. orientation of the basal planes and thus increase of elastic 

modulus) fibers are held for a very short duration at temperatures up to 3000 °C. 

Figure 8 shows the schematic PAN-based carbon fiber production. 

 

 

Figure 8: manufacturing process of carbon fibers, according to [61] 

 

Normally carbon fiber yield is approximately 50 %. [62] 

 

Modification of the carbon fiber surface using anodic polarization 

 

The next step in the typical production process of carbon fiber is to activate the surface of the 

produced carbon fiber. The surface is activated electrochemical by anodic oxidation in an 

electrolytic solution. Surface activation ensures enhanced wettability. 
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The surface of the carbon is activated after fiber produced by electrochemically oxidizing the 

surface [63]. To activate the surface, there are also other methods such as plasma treatment 

[64], wet chemical or thermal oxidation [65] of the carbon fiber. The aim of activating the 

surface is to generate polar groups on the relatively non-polar carbon fiber surface. This in 

turn achieves better wettability and thus better adhesion of the coating. The treatment of the 

surface can influence the oxygen absolute content [66; 67; 68; 69]. Oxygen content on the 

fiber surface enables covalent bonds between carbon fiber, sizing and impregnation. When 

the surface is activated, carbon fiber serves as an anode and is polarized against a counter 

electrode made of graphite block in distilled water [70]. Oxygen-containing groups are 

produced by the polarization or chemical and electrochemical reactions on the surface of 

carbon fibers [63; 71]. Possible oxygen-containing groups can be hydroxyl, carbonyl and 

carboxyl groups. These groups are generated at defect sites or by breaking the graphitic 

lattice on the surface [72]. 

Yumitori and Nakanishi [73; 74] have investigated the effect of anodic oxidation in different 

electrolytes on the adhesion of carbon fibers to epoxy resin. The carbon fibers were 

polarized up to 60 seconds at a constant current density of 30,000 mA/m². With increasing 

charge density, an increased formation of surface oxides such as hydroxylene, carbonylene 

and carboxylene was observed by X-ray photoelectron spectroscopy. Under the SEM, the 

formation of longitudinal grooves and crevices could be observed. The discoloration of the 

solutions is therefore due to the dissolution of the carbon fibers. Up to a certain charge 

density, increased adhesion between the carbon fibers and an epoxy resin embedding 

produced by casting after polarization could be achieved by polarization, which can be 

explained by bonds between the epoxy resin and the hydroxyl and carboxyl groups that are 

increasingly present. 

 

Sizing material 

 

After surface activation each fiber is then coated by a mixture of various chemicals (sizing) to 

protect it from mechanical damage during handling and improve its wetting performance [75], 

[76; 77]. Furthermore sizing leads to more chemical reactive site as well as an increased 

surface area for adhesion [78; 79; 80] found that particle size and distribution of sizing agent 

significantly influence the wetting performance of carbon fibers. 

The adhesion promoters for textile materials are called sizing and are applied to the filaments 

during the production. This coating material performs various functions [60]. 
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Only sized carbon fibers are used in industry [63], so the chemical-physical influence of the 

sizing is very important. The sizing is made of a polymer that is usually applied to the carbon 

fiber from a water-based dispersion and then dried. The sizing has three main tasks. Firstly, 

it serves to protect the carbon fibers from mechanical stress. Secondly, the chemical-

physical properties of the sizing are of high importance for the wetting behavior of the resin 

system. Thirdly, the sizing is to act as a link between the carbon fiber and the matrix. In order 

to optimize the connection of the systems at the interface, the bonding capacity at the carbon 

fiber surface as well as the subsequent bonding to the resin system are of particular 

importance. 

Most coatings consist of polymers with good wetting properties of the fibers. They often 

contain polar groups that facilitate wetting but can absorb moisture. This means that they 

attract water and soften the boundary layer. This reduces the adhesion between the coating 

material and the fiber. Since the surface of carbon filaments gives a number of reactive 

groups, the coating can bind to the filaments. The coatings for different impregnations are not 

the same. In the production of epoxy impregnated carbon, epoxy based coatings are used to 

ensure good chemical compatibility of the two components. Other coatings are also applied 

such as vinyl ester resins, phenolic resins and polyurethane sizing [60]. Electrochemical 

treatment of the surface also improves adhesion [60].  

 

Impregnation materials 

 

As mentioned previously, carbon rovings need to be impregnated. Unimpregnated carbon 

rovings are characterized by extremely small cavities between the single carbon filaments. 

Due to the small dimensions of the fiber interstices, intrusion of mortar is not possible. While 

the outermost filaments are directly connected to the surrounding concrete, the inner 

filaments are not bonded with the surrounding matrix. Under tensile load these filaments 

remain unstressed [81]. To improve bonding, textile impregnation turned out to be most 

effective. The fine matrix of impregnation materials enables the intrusion to the roving’s inner 

core. Thus, load transfer is evenly distributed throughout the roving’s cross-section. [82; 83] 

In practice, epoxy resin or styrene-butadiene rubber (SBR) based coatings are used for 

impregnation. [82] 

Generally, epoxy resin results from the mixture of a base resin and a hardener component. 

The base resin consists of epichlorohydrin and phenol. After mixing of resin and hardener the 
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initial physical state is liquid. The curing occurs at room temperature or under addition of 

heat, depending on the hardener characteristics. [84; 85] 

SBR-based coatings are aqueous dispersions consisting of rubbery butadiene particles and 

polystyrene. It is a fluid milk-white solution with a solids content of 48 % typically and density 

of 1.09 g/cm3 [86]. The reaction between butadiene and styrene occurs, in which carbon 

double bonds are activated by initiating substances or heat supply [87; 88]. 

 

4.3 Carbon textile as anode material for cathodic protection 

 

4.3.1 Thermodynamic stability 

 

The Pourbaix diagram [1] shows the dominant reactants and products of the redox reactions 

of substances in an aqueous solution as a function of electrochemical potential and pH 

value. Oxidation is generally a process in which electrons are removed from an atom; during 

reduction electrons are added to the atom. Since neither oxidation nor reduction can occur 

on their own, i.e. there is always a coupling of these reactions, which are referred to as redox 

reactions [89].  

The corrosion behaviour of materials can be discussed using Pourbaix diagrams. The 

diagrams are divided into fields by lines at which equilibrium exists between individual 

possible redox reactions. The diagrams are based on the potential and pH value. In the 

Pourbaix diagrams, the pH value at the contact surface between solution and material is 

taken into account. However, despite strong anodic electrolytes, this can be locally strongly 

acidic due to acidification as a result of, for example, oxygen or chlorine gas development 

[112]. Using the equation (15), all possible redox reaction equations for the starting material 

are derived. The equation shows that a reducing agent B and water are in equilibrium with an 

oxidizing agent A, hydrogen ions H+ and electrons e-. The number of atoms and electrons on 

both sides must be stoichiometrically balanced. It should be noted that an atom A cannot 

formally react to form atom B, since stoichiometry cannot be achieved in this way.  

𝑏𝐵 +  𝑥𝐻2𝑂 ⇌  𝑎𝐴 + 𝑚𝐻+ + 𝑛𝑒− (15) 

The line functions of the Pourbaix diagram are determined using the Nernst equation (16). 

𝐸 =  𝐸0 −  
0,059

𝑛
log

𝐵𝑏

𝐴𝑎
−  

0,059𝑚

𝑛
𝑝𝐻 

(16) 
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The dashed lines show the redox reactions of water. Anodic potentials can lead to oxygen 

development, which is the upper of the two dashed lines: 

2𝐻2𝑂 ⇌  𝑂2 + 4𝐻+ + 4𝑒− (17) 

 

In alkaline solutions this is done by dissolving hydroxide ions [90; 91]: 

4𝑂𝐻−  ⇌  𝑂2 + 2𝐻2𝑂 + 4𝑒− (18) 

 

The lower dashed line represents the hydrogen development under cathodic potentials: 

2𝐻+  +  2𝑒−  ⇌   2𝐻2 (19) 

 

The lines in Pourbaix diagram show the corrosion behaviour of the material. In the area 

where no active material behavior is present, a distinction can be made between inert 

behavior on the one hand and passive behavior on the other. Inert means that the material is 

present as the material, but no corrosion is possible. Passive, however, indicates that the 

material is typically coated with its corrosion product and separates the contact between the 

material and the solution. Passivity does not necessarily imply the absence of corrosion [1]. 

Passive state according to DIN EN ISO 8044 [119] only applies to metals and in the case of 

carbon no passive layers are formed on the surface and therefore the term passive cannot 

be used for carbon. 

The Pourbaix diagram, the equations behind it and standard chemical formulas show that the 

predominant potential is the trigger for corrosive processes and thus critical potentials exist 

[114]. 
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Figure 9: Simplified Pourbaix diagram for carbon in aqueous solution [1] 

 

The simplified Pourbaix diagram for carbon shown in Figure 9 [1] shows the stability range of 

water within the dashed lines a and b. Above and below the boundary lines water is 

electrochemically unstable and reacts as described above. The diagram takes into account 

all useful carbon compounds, such as methane for the group of alkanes, methanol from the 

group of alcohols or formaldehyde from the group of aldehydes.  

Carbon has a small area where it exhibits stable material behaviour. There is no passivity 

range for carbon in aqueous solution. The stable area is shown in Figure 9 with a blue area. 

With polarization, carbon can be oxidized to carbonic acid at pH values up to about 6, 

between pH values of about 6 to 10 to hydrogen carbonates and above pH values of 10 to 

carbonates. In addition, below a pH of 12, carbon dioxide can be formed from both carbon 

and its oxidation products. By anodic polarization, the surface of the carbon fiber is oxidized 

to hydroxyl, carbonyl, carboxyl and lactone functional groups [108]. These groups are 

oxidized to carbonate, carbon dioxide and carbonic acid under continued anodic polarization 

[109]. 

A corrosion of the carbon should already take place at low anodic potentials. For this reason, 

carbon textile does not appear to be suitable as an anode material for a CP system. 

However, limitations must also be placed on the meaningfulness of the diagram as it relates 
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to carbon filaments used in CP as the diagram is only valid for pure carbon in aqueous 

solutions. First, carbon used in CP is not pure carbon, but rather a carbon fiber composite. 

These technical textiles are coated and impregnated with SBR or epoxy resin. Furthermore, 

the Pourbaix diagram makes only conditionally statements about the kinetics of the 

electrochemical processes of technical carbon textiles. 

 

4.3.2 Previous experiments in solution and in mortar 

 

As an anode material for cathodic corrosion protection, carbon is a new material and still little 

researched. Therefore, there is only a limited number of test and research results and 

published literature on this topic. The following section presents the experiments and findings 

that have dealt with the behavior of carbon-based materials in alkaline environments used as 

CP anode. Much of the research does not focus on technical textiles with polymeric 

impregnations, which are currently used on construction sites. Some have shown 

experiments with extremely high potentials or current densities in order to really destroy the 

carbon and have low suitability with the usual CP applications. 

The predecessor of current carbon textiles was the CarboCath System. Mork et al. [92] 

presented the concept of using CarboCath as an anode material for CP. The CarboCath 

textiles were flexible mats without impregnation or coating of the fibers. Structures with 

carbon textile anodes, saturated Calomel reference electrode and a titanium rod as counter 

electrode were polarized in a simulated pore solution with pH value 13 and over voltages 

between 1000 and 6000 mV. The carbon textile anodes were weighed before and after 

polarization. With a polarization of 2000 mV and a current density of 620 mA/m² related to 

substrate surface, a weight loss of 3 % was determined after 168 hours. However, of 3000 

mV and a current density of 8800 mA/m² related to substrate surface, a loss of 44 % was 

already determined during the same period. Under the scanning electron microscope, the 

surface of the carbon textile after a polarization of 1800 mV over 168 hours was found to 

remain intact. At a polarization of 3000 mV, a clear decomposition of the carbon textile could 

be seen. Therefore, the authors concluded that carbon textile is stable below a polarization of 

2000 mV [92]. In addition, three projects were presented where the CarboCath system was 

used for the repair of corrosion damaged structures. These are two test areas of 5 m² each 

on a bridge in Öland, Sweden, a parking garage of 3500 m² in Heilbronn, Germany and the 

underside of a 2000 m² harbor in Honningsvåg, Norway [93]. All structures were shown to 

meet the 100 mV protection criterion after 24 months respectively. 

Chini et al [95] have developed a new anode design. In the design, a carbon roving without 

impregnation was cast in a non-conductive epoxy resin cylinder and the cylinder was cut off 

and ground so that only the cross-section of the roving comes into contact with the solution. 
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This minimized the uncertainty factor of the anode surface when determining the current 

density. This was repeated for each test and up to 20 tests were carried out with one 

encapsulated anode. The anode had a cross-sectional area of approximately 10 mm². 

Potentiostatic tests were performed on different voltage levels. The tests were repeated with 

chloride contents of 1% and 3% in solution. Compared to the test without chlorides, only 

minor differences could be observed in the curves for small potentials [95]. From a potential 

of 580 mV vs. NHE oxygen development was observed at the anode, from a potential of 

1340 mV vs. NHE a formation of corrosion products was observed at the anode [96].  

Rueffer et al [94] have investigated whether graphite is an active or inactive anode with the 

focus on the interaction with the dissolution in water. They performed a test setup consisting 

of a graphite microelectrode as the anode, a platinum plate as counter electrode, a saturated 

mercury-mercurous sulfate reference electrode was tested in various electrolytes. 

Galvanostatic tests with different polarization durations between one and six hours were 

carried out and the total organic carbon content (TOC) was determined. The results of this 

work showed an increase of the total organic carbon content from a potential of 600 mV vs. 

𝐻𝑔/𝐻𝑔2𝑆𝑂4. The currents varied between 1 and 20 mA. In the experiments a dark 

discoloration of the electrolyte was observed. A gas evolution was observed above 300 mV 

vs. 𝐻𝑔/𝐻𝑔2𝑆𝑂4. The addition of 1 wt. % sodium chloride to the sodium hydroxide solution 

produced the same qualitative results, while the addition of 5 wt. % with a mass increase at 

the anode resulted in the formation of a protective layer. Further experiments refuted an 

inactive behavior of the graphite electrode and concluded a modified active behavior.  

To investigating carbon textiles embedded in mortar specimens. A number of researchers 

tackle the question which range of current density is needed to make carbon textile act as a 

satisfactory anode for CP, while minimizing the deterioration of the anode. Current density is 

either related to the anode surface (carbon textile) or to the reinforcing steel surface, which 

can lead to confusion and which makes comparison of the results difficult. 

Bertolini et al. [98] investigated the behavior of a cementitious conductive overlay anode 

made of nickel-coated carbon fibers in a cementitious mortar. Applied current densities 

ranged from 10-100 mA/m2 with respect to the anode surface. The authors concluded that 

impressed current densities of up to 20 mA/m2 made the cementitious conductive coating a 

satisfactory anode for CP for over two years. However, an exceedance of 50 mA/m2 led to 

the destruction of the anode within only 1-2 months. In this range of current densities, acid is 

produced by anodic reactions, which lead to the degradation of the anode. Furthermore a 

decomposition of the polymer based binders [113] and of the mineral binders [110] was 

observed for the presented anode system. 

Vennesland et al. [99] introduced a system based on woven carbon textile mesh, which was 

developed in Norway. This approach was tested on specimens obtained from a concrete 
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bridge which was demolished due to steel corrosion. A one month polarization with a feeding 

voltage of 1000 mV and current densities of 3-4 mA/m2 with respect to the reinforcement 

surface was applied and evaluated. The criterion given in DIN EN ISO standard 12696 [12] to 

control the efficiency of the cathodic corrosion system was fulfilled by all specimens, verifying 

that the low current densities were adequate to achieve CP. 

A declaration of a definite value concerning the maximum external current to run CP systems 

was made by Van Nguyen et al. [97]. For carbon fiber fabric anodes applied current should 

remain below 128 mA/m2 (with respect to the steel surface area). For carbon fiber rod 

anodes applied current should not exceed 64 mA/m2. The statements are based on 

laboratory simulations of CP systems, which were operated for 1100 hours. 

Lee-Orantes et al. [116] have investigated the performance of a bonded carbon fiber 

reinforced polymer on reinforced concrete prisms. The carbon anodes were polarized with 

current densities of 50, 100 and 1000 mA/m² during 175, 50 and 7 days. The results have 

shown that the carbon fibers used for structural reinforcement can also work simultaneously 

with a (CP) system. After more than 100 days of CP application, no adverse mechanical 

influences were found in the system, although the applied currents were 24, 48 and 480 

times higher than real constructions.  

Anwar et al. [100] delivered surprising results which contrasted the formerly stated ranges of 

maximum current densities. However, they investigated the effectiveness of lightweight 

conductive mortar as an anode material, with only 1.1 % addition of carbon fibers. 

Galvanostatic experiments were performed for a duration of 14 days. Constant current 

density of 200 mA/m2 related to the anode surface was applied. The attainment of constant 

potentials proved difficult. However, valuable discoveries were made regarding the durability 

of carbon fibers. Scanning electron microscope (SEM) images demonstrate that neither high 

current densities nor high potentials cause significant carbon fiber dissolution. 

Zhang et al. [16] carried out experiments on cathodic prevention which is the application of a 

protective current to a structure prior to chloride exposure. Tests were performed on carbon 

fiber mesh anodes, embedded in mortar specimens. Test specimens were covered in a 10 % 

saline solution. Initially defined current densities were applied to all test specimens. 

Electrochemical accelerated testing was performed for two months. The specimens were 

sawn open after the two months, annular microstructural changes were detected around the 

carbon rovings. It was found that, despite the extremely low current densities hydrogen ions 

were formed around the anode causing locally acidic conditions. Under acidic conditions 

portlandite (Ca(OH)2) decomposes. With increasing current densities, microstructural and 

chemical changes at the anode interface are expected to increase considerably. 

To forecast the service life, the electrical charge density Φ was used, which is defined 

according to equation (20) from the current density applied over time [101]. 
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Φ = 𝑖𝑎 ∙ 𝑡𝑎 = 𝑖𝑒 ∙ 𝑡𝑒 (20) 

 

Here, ɸ is the total amount of electrical charge applied to the system during the entire period 

of acceleration test in C/m2, where C is the abbreviation for Coulomb, Ia, the applied current 

density into the system in A/m2, ta is the time that the applied current density is available in 

seconds, . 

 

The forecast is then made using the equation converted according to time (21). 

𝑡𝑒 =
𝑖𝑎

𝑖𝑒

∙ 𝑡𝑎 
(21) 

 

Here, ie the protective current density which is required in practice in A/m2 and te is the 

estimated equivalent service life of cathodic prevention system in the real case in days. 

The predicted service lives were at least 71 years with a protective current density ie of 2 

mA/m². Zhang et al. have made statements about the condition of the carbon meshes [102]. 

A release of the bond between carbon textile anode and cement was determined [102].  

Jing et al [103] developed a conductive mortar by applying carbon fiber as a secondary 

anode and activated titanium strips as the primary anode. This carbon-filled (0.05-0.8 vol.-%) 

mortar was studied for its electrical, mechanical and electrochemical properties. 

Galvanostatic measurement were performed in Ca(OH)2 solution. A current density of 200 

mA/m2 related to mortar surface was impressed and the potential was measured. The results 

of up to 350 hours of polarization have shown that the mortar with increasing carbon content 

requires less potential to generate similar current densities. 

Chini [8] presented results for carbon textile anodes in mortar. Two different carbon textile 

anodes with two different mortars and different chloride contents were used. Activated 

titanium reference electrodes (ATME) were concreted into steel pipes which served as 

counter-electrodes. Potentiostatic tests and EIS measurements were performed. At 

polarizations between 100 and 1000 mV the anode behavior was found to be active. The 

results of the EIS measurements on the mortar test specimens on the active areas of the 

carbon textile anode coincided with the results from the EIS measurements in simulated pore 

solution [96].  

Van Nguyen et al. [97] have tested the suitability of epoxy resin for embedding of carbon 

textiles to concrete and a carbon fiber reinforced geopolymer for embedding carbon rods in a 

milled groove. The performance of the carbon anodes were carried out in the alkaline 
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solution and on mortar specimens. In all solution tests, hydrogen development was 

observed. In the Potentiostatic experiments, decreasing currents and increasing resistances 

were observed over time. According to the authors, the drop in current indicates a dissolution 

of the carbon anode, which, however, seems to reach a stable state after a certain time. After 

165 hours, a mass loss of 2.69 % was observed on a carbon fiber anode with an applied 

supply voltage of 10 volts in solution. 

Zhu et al. [104; 105; 106] performed tensile strength tests on the carbon fiber after the anodic 

polarization. Dumbbell-shaped samples were protected with a seal and only a defined test 

region was unsealed. Subsequently, the samples were galvanostatically polarized for 25 or 

50 days. The current densities were between 770 and 6150 mA/m² related to the unsealed 

test area. The experiments with lower current densities showed a constant potential over 

time, whereas at the two highest current densities the potential increased rapidly at first, but 

decreased with time. The carbon fiber composite was partially heavily destroyed after 

polarization, especially the epoxy resin matrix. SEM analyses confirmed the decomposition 

of the epoxy resin matrix, but no decomposition of the carbon fibers was detected. The 

degree of dissolution increased with increasing current density and longer polarization time. 

The dissolution of the epoxy resin was attributed to destruction of the C-N compounds, which 

led to depolymerization of the epoxy resin. The tensile strength decreased with increasing 

current density and polarization time. The authors presented a proposal for calculating the 

service life of the material for tensile reinforcement under anodic polarization on the basis of 

charge density and tensile strength from the tests, which predicts a service life of at least 24 

years under dual function at a current density of 20 mA/m² with a fiber strength reduction to 

40 %. 

Sun et al [107] have continued these investigations, but have focused on the explanation of 

the electrochemical processes and the determination of a resolution rate. For this purpose, 

samples were polarized galvanostatically in two alkaline solution for 50 days. Fourier-

transform infrared spectroscopy (FTIR) was used to clarify the resolution mechanisms of the 

epoxy resin, which differed for the two solutions used. On the carbon textile polarized in 

sodium hydroxide solution, more C-O-C and C=0 compounds were identified, which were 

formed by the binding of oxygen from oxygen development, which explains the softening of 

the epoxy resin. 

Dissolution of graphite was observed in [94]. An actual decomposition of the carbon fiber 

itself was only found in [111], the investigations of [95; 96] determined that a decomposition 

of the carbon fiber is possible, but that a dissolution of the polymer-based coating is more 

likely.  
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5 Investigations 

Figure 10 shows the investigated materials for the four papers. Furthermore Figure 11 shows 

the different examinations carried out for the tests. 

 

 

Figure 10: Schematic representation of the investigations of this thesis 
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Figure 11: Examinations carried out for the tests 
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6 DISSCUSSION OF MAIN FINDINGS 

 

6.1 Influencing parameters on the measurement 

 

In Paper 1, the most important influencing parameters on the planned measurements were 

examined. The parameters identified that could have an influence on the test results were 

the orientation of the sample in the solution, the influence of chlorides in the solution, the 

storing of the sample in the solution for a longer time before polarization, the homogenization 

of the solution during the experiment and the sealing of the roving ends after cutting of a 

large mat. 

It turned out that the orientation has no influence on the result. The influence of chlorides on 

the measurement can be clearly seen. Even the two identical test specimens show different 

results. This influence should be examined more closely. However, due to the large number 

of tests carried out to investigate the durability of the polymer-impregnated carbon textile, this 

work was not carried out. 

When storing the sample 24 hours before starting the measurement as well as homogenizing 

the solution during the measurement, there is an influence on polarization. This influence 

was however found to be insignificant. Therefore, the additional measurements in Paper 2 

were carried out with a measurement of the resting potential of 24 hours. The measurement 

was performed under permanent mixing.  

The main influencing factor was found to be the sealing of the roving ends. Because polymer 

impregnated carbon textile has free unimpregnated carbon textile at the cut surface, these 

ends are better conductors since no inhibition is exerted by an impregnation. In practice 

however finished mats are typically used without cutting and the specimens here should 

represent practical conditions. Therefore, the ends were sealed with epoxy resin. 

Carbon textile investigated in paper 1 was a carbon textile impregnated with SBR. The 

results of the potentiodynamic tests on unimpregnated carbon fibers are presented as a 

current density potential curve in logarithmic scaling. It should be noted that the current 

densities are subject to the above assumptions regarding the calculation of the anode 

surface. All curves have a similar characteristic that can be divided into 5 phases: 

1. OCP up to Tafel area 1 

2. Tafel area 1 

3. Transition area 

4. Tafel area 2 

5. Area above Tafel area 2 
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These phases indicate different reactions of the carbon and the change of the active surface 

by the polarization in solution, whether the reactions to the dissolution of carbon textile or 

impregnation material indicate. These phenomena were not known at the time of 

measurements in Paper 1. 

At the right end of the curve a turning of the curve can be observed (Figure 12). At first 

glance, it appears to be overcompensation. However, in Paper 2, a large number of instant-

off measurements proved that the IR drop is relatively constant and therefore not responsible 

for overcompensation in the calculation of the compensated potential. Rather, a destruction 

of the impregnation materials could cause a change in the active surface area. Another 

cause could be the electrochemical reactions that occur between impregnated carbon textile 

and solution at these potentials.  

 

Figure 12: current density-potential-curve of SBR-impregnated Carbon for pretest measurements 

 

6.2 Influence of polarization on the impregnation in solution 

 

In paper 2 carbon textiles with two different impregnation materials (SBR and epoxy), 

graphite and carbon textile without impregnation material but with sizing were investigated. 

The aim was to determine the influence of impregnation material on polarization and to 

observe corrosion of carbon textile or destruction of impregnation materials. First 

potentiodynamic experiments were carried out to get the critical potentials out. Afterwards, 

potentiostatic tests were carried out on the chosen potentials under argon atmosphere. 

Subsequently, the solution was examined for carbon content. In the context of an IGF project 
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[117] authors have measured the carbon content in solution with total organic carbon (TOC), 

one can measure the carbon content in solution. Since we have a saturated CaOH solution 

with sediment, carbon compounds with solids can be set which cannot be detected in a TOC 

measurement. Instead, the solution was dried by evaporating the solvent and then treated 

with nitrogen prior to performing a DIN EN ISO 15350 [120] carbon analysis. In addition, 

SEM analysis was performed on polarized and non-polarized carbon textile samples to 

determine if the breakdown of the material had occurred within the impregnation or carbon 

textile. Two impregnated carbon textiles were selected for the experiments: a styrene 

butadiene rubber (SBR) and an epoxy impregnated carbon textile. Unimpregnated carbon 

textile as a raw material was also provided by the manufacturers. The raw carbon textile was 

already coated with sizing but the impregnation process had not been carried out. 

The results of potentiodynamic experiments have shown that SBR impregnated carbon 

textile provides more current density at the same potentials, but less than the pure graphite 

sample. From this, it can be concluded that the impregnation prevents the charge transfer of 

carbon into the solution. After many carbon textile samples had been examined by SEM, the 

following observations about the change of the surface after polarization were made:  

• The SEM images in paper 2 and 4 show reproducible results for the same materials 

• The SEM analysis then showed that the SBR impregnation has many flaws in the 

starting material which was found to lead to a better polarizability. Epoxy 

impregnation, on the other hand, is dense and had no flaws, but rather pores that 

increased in size with polarization. SBR impregnation changed even after polarization 

so that it is destroyed.  

It was also determined that the measured electrical resistivity of SBR is much lower than 

what is expected from a non-conductive polymer such as SBR, since SBR is normally used 

as an insulator for the cables. Therefore, an electrical longitudinal conductivity could also be 

achieved by impregnation.  

An oxygen development is not to be expected from the theoretical potential of approximately 

480 mV vs. NHE. However oxygen development can be expected after exceeding an 

overvoltage of 690 mV vs. NHE.  

The SBR impregnation is mostly very flat and bright (Paper 2), there are some large pores in 

the material, which could have been caused by air inclusions during impregnation or due to 

the shrinkage of the material during drying. The carbon filaments are easily visible at the 

pore locations in the impregnation. The surface of the polarized SBR-based material looks 

completely different. One can clearly see a destruction of the SBR. Instead of being flat, the 

surface is furrowed after polarization of the carbon roving and some carbon filaments have 

been uncovered. A large part of the surface is covered by a film which, according to EDX 

analysis in Figure 13, consists mainly of calcium, carbon and oxygen. At higher resolutions, 
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different types of crystals can be seen: partly tapering, partly with flat, sharp-edged surfaces. 

The film could therefore consist of calcium carbonate, for example. The calcium carbonate is 

formed from the calcium of the calcium hydroxide solution and may have been formed from 

carbon from impregnation or from carbon dioxide in the air. 

 

Figure 13: EDX analysis of the film [Paper4] 

 

The position of the carbon filaments can be seen through the impregnation. The surface is 

less flat than the surface of the S4. Small pores with diameters of up to approximately 10 µm 

can be seen along the translucent carbon fibers. The number of pores was found to increase 

significantly as a result of polarization. Furrows are also visible in the direction of the carbon 

filaments. These will have been created by destruction of the epoxy resin impregnation and 

reducing the thickness of the impregnation at these points above the carbon filaments. 

Since the SBR impregnation was more susceptible to polarization and the preparation for 

carbon analysis was very time-consuming, the carbon analysis was only performed on S4. 

According to the course of the graphs, the holding potentials were selected at three points. 

Distinct changes in the slope could be detected at these points, which, according to previous 

findings, indicate a change in the electrochemical reaction within the system. These 

potentials were then potentiostatically polarized on 3 further test specimens for 5 days. All 

measurements were carried out under an argon protective gas atmosphere in order to 

minimize carbonation of the alkaline solution. The solution from the holding tests was then 

collected and prepared by evaporation and subsequent freeze-drying so that a solid sample 

was available for carbon analysis. The carbon values at the first and second hold points 

showed similar carbon contents in the solution as the reference sample without polarization. 

Point three showed a slight increase in carbon content. Subsequently, identical tests were 

carried out on point 1 with a holding period of 4 weeks. Thus, the change of the carbon 
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content in the solution was investigated in more detail. The entire test was also carried out in 

an inert gas environment. No significant difference in carbon content was observed between 

the polarized samples and the reference sample, which would indicate an accelerated 

dissolution of the carbon textile within the tested potential range. The detected carbon 

content was observed to increase with polarization duration of 5 days. This may indicate 

dissolution of the carbon textile or the penetration of CO2 into the solution despite the 

protective gas atmosphere. Another possibility could be the detection of carbon from 

polymeric impregnation materials that are destroyed by polarization and fall into the solution. 

The SEM analyses of paper 4 show that the carbon contained in the solution cannot come 

from the carbon fiber. It should be mentioned that carbon analysis after polarization is only 

carried out for carbon impregnated with SBR and the SEM results show that the SBR 

impregnation decomposes with the polarization from the beginning. Thus, it can be said that 

the decomposed polymers up to holding potential P3 are so low that they cannot be detected 

in solution by carbon analysis. At holding potential P3 one sees an increase of the carbon 

content. The decomposition of the polymers often happens through the supply of energy. 

These processes are also called thermal decomposition. Other sources of energy, such as 

current, also cause bonds within molecules to split. Therefore, it is assumed that the energy 

for the decomposition of the SBR impregnation or sizing was reached at P3, which can be 

found in the carbon analysis. 

Further tests were carried out on the unimpregnated carbon. The samples were also 

potentiostatically polarized at potentiostatic polarization point 1 for 4 weeks. No significant 

difference in carbon content was observed between the polarized and unpolarized samples. 

The REM images of paper 4 showed an explanation for this phenomenon. At potentiostatic 

potential point 1, the sizing is not yet destroyed or decomposed and thus no additional 

carbon is measured in the solution after polarization. It is presumed that the carbon present 

in the solution is due to entry of carbon into the solution through contact with air during 

decanting of the containers. 

The results of Paper 2 have shown that impregnation has a greater influence on polarization. 

SEM analysis after polarization showed that impregnation is destroyed by anodic polarization 

after specific potentials. Carbon analysis showed that the carbon textile was not attacked. In 

order to better investigate the destructive mechanism of impregnation, additional 

experiments were carried out which are summarized in Paper 4. 

In Paper 2, tests on carbon textile anodes in alkaline solution were carried out and new 

findings on the condition of carbon textile under anodic polarization were gained. On the 

basis of theoretical investigations, the dissolution reactions of carbon fibers under anodic 

polarization could be clarified. First, different surface oxides are formed on the carbon fiber. 

The surface oxides are further oxidized under continuous anodic polarization. Carbon dioxide 
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and carbonates are formed in a strongly alkaline environment. The reaction products and the 

kinetics of the carbon dissolution are influenced by the electrolyte. 

Through Potentiodynamic experiments the behavior of unimpregnated carbon fibers (Paper 

4) under anodic polarization in alkaline solution was characterized. The current density 

potential diagram of unimpregnated carbon fibers shows five phases like the diagrams of 

impregnated carbon fibers (Paper 1).  

SEM images were able to explain why impregnated carbon materials have conductivity at all, 

even though the impregnation materials epoxy resin and SBR are electrically non-

conductive. The electrical conductivity of the materials is based on imperfections, pores, 

partly low impregnation thicknesses and damage to the impregnation matrix. 

The tests and other SEM images in Paper 4 show that the epoxy resin and SBR 

impregnations and the sizing of the carbon fibers, respectively, are first decomposed. 

Destruction of the carbon fibers themselves could not be brought about, which is believed to 

be due to the relatively strong covalent bonds between the carbon atoms of the carbon 

fibers. There are critical potentials for epoxy resin impregnation and sizing for which 

dissolution reactions are expected. These potentials likely lie at or above 900 mV vs. NHE for 

the sizing of the unimpregnated carbon fibers and at 1050 to 1150 mV vs. NHE for the epoxy 

resin impregnation of E4 and are characterized in the current density potential diagram by 

the transition range between Tafel slope 1 and Tafel slope 2. The SBR impregnation is 

expected to be dissolved at a potential of 490 mV vs. NHE. Above the critical potentials, 

potential and current are jointly responsible for the damage to the impregnation and are 

related to each other according to Ohm’s law. 

 

6.3 Polarization of Carbon textile in Mortar 

 

In order to validate findings gained from the solution tests [Paper 1 & 2] and the ongoing 

research, as well as to obtain further insights into the function in the actual embedding of the 

carbon textile anodes in mortar, long-term tests were planned on mortar test specimens. The 

test specimens were prepared, and the performance of the tests started [Paper 3]. 

Unfortunately, it was not possible to carry out many analyses on the mortar test specimens 

as in the solution tests, since carbon textile could not be removed from the mortar without 

imparting mechanical damage to the carbon textile. It was possible to observe the 

performance of carbon textile as a CP anode over a longer period of time and to apply the 

knowledge gained from the solution tests to the known potentials in mortar. 

Two different mortars, two different storage conditions and three different anode materials 

were selected for the investigations. Potentiostatic measurements on critical potentials were 
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planned for a period of approximately 8 months. To determine critical potentials in mortar, 

potentiodynamic experiments were first carried out and potentials selected. Different storage 

conditions, different polarization behavior of carbon textile in mortar was to be determined in 

wet and dry environments.  

Higher current densities in wet bodies were expected as compared to dry specimens due to 

the influence of moisture on polarization. Wet conditions are more favorable for charge 

transfer since the electrolytic resistance of the mortar decreases due to the moisture in the 

mortar.  

SBR impregnated carbon has also shown better polarizability as epoxy impregnated carbon 

in mortar. The results showed that the SBR impregnated samples can provide more current 

density at approximately the same potentiostatic potentials. This can be attributed to the 

destruction of the SBR impregnation during anodic polarization. 

A comparison of the both mortars shows that mortar 1 delivers more current density than 

mortar 2 at the same potentials. It can be seen that mortar can have a very large influence 

on the operation of the CP systems. 

The samples sawn after potentiostatic measurement show no visual changes in the mortar or 

carbon. Unfortunately, carbon embedded in mortar cannot simply be separated without 

destruction of the sample prior to examination under SEM. But the constantly running current 

density with potentiostatic potentials set indicates that the carbon has remained intact over 

the time tested. No acidification of the mortar has been observed in the vicinity of the carbon 

anode. 

 

6.4 Damage mechanisms of polymer impregnated carbon textiles 

 

The results of paper 4 have shown that the impregnation and sizing is destroyed with 

increasing anodic polarization. For this purpose potentiostatic measurements at critical 

potentials were performed. These critical potentials were determined by the potentiodynamic 

experiments using current-potential-curves. Epoxy and SBR-impregnated samples as well as 

samples without impregnation were investigated. In order to show the destroyed sizing, tests 

were also carried out on carbon rovings without impregnation and without sizing. 

First, it was visually observed in all investigated samples that with anodic polarization a white 

film is deposited on the roving, which grows with increasing anodic polarization. 

Afterwards REM pictures and the EDX analysis showed that this film is calcium carbonate 

and comes from the reaction between calcium from the solution and carbon. Whether this 

carbon comes from carbon roving or from impregnation or sizing will be discussed in the 

following section. 
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It has been seen that the polarization of carbon textiles is possible due to the imperfections in 

the impregnation. Defects in both epoxy and SBR impregnated samples can be seen with the 

aid of SEM. Although the imperfections are more significant in SBR impregnated samples. It 

is assumed that the sizing is so thin that the polarization of carbon through the sizing is 

possible. With epoxy impregnated samples, the impregnation remains intact up to a certain 

potential range. Then the sizing starts to be destroyed by the polarization. It is assumed that 

the sizing is destroyed at a potential where oxygen development and oxygen gas formation 

are achieved. With increasing anodic polarization, the impregnation is also destroyed.  

But with SBR impregnated Carbon the destruction of the impregnation is observed right from 

the beginning of the polarization. The impregnation is destroyed and thus one has more 

active surface for the polarization. This also explains the better polarizability of SBR 

impregnated carbon. The sizing starts to be destroyed by higher potentials; just like with 

epoxy impregnated carbon. 

Comparison of the SEM images of the two unimpregnated carbon textiles with and without 

sizing showed that the carbon roving remains intact up to an anodic polarization of 2200 mV 

vs. NHE. The deposited films, which can be seen on the sizing, consist of calcium carbonate. 

The results of the carbon textile unimpregnated but with sizing have shown that after the 

destruction of the impregnation by anodic polarization the deposited film sits on the sizing 

and appears to be a 2 µm thick layer. This film is not visible on unimpregnated Carbon 

without sizing. 
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7 CONCLUSIONS 

 

Figure 14 and Figure 15 show the main results of this work. Figure 14 shows that in epoxy 

impregnated carbon at the beginning of the polarization there are pores on the epoxy 

impregnation but it remains intact until destruction of the sizing. After a potential of 1050-

1150 mV vs. NHE the epoxy impregnation is also destroyed. It must be said that the 

investigations up to 2200 mV vs NHE and current densities between 50 and 80 mA/m2 

related to mortar surface showed no destruction of the carbon. This is only valid for the 

tested materials with tested impregnation materials. If new materials are available, the 

possible destruction of the impregnation and sizing could be detected by potentiodynamic 

measurement with a very slow polarization rate in a current density potential curve. 

 

 

Figure 14: Destruction mechanism of the epoxy impregnated carbon. 
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Figure 15 shows that with SBR impregnated carbon the impregnation is destroyed from the 

beginning and thus achieves better polarizability. When the potential of the destruction of the 

sizing is reached, the deposited films form on the remaining sizing at the same time and 

increase with increasing polarization. 

 

Figure 15: Destruction mechanism of the SBR impregnated carbon. 

 

The conclusion of this work can be summarized as follows: 

 

1. CP with carbon textiles up to 2200 mV vs NHE is possible. 

2. The acidification effects that occur to other anode materials also apply to carbon.  

3. Potentiostatic tests in mortar have shown that carbon textiles have delivered constant 

current over the investigation period. 

  



51 
 

8 FURTHER RESEARCH WORK 

 

The critical potentials, which lead to a destruction of parts of the carbon materials, were 

limited by short-term experiments. However, the slope of the current density potential curves 

indicates an active anode behavior and a dissolution of the anode. The critical potentials 

identified through these trials should be validated by experiments with potentials just below 

the critical potentials in the transition area of the curves over a longer period of time and 

subsequent review of SEM images of the anode surface. 

Carbon textile has excellent mechanical properties. As reinforcement in textile concrete, it 

has a high potential to be used as reinforcement in thin components and to reduce crack 

widths in concrete elements. The possibility of utilizing carbon textiles as both a CP anode 

and reinforcing material shows promise. The modification and destruction of the 

impregnation material under polarization can however lead to loss of bond between mortar 

and carbon textile. Therefore, the effects of anodic polarization on the tensile strength of 

carbon textiles and on the adhesive strength between carbon textile and mortar must be 

investigated. These investigations could be used to estimate the changes in strength over 

the service life of structurally strengthened members or structures built with carbon textile 

reinforcing with an impressed current applied. First, pull-out and three-point bending tests 

after polarization in mortar should be performed to determine the influence of polarization. If 

a negative influence is detected, new impregnation materials should be developed that 

maintain the carbon roving / concrete bond over time and are not destroyed by anodic 

polarization. 

Furthermore, the influence of chlorides on the measurements and destruction of 

impregnation and sizing should be investigated. 

Investigations should be carried out on higher potentials in order to determine possible 

destruction of the carbon and present its limiting potentials. 

A very important aspect would be whether the combination of CP and strengthening can be 

used together. For this purpose, various experiments must be carried out. On the one hand, 

carbon textiles embedded in mortar must be polarized at the limit potentials determined from 

solution tests where the impregnation and sizing is destroyed. Then pull-out and three point 

bending tests must be carried out. The results should be compared with the identical 

reference specimens, which are not to be polarized. Additionally, carbon roving must be 

placed under tensile stress and polarized at the same time. This should show whether stress 

crack corrosion occurs in carbon rovings. 
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Development of a Test Method
for the Durability of Carbon Textiles
Under Anodic Polarisation

Amir Asgharzadeh and Michael Raupach

Abstract Cathodic protection (CP) is a widely used method to protect steel rein-
forcements against corrosion. In the course of the last half century, it has been
established as a proven method for repairing corrosion-affected reinforced concrete
structures, exposed mainly to chlorides. The impressed current anode system for the
protection of steel in concrete is already known and applied in practice for more than
30 year. The CP anodes can be embedded in mortar, applied as coating or distinct
anode on the repair structure surface. Using CP, the potential of the steel reinforce-
ment is shifted in cathodic direction towards more negative values and consequently
the anodic dissolution of iron is suppressed. The current densities on the surface of
the reinforcement play a key role in shifting of the potential in cathodic direction.
For the anode material nowadays Mixed Metal Oxide coated Titanium (MMO) is
often used due to its high durability under anodic polarization. As an alternative
anode material, Carbon Textiles embedded in mortar, which provide extraordinary
mechanical properties and are also conductive, have already been studied. The results
demonstrate that Carbon Textiles are generally suitable as an anode material for CP
on reinforced concrete. Deterioration of Carbon is likely to occur in CP systems using
carbon as anode material, when critical current densities are exceeded. Therefore the
durability of Carbon Textiles at typical CP current densities of less than 20 mA/m2

with respect to concrete surface is considered of special interest.

1 Introduction

In the past decade in certain cases Carbon fibres have been used as anode material for
CP on steel reinforced concrete. In comparison to conventional anodematerials, such
as MMO coated titanium, carbon offers several benefits e.g. reduced costs depend-
ing on the type of Carbon Textile, flexible installation, structural strengthening or
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limitation of crackwidths. Beside these benefits, first investigations of various carbon
textiles embedded in mortar specimen under laboratory conditions show promising
results concerning the performance of carbon textiles as anode material for CP [10].

The use of Carbon reinforced concrete providesmany new opportunities for build-
ing and construction industries. In comparison to the traditionally used steel rebars,
which need a minimum thickness of concrete cover to provide sufficient corrosion
protection, carbon reinforced concrete is not susceptible to corrosion. As a result, it
can be used to build very thin and light element structures, while still offering high
strength, see e.g. Fig. 1.

However, there are still few investigations about the long term durability of carbon
when in direct contact with alkaline environments.

In order to investigate the suitability of carbon textiles as anode material for
CP, different experiments focussing on the anodic polarisation behaviour of carbon
were performed. So far, the exposure conditions of the experiments were limited to
aqueous solutions, simulating the alkaline environment of uncarbonated concrete. In
a next step, carbon textiles are embedded in mortar specimens to simulate realistic
conditions. In addition, the influence of chlorides on the durability of the textiles, as
well as on the polarisation behaviour of carbon textiles, will be further investigated.

2 Literature Review

According to the Pourbaix diagram (Fig. 2), carbon is a not stable material in the
pH range of normal concrete at its own free corrosion potential. Instead, carbon will
rather dissolve into substances like carbon acid, carbonate and bicarbonate, or it
dissolves into gaseous molecules such as CO2, CO or CH4 [1]. The same products
of reaction can occur due to high anodic polarization (cf. Eqs. (1)–(3)).

In the following, results of different authors are reflected, which agree in principle.
In 1999, Eastwood et al. [2] presented results about the anodic reaction of carbon

Fig. 1 Example for a textile
concrete structure at the
RWTH Aachen
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Fig. 2 Pourbaix diagram of graphite

under the presence of carbonate and bicarbonate. They discovered that the anodic
reaction(s) occur at much lower anodic potentials compared to solution with the
same pH, but without carbonate or bicarbonate. Their investigations also show, that
an increased graphite content of the carbon increases the oxidation resistance. Chini
carried out some tests regarding the polarization behaviour of carbon in synthetic
alkaline solution with pH 13.2 [1]. The results indicate that carbon shows a passive
behaviour up to a polarization of 300 mV versus OCP (Open Circuit Potential).

In the case of more positive potentials, carbon acts as a corrosion active material
in concrete structures, even though there is a second passive section above 2500 mV
versus SCE (Fig. 3). For low pH values, Maaß, as well as Eastwood et al. defined the
critical potential where carbon gets electrochemically oxidised with 207 mV versus
NHE in acids [2, 3]. According to [4, 5] the anodic reactions of carbon when exposed
to acids can be described as follows:

C + 2H2O → CO2 + 4H+ + 4e−, ϕ00 � 0, 207V NHE (1)

C + H2O → CO + 2H+ + 2e−, ϕ00 � 0, 518V NHE (2)

CO + H2O → CO2 + 2H+ + 2e−, ϕ00 � −0, 103V NHE (3)

joost.gulikers@rws.nl
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Fig. 3 Current density-potential-curve for carbon in simulated concrete pore solutionwith different
chloride contents [9]

with:

ϕ00 Standard reduction potential of the half-cell reaction at 25 °C, 1013 mbar, pH�
0 (vs NHE)

Since the reaction rate is limited in the range below 207 mV versus NHE due
to the kinetics, Maaß stated that the corrosion rates here are very low. Furthermore
he described the corrosion rate depending on the applied imposed anodic potential.
Corresponding to theButler–Volmer–Equation, the corrosion rates rise exponentially
above the thermodynamic steady-state potential of 203 mV versus NHE [3]:

i � i0

[
exp

(
α
zF

RT
ηD

)
− exp

(
−(1 − α)

zF

RT
ηD

)]
(4)

with:

i Current density [A/m2]
i0 Exchange-current-density [A/m2]
α Transfer coefficient [-]
z Number of electrons transferred [-]
F Faraday constant [C/mol]
R Gas constant [J/mol K]
T Absolute temperature [K]
ηD Overpotential [V]

Vennesland et al. [6] presented results, which are in conformity with Maaß. By
carrying out laboratory experiments they showed, that the electrochemical reac-
tions are changing according to the applied potential. Thus, the potential is one of
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the key factors affecting the corrosion rate. They proofed their results by measur-
ing the mass loss of carbon after different levels of sustained anodic polarizations.
While the carbon specimen polarized with 2 V versus OCP lost 3% of its mass in
168 h testing, the specimen polarized with 3 V versus OCP lost 44%. However, such
deterioration rates would be unacceptable for CP-systems, if used on real concrete
structures.

A very important factor concerning the boundary conditions seems to be the
chloride content of the concrete structure, as it could affect the pH-value of the
pore solution as well as the whole binding behaviour of the concrete. This may, as a
consequence, lead to a different electrochemical behaviour of the carbon. Here, Chini
discovered ambivalent results. While 1M.-% of mixed-in chloride results in a higher
polarisation resistance, 3 M.-% reduced the polarisation resistance of the specimen
[1]. Therefore further investigations should be carried out, to investigate the influence
of chlorides on the polarisation behaviour of carbon embedded in concrete.

In addition to the factors above, also the temperature, as well as the quality and
humidity of the concrete and it´s chemical composition have to be taken into account,
when using carbon as anode material for CP for real concrete structures [1].

Furthermore, Raupach et al. performed some test on a CarboCath® area of a
parking construction in 2007.Here, the results showed a significantly higher influence
of the temperature on the protective current output than of the reduction of the
humidity of the test area, as water is consumed during anodic reactions [7].

Pruckner describes in his work the installation process of a carbon anode system
for CP. In view of the previous results, a waterproof sealing has been applied to the
carbon anodes, as well as a coating on the concrete surface, to reduce the ingress of
chlorides [8].

Despite all the existing concerns, Chini rates carbon as generally suitable for use
as an anode material for CP, provided that the polarisation (potential shift) of the
carbon will remain less than 300 mV versus OCP. For higher potential shifts, the
lifetime can be calculated by estimating the mass loss of the carbon, according to
Eqs. (5) and (6) [1].

dW

dt
� IOX · W0

n · F (5)

W � W0 · Q
n · F (6)

W Mass loss per unit of time [kg/s]
W0 Mole mass of carbon [12.01 g/mol]
n Number of the electrons involved in the electrochemical reaction [equiv. mol−1]
F Faraday constant [964853 A sol]
IOX Current because of oxidation [A]

Here, the relation between the mass loss of the carbon and the measured electrical
current, as well as the Evan’s diagram, have been used to calculate the life time of
the CP system. Chini has shown that a system will theoretically remain operative for
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Fig. 4 Schematical test set-up

more than 50 years, if a potential shift between 500 and 750 mV versus SCE is used,
which are common values in practice. However, it is important to notice that Chini
has only tested the longitudinal properties of the carbon fibers whereas the durability
of carbon as textile mesh has not yet been clarified [9].

3 Experimental Program

3.1 General Set-up

Before the durability of carbon textiles embedded in mortar specimen will be tested,
basic investigations on Carbon Textiles in synthetic concrete pore solutions were
performed. Preliminary pre-tests were executed in order to determine the relevant
influencing factors to the measurement results. Figure 4 shows the test set-up for
both pre- and main tests in synthetic pore solution schematically.

In order to perform electrochemical investigations an electrochemical cell has
been designed. While carbon mesh acts as the working electrode, titanium mesh
is used for the counter electrode. Both electrodes are completely immersed in elec-
trolyte solution. In addition a reference electrode is installed to measure the electrode
potential of the working electrode. Non-conductive polymer spacers were used to
maintain a constant distance between the working and the counter electrode.
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3.2 Materials

Table 1 shows the investigated carbon textile as well as other materials that were
needed for the Potentiodynamic experiment.

3.3 Specimen Preparation

For the preparation of the working electrodes, carbon textile meshwas cut into pieces
with dimensions of 10.5 cm×5 cm. The electrical connection with the carbon textile
was enabled through the use of wire ferrules. A special resin on epoxy basis has been
used for the sealing and to eliminate the corrosion of the wire. Figure 5 shows the
stepwise preparation of the cable connection and the working electrode.

For the counter electrode MMO coated titanium mesh was cut into elements with
similar dimensions as the carbon working electrode. The electrical connection with
the mesh cathode was ensured using luster terminals. Spacers were used to main-
tain the distance between the working and counter electrode as well as to position
the reference electrode. Finally the three-electrode cell arrangement was placed in a
container having a horizontal cross section of about 15 cm×8 cm. 630 mg saturated
calcium hydroxide solution was required to ensure total covering of the cell arrange-
ment. Figure 6 shows the completed three-electrode-cell. A total number of 24 cell
arrangements were prepared in order to investigate the relevant influencing factors
(see Table 2).

Table 1 Materials used for
electrochemical tests

Element Material

Working electrode styrene-butadiene-rubber
impregnated Carbon Textile
roving distance 20 mm in both
directions

Counter electrode MMO coated titanium

Reference electrode ERE 20, MnO2

Electrolyte solution Saturated Ca(OH)2
Saturated Ca(OH)2 +3% NaCl

Spacer Non-conducting synthetic
material from PVC
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3.4 Testing Program

The Pre-tests were carried out to determine which factors for this test set-up will have
a significant influence on the measurement results. Table 2 provides an overview of
the factors which were investigated in particular.

The sealing of the roving-tips was achieved by an epoxy-based resin. Figure 7
shows the roving with unsealed as well as with sealed tips.

3.5 Test Procedure

The same measuring cycle was applied for all 24 cell arrangements. The test proce-
dure was implemented as follows:

A Gamry G300 potentiostat in combination with MnO2-based reference elec-
trodes (type ERE-20) were used for the measurements. First of all, the Open circuit

Fig. 5 Preparation of cable connection and working electrode
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Fig. 6 Completed three-electrode-cell

Fig. 7 Unsealed and sealed roving-tip

Table 2 Shows the factor which were investigated in particular

Influencing Factor Variations Sample description

Specimen orientation
(Figs. 8 and 9)

• Vertical position
• Horizontal position

• NV_S_Ca_1/2
• NV_L_Ca_1/2

Sealing of roving-tips
(Fig. 7)

• Sealed
• Unsealed

• V_L_Ca_1/2
• NV_L_Ca_1/2

Electrolyte solution • Saturated Ca(OH)2
• Saturated Ca(OH)2 +3%
NaCl

• NV_S_Ca_1/2
• NV_S_Ca+3Cl_1/2

Storing of specimens • Exposure to solution 24 h
before test procedure

• No pre-exposure to solution

• NV_L_Ca_24_1/2
• NV_L_Ca_1/2

Homogenization-level of
solution

• Permanent stirring of
solution

• Solution without motion

• NV_S_Ca_G_1/2
• NV_S_Ca_NG_1/2
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Fig. 8 Side view of a prefabricated cell arrangement

Fig. 9 Top view of a
prefabricated cell
arrangement

potential (OCP) was measured as an indication for the free corrosion state. For
this purpose data points were recorded every five seconds over a total duration of
200 s. Subsequently potentiodynamic polarization with constantly increasing elec-
trical potential was carried out. Starting with the open circuit potential, the applied
potential was increased at a constant rate of 0,033 mV per second until an over-
all potential shift of 2000 mV was achieved. Hence, this resulted in a test duration
of approximately 18 h. Automatic data collection took place every 300 s. Finally
Instant-off potential measurements were performed to ensure that IR-drop compen-
sated potentials were measured. Overrating of the actual polarization of the anode
material can thus be avoided.

Following this anodic polarization, the obtained results were plotted with current-
density versus (compensated) potential in order to evaluate the performed tests. The
compensated potential can be calculated according to Ohm’s law (Eqs. 7 and 8) as
follows:

Ucompensated � Umeasured − �UIR (7)

�UIR � R · I (8)
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Fig. 10 Influence of specimen orientation

Substracting the voltage (�UIR) resulting from the IR-drop ensures that the actual
net polarization of the anode material is taken into account.

4 Test Results

For each influencing factor two identical cell arrangements were investigated and the
results were compared to their counterparts. Figures 10, 11, 12, 13 and 14 show the
test results obtained for both cell arrangements. Note that the current density in the
graphs is plotted on a logarithmic scale.

All measured curves show similar typical characteristics, which can be divided
into five phases:

1. OCP to Tafel area 1
2. Tafel area 1
3. Transition area
4. Tafel area 2
5. Above Tafel area 2

It should be noted, that forCP-systems in reinforced concrete structures the current
density is typically not higher than around 20 mA/m2 with respect to the concrete
surface area. This means, that only phases 1 and 2 are of practical interest.
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Fig. 11 Influence of sealing of specimen-tips

Figure 10 visualizes the influence of the orientation of the cell arrangement.
Since all curves show a very good agreement, the position of the cell arrangements
obviously has no significant influence on the measurement results. Conversely, the
sealing of roving tips, the storing of the cell arrangements and the homogenization
level of electrolyte solution show significant influences on the test results as will be
described in the following.

Figure 11 shows the current-density potential curves for the influencing factor
sealing of roving-tips. A significant gap between the development of the curve for
cell arrangements with sealed tips on the one hand (V_L_Ca_1 and V_L_Ca_2)
and for cell arrangements without sealed tips (NV_L_Ca_1 and NV_L_Ca_2) on
the other hand can be observed. If the same potential is imposed, cell arrangements
with no sealing of roving-tips allow a significantly higher current density than cell
arrangements with sealed roving-tips. Thus sealing of roving-tips strongly influences
the test results, because the sealing of roving tips prevents the passage of electrical
current into solution.

Similarly the difference in storing of cell arrangements shows significant effects
on the measurement results, as can be seen in Fig. 12. Pre-exposure to electrolyte
solution 24 h before the polarization test-procedure leads to an increased current flow
during the electrochemical investigations.
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Fig. 12 Influence of specimen storing

Fig. 13 Influence of homogenization-level of electrolyte solution
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Fig. 14 Influence of electrolyte solution

Figure 13 shows the current-density potential curvewith variations concerning the
homogenization level of the electrolyte solution. The stirring of the solution shows
an impact on the development of the polarization curve as well. The approximation
of the curve representing specimen NV_S_Ca_G_2 to the curves representing the
specimens in unstirred solution (NV_S_Ca_NG_1 and NV_S_Ca_NG_2) can be
explained by the technical impact of the stirring process.

The influence of the electrolyte solution, which is presented in Fig. 14 has to be
investigated in further tests since the data obtained from these tests does not have
sufficient validity.

Table 3 summarizes the results of the pre-tests. In order to qualify the influence
as being significant, a potential criterion was established: A potential shift of more
than 50 mV at a current density of 20 mA/m2 was graded as a significant change.

5 Conclusions and Outlook

A test method has been developed to investigate the durability of Carbon Textiles
under anodic polarization. In a first test series the influence of relevant factors regard-
ing the testing procedure in a simulated concrete pore solution has been examined.
For the main experiments the following factors are taken into account:

• Horizontal position of the carbon mesh
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Table 3 Summary of the pre-test results

Influencing factor Variations Significant influence

Specimen orientation • Vertical position
• Horizontal position

No

Tips of carbon rovings • Sealed
• Unsealed

Yes

Electrolyte solution • Ca(OH)2
• Ca(OH)2 +3% NaCl

To be investigated

Storing of specimens • Exposure to solution 24 h
before test procedure

• No pre-exposure to solution

Yes

Homogenization-level of
solution

• Permanent stirring of
solution

• Solution without motion

Yes

• Sealed tips of the carbon roving
• Storing of the cell arrangement 24 h before test procedure starting
• Permanent stirring of exposure solution.

Looking at the anodic polarization curves obtained for the carbon mesh, two
different sections can be detected at each curve. The two different slopes indicate a
different electrochemical reaction of carbon in each of these two potential regions.
These different slopes have to be considered in more detail in a future work.

After evaluation of themain test series in simulated concrete pore solution Carbon
Textiles will be applied to concrete specimens by casting them into cement-based
mortar. Then, long-time experiments will be carried out in order to finally gain
information on the long-term durability as anode material for CP. The objective for
such long-term experiments is to find out how the durability of carbon under real
operating conditions will develop over time.
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Cathodic corrosion protection (CP) is a cost-effective option for maintenance of

concrete structures. CP is an electrochemical method that can be used to reduce the

corrosion rate to an acceptable level. Thus, service life of reinforced concrete can be

increased considerably. In this work, carbon textiles with varying polymer

impregnations, cross sections, and mesh widths have been used as CP anodes and

have been tested for their durability. Themain goal of this research is to determine the

behavior of carbon textile under permanent anodic polarization while stored in

saturated calcium hydroxide solution. The outcome will serve as a basis for further

investigations in which textiles will be permanently polarized and tested after

embedding in mortar.
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1 | INTRODUCTION

Corrosion of steel in concrete raises major concerns.
Decreasing stability of affected buildings endangers public
safety. To provide the required safety, maintenance work is
essential but poses considerable economic problems for the
owners of such buildings as well as the construction industry.
In many cases the method of cathodic corrosion protection
(CP) of reinforced concrete components is a cost-effective
option and has become more and more important in the last
decades. Themain purpose of CP is the reduction of corrosion
to an acceptable level. For the implementation, the potential
of the reinforcement is shifted in cathodic direction by
introducing an external current via embedded or surface-
mounted anodes. CP is an effective approach for the treatment
of reinforced concrete structures, which are attached or
already damaged by chlorides. Figure 1 shows the principle of
CP using an impressed current anode. The reinforcement is
exposed to an external current via direct current source using
an embedded insoluble anode.[1]

Textile reinforced concrete, consisting of technical
textiles (in particular carbon fibers, but also basalt- and
AR-glas fibers) and a concrete matrix is already used in
practice in the course of repair measures as well as for
strengthening of building surfaces.[2]

Usually, the reinforcement of textile reinforced concrete
consists of thousandsof single filamentswhich are bundled into
rovings. In particular carbon fibers are used as reinforcement
material, due to their outstanding mechanical properties
(tensile strength and elastic modulus). Before carbon fibers
are combined to rovings, each fiber is coated by a mixture of
various chemicals (sizing). To improve adhesion and handling
for further application, carbon rovings are again impregnated.
In practice, mainly epoxy resin or styrene-butadiene rubber
(SBR) based coatings are used for impregnation. Generally,
epoxy resins result from the mixture of a base resin and a
hardener component, while the SBR-based coating is an
aqueous dispersion consisting of rubbery butadiene particles
and polystyrene. General statements about exact compositions
can not be given due to security issues of the producers.[3]
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In recent times, carbon fibers are also used as anode
materials in cathodic corrosion protection systems, since they
additionally exhibit good electrical characteristics. However,
experience concerning their durability is rare and extensive
research is required.

In Ref. [4] the reasons for the use of carbon textile as a
CP-anode and its advantages are explained in detail. Here,
relevant factors, regarding the testing procedure in a
simulated concrete pore solution have been examined.

It was noted, that carbon can oxidize in high-pH solutions
under polarization with high anodic potentials to carbon
dioxide and carbonate or bicarbonate.[5] Temperature,
humidity, concrete quality, and especially the chemical
composition of the concrete pore solution can influence the
electrochemical properties of the carbon embedded in
concrete. In a synthetic pore solution (pH 13.2) carbon
does not show any corrosion phenomena up to an anodic
potential of 300 mV corresponding to −108 mV versus
SCE.[6] Beyond this level it is active (in concrete as well as
in concrete pore solution). Chini has shown that the presence
of chlorides increases the corrosion rate of carbon. He
concluded that carbon is generally suitable as CP-anode if
the potential does not exceed 300 mV. The life expectancy has
been calculated on the basis of the mass loss of the carbon
network.[6]

Chini et al.[7] have attempted to investigate the long-term
stability of carbon under anodic polarization. Applied
potential between 1000 and 6000 mV were used to assess
the carbon behavior. The tests were carried out on an area of
11 m2 on the Oland Bridge in Sweden. The driving voltage
has been identified as the decisive parameter for the control of
the dismantling processes. For example, there was a mass loss
of 3% after 168 h at an anodic polarization of 2000 mV (not
IR-compensated) and a loss of 44% at 3000 mV. No defects

were foundbelowanodic polarization of 1800mVpolarizations.
After a polarization of 3 years with a protection current
density of 1–2 mA/m2 they have found that the 100 mV
criterion was fulfilled.

Van Nguyen et al.[8] have applied carbon fiber anodes as
rods and textile on already corroding steel reinforced concrete
beams and used them as CP-anodes. The DC voltages
between 5000 and 20 000 mV were applied and observed for
7 days. They have found that the current flow between the
anode and the reinforcement decreases significantly over
time. The reason for this has been identified as the dissolution
of the carbon fiber anode. A weight loss of 0.33–0.56% was
found in the rod and between 0.66 and 2.69% in the fabric,
which was judged to be relatively low. They have rated the
durability of carbon as a CP-anode as possibly problematic.
The investigation in calcium hydroxide solution with applied
current of 10 mA has shown that no damage to the carbon is
observed at the rod at anodic current densities up to 64 mA/m2

of steel area and with the fabric up to 128 mA/m2 of steel area.
Zhang et al.[9] carried out an accelerated procedure by

significantly increasing the current density. Thereby, life
expectancy of carbon has been estimated depending on the
current density. The procedure is based on the following
linear model:

Φ ¼ iapplied⋅tapplied ¼ ie⋅te

te ¼ iapplied
ie

⋅tapplied ð1Þ

where Φ is polarization parameter according to Chang[10]

(Coulomb/m2). iapplied is applied current density. tapplied is
test duration. ie is current density for CP (between 0,2 and
20 mA/m2; here 2 mA/m2), and te is estimated life
expectancy.

For the investigations concerning life expectancy speci-
mens were produced consisting of two single rovings, which
were stored in calcium hydroxide solution as well as carbon
fabrics, which were embedded in mortar. During the tests,
very high current densities were applied in order to induce
damages. The applied current densities varied between 800
and 4615 mA/m2 of steel area for the specimens which were
stored in solution and 4777 mA/m2 of steel area for the
specimens which were embedded in the first mortar. After test
duration of 60 days for solution and 30/60 days for first mortar
specimens, the carbon was separated from its environment
and optically analyzed. With this method damages could be
reliably determined. However, the study concluded that
carbon fibers are suitable for CP. The life expectancy of
carbon as anode material in CP-systems was estimated to last
over 100 years.

Eastwood et al.[11] describe, that the reactions in the
alkaline environment are more complex than in the acidic

FIGURE 1 Priciple of cathodic corrosion protection with carbon
textile anode. [Color figure can be viewed at wileyonlinelibrary.com]
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medium. Here, the high concentration of hydroxyl ions causes
the formation of oxygen and less of carbon dioxide, especially
at low anodic potentials. Above a pH of 9, the formation of
oxygen is even catalyzed by the presence of carbonate ions in
the electrolyte.[12] At the same time, the accumulation of
oxygen always causes the formation of humic acid in the
solution.[13] Studies show that increasing the graphite content
of the carbon causes its resistance to oxidation to carbon
dioxide.[14] In alkaline solutions (pH between 11 and 13)
at high current densities, carbon dioxide accumulation
prevails and at low current densities oxygen enrichment
prevails.[11]

Pruckner[15] applied conductive coating as strips over and
between the primary anode wires, which were fixed in
concrete before. Conductive coating is from binder and
carbon pigmentation and is both electrically conductive. Only
low protection current is needed to achieve average current
densities at low polarizations. The measurements showed that
the corrosion rate of reinforcement after repair over a period
of 4 years was only 1% compared to the pre-repair corrosion
rate.

According to the Pourbaix diagram of carbon in water
(Figure 7), carbon is not chemically stable under anodic
polarization, especially in alkaline media. Even at low anodic
potentials corrosion of carbon is indicated, actually disabling
carbon as suitable anode for CP systems.[5] However, a direct
transfer of the Purbaix diagram to the question of suitability of
carbon fibers for CP is not possible. Several restrictions must
be considered. Firstly, the Pourbaix diagram is only valid for
pure carbon in aqueous solution. In the case of cathodic
protection pure carbon is not applied as anode material, but a
carbon fiber composite. Carbon fibers are always coated with
sizing and often additionally impregnated with SBR-based
material or epoxy resin. In addition, the Pourbaix diagram by
its thermodynamic nature provides no information on
corrosion rates. It is possible that limited corrosion rates
might be tolerated in the case of CP. In the Pourbaix diagrams,
the pH value at the contact surface between solution and
carbon is considered as influencing factor of the carbon's
stability. However, it does not take the process of acidification
at the anode's surface into account, which is a general and
commonly reported issue[8,9,16–20] leading to locally strongly
acidic conditions.

Taking these aspects into account, further considerations
are required to the discussion of the Pourbaix diagram
to evaluate the suitability of carbon as sufficiently durable
CP-anode in practice.

Dissolution of graphite was observed in Rueffer et al.[21]

Actual decomposition of the carbon fiber has been
demonstrated in Yumitori and Nakanishi[22] and Bismarck
and Kumru.[23] According to the investigations published in
Ref. [6] a decomposition of the carbon fiber is possible, but a
degradation of the polymer-based sizing more likely.

The Pourbaix diagram, the underlying equations and a
number of previous works show that critical potentials
exist.[5] The service life of carbon anodes previously
predicted on the basis of simple models is promising.[6,9,24]

However, further investigations must be carried out in order
to determine the potentials and current densities which lead to
the lowest possible degradation rates of the carbon anodes,
but nevertheless ensure sufficient protection of the structure.

In previous works[4] different sections regarding the
current density-potential curves of carbon meshes under
anodic polarization have been detected. Different slopes,
which indicate different electrochemical reactions of carbon,
depending on the potential regions aroused interest. These
findings are further investigated in the present work. Studies
have been performed with both styrene-butadiene-rubber and
epoxy impregnated textiles.

2 | EXPERIMENTAL

2.1 | Materials and methods

The experiments on the durability of carbon textiles as a CP
anode are divided into three steps. The first series of
experiments was carried out for the determination of the
influencing parameters on the anodic polarization of carbon
textile and results were published in Asgharzadeh and
Raupach.[4] The main parameters have been used to
investigate the durability of carbon textiles as a CP anode.
Carbon textiles were permanently polarized while stored in
calcium hydroxide solution. As a last step, permanent anodic
polarization of carbon textile will be investigated in mortar.

This paper contains the potentiodynamic experiments to
determine the current density-potential curve. On the basis of
the results, interesting areas were identified and potentiostatic
test experiments were carried out in saturated calcium
hydroxide solution. After different anodic polarizations the
solution was analyzed to identify the carbon content.
Furthermore SEM investigations have been carried out.
With this investigation it was possible to identify critical
potentials regarding the destruction of polymer impregnated
carbon textiles and the damage mechanisms in saturated
calcium hydroxide solution.

2.2 | Current density-potential curves in
calcium hydroxide solution

2.2.1 | Specimen preparation

In consequence of the preparatory pre-test results,[4] several
modifications were implemented to reduce external effects.
As the specimen orientation had no influence on the
measurement results, a horizontal position was chosen, due
to handling advantages.
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The dimensions of the textiles were increased to
25 × 25 cm. With a total height of the specimen structure
including spacer, carbon textile, another spacer, and mixed
metal oxides (MMO) coated titanium mesh (bottom to top) of
around 6 cm, 8 L of saturated calcium hydroxide solution
were necessary to ensure an adequate covering. All textiles
were stored in saturated calcium hydroxide solution for 24 h
before test procedure.

To keep the saturated calcium hydroxide solution as
homogenous as possible paddle stirrers were added to
continuously blend the solution and reduce deposition of
calcium hydroxide. As paddle stirrer material, polytetrafluor-
ethylene (PTFE) was used.

The dimensions of the textiles as well as the test set-up can
be seen in Figure 2.

2.2.2 | Test variations

In comparison to the pre-tests, the main tests now focused on
the variation of textile dimensions as well as on textile
impregnation/coating material. In addition to SBR-based
coating, epoxy impregnated textiles were investigated. The
mesh-sizes and the roving cross-sections were varied, as
shown in Table 1. In addition, the current density-potential

relationship of pure graphite was also determined in the
solution and compared with other two materials.

2.2.3 | Test Procedure

First of all, the open circuit potential (OCP) was measured as
an indication for the free corrosion state. Subsequently anodic
potentiodynamic polarization was carried out. Starting with
the open circuit potential, the applied potential was increased
at a constant rate of 2 mV/min until an overall potential shift
of 2200 mV in the anodic direction was achieved. Finally
Instant-off potential measurements were performed to ensure
that IR-drop compensated potentials were calculated. Over-
rating of the actual anodic polarization of the anode material
can thus be avoided.

Following this anodic polarization, the obtained results
were plotted as current–density versus (compensated)
potential curves. Selected examples of the results are shown
in Figure 3.

For comparability, measured potentials were converted to
the normal hydrogen electrode (NHE). The real potentials of
the MnO2-electrodes itself according to manufacturer
information have been considered and potentials shifted
accordingly in order to obtain comparable results.

FIGURE 2 Carbon textile and test setup. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Specimen specifications

Specimen specification Impregnation/coating material Mesh size (mm/mm) 0°/90° Cross-sectional area (mm2/m) 0°/90°

E1 Epoxy 21/21 85/85

E2 Epoxy 38/38 95/95

E3 Epoxy 25/25 142/142

E4 Epoxy 38/38 142/142

S1 SBR-based 21/21 85/85

S2 SBR-based 38/38 95/95

S3 SBR-based 25/25 142/142

S4 SBR-based 38/38 142/142

UG Unimpregnated – –
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It can also be clearly seen from the curves of all materials
that the potential value strikes back at very high current
densities. This is contradictory to what is expected in the
potentiodynamic experiment. This effect is discussed in
section 4.1.

With respect to these curves, three potentials were
selected at S4, which were chosen on the interesting points
that can give information about the possible dissolution of
the carbon or destruction of the impregnation material.
Potentiostatic tests were performed at these potentials.
Thereafter, the solution was examined for the carbon content
and also the surface of the carbon examined bymeans of SEM.

2.3 | Loss of carbon after polarization tests

In order to eliminate possible influences of carbonation of the
solution and analyze the carbon content in the solution, tests

were carried out within protective atmosphere. Therefore the
containers were additionally filled with argon and sealed with
tape. Textiles coated with SBR-based material were used as
anode material. S4 was chosen because of its prior results of
the polarization tests. Detailed specimen specification can be
seen in Table 1.

2.3.1 | Specimen preparation

In order to increase the surface of the working electrode a
second layer was added to the carbon specimen (Figure 4).
The dimensions of the textiles were about 10.5 × 10.5 cm.
Spacers were installed to keep the electrodes in position.
“ERE20” were used as reference electrodes, while MMO
coated titanium mesh was still used as counter electrode.

2.3.2 | Test Procedure and results

Potentiodynamic tests starting with the open circuit potential
to 2200 mV were carried out. Results were plotted in a
current-density against (compensated) potential curve.

For further examination of the phenomenon, characteris-
tic potentials P1, P2, and P3 were chosen (Figure 5). Based on
these data, further potentiostatic tests were performed with
new specimens. Thereby, nine specimens were polarized up
to the characteristic potential P1, P2, and P3. These potentials
were kept constant for 5 days.

Subsequently, a potentiostatic test was performed at
856 mV versus NHE (P1) for a duration of 4 weeks.
Thus, changes concerning the carbon content of the solution
could be further investigated. The entire experiment was
carried out under inert gas atmosphere, in order to minimize
carbon uptake through the air. In addition, a reference test
specimen was integrated into the test series. This “blank
sample” was stored under the same conditions but without
polarization.

FIGURE 3 Current density-potential graph of carbon textiles
with SBR-based coating (S1–S4) and epoxy impregnation (E1–E4)

FIGURE 4 Working electrode with two layers of carbon textile.
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Current density-potential curves with and without
interposed potentiostatic experiments
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2.4 | SEM examinations of the carbon textile
surface after polarization

To understand the different behaviors of textiles coated with
SBR-based material and EP-impregnated textiles, carbon
textile surfaces of both unpolarized and polarized specimens
were analyzed via scanning electron microscopy (SEM).

For conventional imaging in the SEM, specimens must be
electrically conductive at the surface. Therefore materials are
coated with ultra thin coating of electrically conducting
material. To prepare EP-impregnated textile, graphite was
used for coating.

The SEM images of the samples were taken before and
after the polarization to detect the influence of polarization. In
addition, reference samples were put in solution for the same
polarization time but not polarized. Subsequently, SEM
images were taken. In order to determine the homogeneity
and the distribution of the filaments as well as the
impregnation, SEM images of cross section of the two
materials were carried out.

3 | RESULTS

3.1 | Current density-potential curves in
calcium hydroxide solution

Figure 3 shows the mean values of three identical specimens
of the tested textiles in saturated calcium hydroxide solution.
It is clearly visible, that the textiles coated with SBR-based
material reveal significant higher current densities at the same
compensated potentials in comparison to the epoxy impreg-
nated material.

Furthermore, Figure 3 shows the order of the textiles
concerning their polarization behavior. In specific, textiles
S1, S2, and S4 show the highest current densities of the
textiles coated with SBR-based material in the performed
tests. Focussing on the epoxy impregnated ones, E3 shows the
highest current densities, followed by E4. The textiles E1 and
E2 show almost the same polarization behavior.

The current density-potential curves of a textile coated
with SBR-based material and pure graphite show a similar
trend whereas the current density-potential curve of EP-
impregnated textile indicates a quite different behavior
(Figure 6). Here, the change in the slope of the curve is
initiated by a considerably smaller (compensated) potential
(Figure 3).

3.2 | Loss of carbon after polarization tests

In the Figure of Pourbaix (Figure 7), the holding potentials are
plotted in the given pH value of 12.6.

After 5 days, the calcium hydroxide solutionwas removed
to carbon analysis and replaced with fresh saturated calcium

hydroxide solution. After the solution exchange, carbon
fabric was depolarized until the open circuit potential was
reached. Subsequently, applied voltage was increased again
up to the achievement of 2200 mV. In this way a comparison
of the curve progression with and without interposed hold
experiments was possible (Figure 5).

Figure 5 shows that after holding at P1 and P2 an
unknown effect occur in the curve progression when potential
is between 900 and 1100 mV versus NHE. This effect is not
observed for the original curve (S4 polarization). After the
permanent polarization at P3 the slope change of the curve,
which was between 1300 and 1400 mV versus NHE in the
original polarization curve, is no longer present. Instead,
current density increases steadily with rising potential.

FIGURE 6 Current density-potential graph: SBR-based coating
and EP impregnated carbon textile versus graphite

FIGURE 7 Pourbaix diagram of carbon in water with chosen
potentials.[5,25] [Color figure can be viewed at wileyonlinelibrary.com]
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It is clearly visible, that the initial current density-
potential curve of carbon textile after polarization up to
2200 mV versus OCP cannot be reproduced after permanent
polarization at the above-mentioned potentials. However, the
current densities which were achieved are sufficient for
cathodic protection of concrete structures.

3.2.1 | Carbon content after potentiostatic tests

After 5 days of constant polarization at the characteristic
potentials P1, P2, and P3, the solutionwas removed in order to
analyze carbon contents. The results of the carbon analysis as
well as the occurring current densities for each of the
specimens can be seen in Table 2.

The chemical analysis is carried out according to ISO
15350, which determines the total carbon content in the solid
state. For this, the tested solutions are freeze-dried. This
method allows analysis of the total carbon content in solution,
including sediment of the pore solution.

Regarding the carbon contents which were measured for
the storing solutions of the specimens P1_1–P3_3, the
following must be kept in mind: The values listed in Table 2
include carbon which entered the solution during the 5 days of
permanent polarization as well as carbon which entered the

solution during the preceding polarization up to 2200 mV
versus OCP. For the assessment in view of future application
of CP, the amount of carbon entering the solution during
potentiodynamic tests needs to be subtracted. The values in
Table 2 show, that up to 1322 mV versus NHE no additional
carbon has gone into the solution. It can be seen small increase
in carbon content in solution at a holding potential of
1578 mV versus NHE.

Results of the carbon analysis for the samples after
4 weeks of potentiostatic loading are shown in Table 3.
With respect to the carbon content, no significant difference
was observed between the polarized samples and the
reference test specimen. Thus, accelerated dissolution of
the carbon fiber due to the applied voltage range was not
indicated.

In order to further investigate the influence of the
impregnation to the polarization behavior in solution,
experiments were carried out with unimpregnated rovings
(UG). The test specimens were also polarized to 856 mV
versus NHE and held for 4 weeks under inert gas. Again, a
reference test specimen was integrated into the test series.
Results of the subsequent carbon analysis are also shown in
Table 3. There is no significant difference in carbon content
between the polarized and unpolarized specimens.

TABLE 2 Carbon content of the solutions after different polarizations (S4)

Carbon content

Specimen
(−)

Potential
(mV)

Duration of
experiment

Current densities
(mA/m2)

Single values
(wt%)

Mean values
(wt%)

Potentiodynamic test 2200 vs. OCP 18 h – 2.28 2.28

P1-1 856 vs. NHE 5 d 8.8 2.38 2.03 ± 0.43

P1-2 856 vs. NHE 5 d 5.5 1.42 2.03 ± 0.43

P1-3 856 vs. NHE 5 d 8.4 2.29 2.03 ± 0.43

P2-1 1322 vs. NHE 5 d 91.3 2.25 2.26 ± 0.21

P2-2 1322 vs. NHE 5 d 57.7 2.01 2.26 ± 0.21

P2-3 1322 vs. NHE 5 d 130.0 2.53 2.26 ± 0.21

P3-1 1578 vs. NHE 5 d 551.2 3.35 3.81 ± 0.32

P3-2 1578 vs. NHE 5 d 487.8 4.01 3.81 ± 0.32

P3-3 1578 vs. NHE 5 d 496.6 4.06 3.81 ± 0.32

TABLE 3 Carbon content of the solutions after 4 weeks potentiostatic test of S4 and unimpregnated carbon

Carbon content

Specimen
(−)

Potential
(mV)

Duration of
experiment

Current densities
(mA/m2)

Mean values
(wt%)

P1-4W-UG 856 vs. NHE 4 wk 43 7.85 ± 0.22

P0-4W-UG 0 4 wk 0 7.13 ± 0.57

P1-4W-S4 856 vs. NHE 4 wk 8 7.40 ± 0.68

P0-4W-S4 0 4 wk 0 7.42 ± 0.23
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3.3 | SEM examinations of the carbon textile
surface after polarization

Figure 8 shows the produced SEM images of EP-impregnated
textile. The left picture shows the initial material. The
impregnation is already characterized by a slight porosity.
After polarization (right picture) the porosity increases
significantly which results in the increased conductivity.
Therefore, the active surface increases for the transport of the
current, and thus, the current increases to a certain potential.

Rapid growing current strength after exceeding a certain
potential, which was observed before, may be due to the
destruction of impregnationmaterial as visible in Figure 8. No
change in surface was seen on the epoxy impregnated carbon
after storing in the solution without polarization.

To prepare textiles coated with SBR-based material,
graphite was unsuitable as coating material for SEM, which
indicates that SBR-based coating is thicker and less
conductive. Instead, platinum–palladium was used for
specimen preparation. Nevertheless, the SEM picture of
unpolarized textile coatedwith SBR-basedmaterial (Figure 9)
shows a non-conductive surface of the specimen without any
visible filaments. However, after the polarization of the
textile, SBR-based coating disperses and filaments become
clearly detectable. This extensive destruction of impregnation
explains why textiles coated with SBR-based material reach
higher current densities compared to EP-impregnated textile,

when potential is identical. The white particles at the surface
of the polarized textile are calcium carbide, which is a
reaction product that forms by the contact of calcium
hydroxide solution and carbon fibers.

Figure 10 clearly shows the damaged impregnation
material. After holding the potential on P3, SBR-based
coating has exfoliated and the subjacent carbon filaments are

FIGURE 8 SEM image of unpolarized (left) and polarized (right) EP-impregnated textile

FIGURE 9 SEM image of an unpolarized (left) and polarized (right) textile coated with SBR-based material

FIGURE 10 SEM picture of polarized (P3-1) textile coated with
SBR-based material. [Color figure can be viewed at
wileyonlinelibrary.com]
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directly exposed to the surrounding material. The underside
of the exfoliated SBR-based coating clearly shows the
filament imprints.

Figure 11 shows the SEM picture of an unpolarized textile
coated with SBR-based material which was stored in solution
for the same duration as the polarized textiles. The SEM
picture shows no change in surface amorphology. Thus, the
exfoliation is clearly a result of polarization.

Regarding the SEM images of the cross section, the single
filaments in SBR-impregnated (Figure 12) rovings are close
together and the SBR-based material content between
filaments is low. The contact of the filaments leads to an
enlargement of the active surface of the material. In epoxy
impregnated rovings (Figure 13), the filaments are almost
isolated from each other. Only on the surface they slightly

touch each other. This leads to enhanced mechanical
properties, but less polarizability. However, these observa-
tions are only valid for the investigated materials and do not
allow conclusions for epoxy impregnation and SBR-based
coating in general.

4 | DISCUSSION

4.1 | Current density-potential curves in
calcium hydroxide solution

Here, the different polarization curves of carbon textiles
with SBR-based coating and EP impregnation will be
discussed.

E3 and E4 show similar courses in the current density-
potential curve (Figure 3). This is due to the almost equal
surfaces area. These two curves run below the E1 and E2
curves, as the same current is distributed over a larger surface
area, resulting in smaller current densities.

For the textiles coated with SBR-based material, curve
progressions differ considerably without any discernible
trend. Textiles coated with SBR-based material delivers
significantly more current at the same potential than EP-
impregnated carbon. This is because the SBR used for
impregnation has about 35 wt% solids, loses a lot of weight on
drying out and also shrinks a lot. Therefore it acts as a coating.
The shrinkage can cause defects. Through these defects,
carbon is directly connected to the surrounding electrolyte.
Potentials in the range of oxygen evolution lead to a damage
of the coating by the gas formation on the carbon surface. This
assumption is confirmed by SEM investigation. In addition,
the resistivity of the SBR-based coating was measured and
found to be between 10 and 100Ωm at a frequency of 10 Hz.
This shows a quite low resistance.

FIGURE 11 SEM image of an unpolarized textile coated with
SBR-based material stored in Ca(OH)2

FIGURE 12 SEM image of cross section of an unpolarized
textile coated with SBR-based material

FIGURE 13 SEM image of cross section of an unpolarized
epoxy-impregnated carbon textile
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For EP-impregnated textiles, water ingress is limited. For
the investigated EP it can be assumed, that charge transport
primarily takes place via the detected pores in the impregna-
tion, which increase after polarization.

Because this system is assumed to be a charge transfer
controlled system, one starts from Butler–Volmer kinetics.
The multiple slope changes in the current density-potential
relationship can be explained by the reactions. In solution
experiments, it is assumed that the limiting current density is
not reached. That is why the broad gradient explains the
different possible reactions in these curves. In the polarization
experiment of carbon in Ca(OH)2 solution, carbon from a
potential of 1.2 V is an oxygen electrode with z= 1 (the
number of electrons involved in the electrode reaction). If z
increases to 2 or 3, the slope of the curve changes, which
indicates different reactions to be discussed below.

Electrochemical oxidation of carbon in water can lead to
the formation of hydroxy, carbonyl, and carboxyl groups.
That could be the explanation for the first hump in the curve.
These products can be oxidized to CO2 by further polariza-
tion. This may be an alternative explanation for the behavior
of the curve at the end of the diagram. It is also possible that
vicinal diols are formed, which contain two OH groups on
neighboring C atoms. These molecules cannot be detected in
the solution or on the carbon surface because the surface of the
anode is so large that you cannot see the small defects. For
such experiments suitable samples and test equipment should
be set up.

Regarding potential-decrease at the right curve end, this
effect can have at least three reasons. First, overcompensation
can be assumed. Because the determination of the instant-off
potential at the end of the measurement and compensation for
all other potentials can lead to overcompensation. Secondly,
polarization can increase the active surface, resulting
in a rapid increase in current density when the initial surface
area is not taken into account due to the destruction of
the impregnation. Finally, it is suggested that new reactions
may occur at certain potentials. However, these potentials
are for CP by far too high and therefore technically not
relevant.

In order to take a closer look at this effect, new
potentiostatic tests were carried out on S4 in the saturated
calcium hydroxide solution. During each stage, the on
potential was turned off to look at the instant-off potentials.
Figure 14 shows the ratio of current density to compensated
potential. At the end of the curve, it is considered that the
current density increases rapidly while the potential remains
constant. This proves that at a certain potential, the surface of
carbon is changed and thereby leads to higher currents.

The results of the performed hold experiments, which are
shown in Figure 15, confirm the validity of the assumptions.
Lower potential of 856 mV as well as 1322 mV versus NHE
initiates a more or less stable current for the experimental

duration. At potential of 1578 mV versus NHE however,
causes a rapidly growing current.

4.2 | Loss of carbon after potentiostatic tests

Current density potential curves provide an interesting effect
of the polarization of carbon textile. There is a small hill to see
at the textiles coated with SBR-based material at 1322 mV
versus NHE. Therefore, three holding potentials were
selected before, at, and after this potential. These points are
P1 = 856 mV versus NHE, P2 = 1322 mV versus NHE, and
P3 = 1578 mV versus NHE designates.

The results of the carbon analysis show that up to a
potential of 1322 mV versus NHE no additional carbon goes
into the solution. The potentiostatic experiments at 1578 mV
versus NHE show an insignificant increase in the carbon
content in solution. Analyzed carbon after a potential of
1322 mV versus NHE has to be investigated, whether it

FIGURE 14 Potentiostatic step tests of S4 with increasing
potential

FIGURE 15 Potentiostatic tests of S4 under different
polarizations
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comes from carbon or impregnation material. Therefore,
investigations were carried out with unimpregnated material.
The results in Table 3 show that the carbon, which was found
in solution neither comes from the carbon fiber fabric itself
nor from the impregnation material. Due to the very similar
carbon contents in all test specimens, a significant carbon
input due to polarization or the existing impregnation can be
excluded. It is assumed that the carbon originates from the air
and entered the solution during filling the containers.

After potentiostatic tests at different potentials, the initial
current density-potential curve of carbon textile after one-
time polarization from OCP up to 2200 mV cannot be
reproduced. That is because of the change in the surface due to
the destruction of the impregnation.

4.3 | SEM examinations of the carbon textile
surface after polarization

SEM images indicate that EP-impregnation is significantly
porous. After polarization, porosity further increases. Thus,
electrical-conductivity is present.

In order to prove the polarizability of the textiles coated
with SBR-based material, investigations were carried out.
First, the surface of the sample was examined more closely
and extensively before polarization. Figure 16 shows that
carbon, coated with the SBR-based material gives defects
which in turn allow contact between carbon and the solution.
In the anodic polarization after the oxygen evolution potential
was achieved (theoretically at 1.2 V vs. NHE at pH 14), by gas
formation, the SBR-based coating is disbanded and separated
from the carbon surface.

Incidentally, Figures 12 and 13 show that the filaments are
close to each other for SBR-based material. There are also
pores between the filaments, which can be filled with solution

during themeasurements and therebymay increase the charge
transfer. Here, the charge transfer can be possible both over
the outer surface as well as through the adjacent filaments.
In the case of epoxy, charge transfer may only be possible
through the pores and only on the outer surface.

5 | CONCLUSIONS AND OUTLOOK

The following conclusion can be drawn from the experimen-
tal study:

1 The results of the polarization experiments show that
textiles coatedwith SBR-basedmaterial delivers by a factor
of 100–1000 more current than EP impregnated carbon at
equal potentials, but still less than graphite.

2 No dissolution of carbon in saturated solution of calcium
hydroxide up to 1322 mV versus NHE (P2) has been
observed.

3 Carbon has been detected at 1578 mV versus NHE (P3) in
solution, which was not from carbon filaments. At this
potential the disbanding of the SBR-based coating can be
seen.

4 SEM pictures do not indicate any damages of the carbon
filaments at potentials up to 1578 mV versus NHE (P3).

The conductivity of the SBR-based coating, which is used
for the coating, will be examined more closely.

Currently investigations are running on the durability of
carbon textile anodes in concrete structures by carrying out
long-time potentiostatic experiments. Carbon textiles will be
applied also to concrete and mortar specimen. Then, long-
time experiments will be carried out in order to finally gain
information concerning the durability as anode material for
CP in concrete structures.

ORCID

Amir Asgharzadeh http://orcid.org/0000-0001-6318-2532

REFERENCES

[1] M. Raupach, T. Büttner, Diagnosis, Design, Principles and
Practice. CRC Press Francis & Taylor Group, Boca Raton 2014.

[2] T. Büttner, C. Morales Cruz, M. Raupach, Bautechnik. 2013, 90,
485.

[3] D. Wetjen, Doctoral Thesis. University of Augsburg, Germany
2016.

[4] A. Asgharzadeh, M. Raupach, Service Life and Durability of
Reinforced Concrete Structures (RILEM Bookseries). Springer
International Publishing, Basel 2018.

[5] M. Pourbaix, Atlas of electrochemical equilibria in aqueous
solutions. National Association of Corrosion Engineers, Houston
1974.

FIGURE 16 Textile coated with SBR-based material before
polarization

ASGHARZADEH AND RAUPACH | 11

http://orcid.org/0000-0001-6318-2532


[6] M. Chini, Doctoral Thesis. Norwegian University of Science and
Technology Trondheim, Norway 2010.

[7] M. Chini, R. Antonsen, Ø. Vennesland, B. Arntsen, J.H. Mork,
2007 presented at International RILEM Workshop on Integral
Service Life Modelling of Concrete Structures, Guimaraes,
Portugal, 5–6 November 2007, pp. 395–402.

[8] C. Van Nguyen, P. Lambert, P. Mangat, F. O’Flaherty, G. Jones,
ISRN Corros. 2012, 2012, 814923.

[9] E. Zhang, L. Tang, T. Zack, presented at The 5th International
Conference on the Durability of Concrete Structures, Shenzhen,
China, 30 June − 1 July 2016, pp. 300–308.

[10] J. Chang, Cem. Concr. Res. 2002, 32, 657.
[11] B. Eastwood, P. Christensen, R. Armstrong, N. Bates, J. Solid State

Electrochem. 1999, 3, 179.
[12] L. I. Krishtalik, Z. A. Rotenburg, Sov. Electrochem. 1966, 2, 322.
[13] H. Thiele, Trans. Faraday Soc. 1938, 34, 1033.
[14] N. Staud, H. Sokol, P. N. Ross, J. Electrochem. Soc. 1989, 136,

3570.
[15] F. Pruckner, Concr. Eng. Int. 2006, 10, 54.
[16] L. Bertolini, F. Bolzoni, T. Pastore, P. Pedeferri, Cem. Concr. Res.

2004, 34, 681.
[17] W. H. A. Peelen, R. B. Polder, E. Redaelli, L. Bertolini, Mater.

Corros. 2008, 59, 81.

[18] R. B. Polder, W. H. A. Peelen, Concrete Repair − A Practical
Guide. Service life aspects of cathodic protection of concrete
structures. Taylor & Francis, Hoboken 2011.

[19] M. Poltavtseva, G. Ebell, J. Mietz, Mater. Corros. 2015, 66, 627.
[20] L. Tang, E. Q. Zhang, Y. Fu, B. Schouenborg, J. E. Lindqvist,

Mater. Corros. 2012, 63, 1119.
[21] M. Rueffer, D. Bejan, N. J. Bunce, Electrochim. Acta. 2011, 56,

2246.
[22] S. Yumitori, Y. Nakanishi, Composites, Part A. 1996, 27, 1051.
[23] A. Bismarck, M. E. Kumru, J. Springer, J. Simitzis, Appl. Surf. Sci.

1999, 143, 45.
[24] J. H. Zhu, G. Guo, L. Wei, M. Zhu, X. Chen, Materials. 2016, 9,

103.
[25] N. Takeno, Geol. Surv. Jpn. 2015, 419.

How to cite this article: Asgharzadeh A, Raupach
M. Durability behavior of polymer impregnated
carbon textiles in alkaline solution as CP anode.
Materials and Corrosion. 2018;1–12.
https://doi.org/10.1002/maco.201810098

12 | ASGHARZADEH AND RAUPACH

https://doi.org/10.1002/maco.201810098
https://doi.org/10.1002/maco.201810098


Durability of impregnated carbon textiles
in mortar as cathodic protection anodes

Amir Asgharzadeh Dipl.-Ing
Graduate Research Assistant, Institute of Building Materials Research,
Aachen, Germany (corresponding author: zadeh@ibac.rwth-aachen.de)
(Orcid:0000-0001-6318-2532)

Michael Raupach Dr.-Ing
Professor, Institute of Building Materials Research, Aachen, Germany

Current research focuses on the use of carbon (C) textiles as cathodic protection (CP) anodes. Carbon fibres are
of particular interest due to their excellent mechanical properties. However, the influence of anodic polarisation
on the durability of carbon anodes is still not sufficiently understood. In previous works, the durability of carbon
anodes was examined by experimental investigations in saturated calcium hydroxide (Ca(OH)2) solution. In this
work, various anodes (carbon textiles with different impregnations, as well as mixed-metal-oxide-coated
titanium (Ti)) were investigated after embedding in mortar. The type of mortar as well as the environmental
conditions were varied in order to represent diverse conditions. Potentiostatic polarisation was implemented for
8 months. Results of this work show that CP with impregnated carbon textiles is, at least under the investigated
conditions, possible.

Introduction
To protect corroding components of reinforced structures
against corrosion and to limit the reduction in cross-section of
the reinforcing steel, repairs are required. To achieve this goal,
it is necessary to inhibit one of the two partial corrosion reac-
tions in such a way that the corrosion processes are reduced to
an accepted level. Cathodic protection (CP) refers to methods
that prevent anodic partial reaction. The advantage of CP is
that the chloride-contaminated concrete does not need to be
removed. Conventional CP systems currently on the market
use mixed-metal oxide (MMO)-coated titanium (Ti) as the
anode material. Research work on carbon (C) textiles as CP
anodes is currently under way because of their additional
excellent mechanical properties. However, the durability of
carbon textiles as CP anodes is not sufficiently understood.

Carbon textiles consist of woven or laid carbon fibre (CF)
rovings and are impregnated or soaked, for example, with
styrene-butadiene rubber (SBR) or epoxy resins, in order to
obtain a more rigid and stronger material. In construction,
carbon textiles are increasingly used as reinforcement in textile
concrete because of their low weight, crack-bridging ability
and excellent mechanical properties.

Bertolini et al. (2004) investigated the behaviour of a cementi-
tious conductive overlay anode made of nickel (Ni)-coated CF
in a cementitious mortar. Measurements on concrete speci-
mens with two layers of rebars were performed. Current
densities in the range of 10–100 mA/m2 with respect to the
anode surface were applied, and the distributions of current
and potential as well as 4 h decay were regularly measured.
The authors found that the application of current densities up
to 20 mA/m2 for over 2 years makes the cementitious con-
ductive coating a satisfactory anode for CP. However, the

application of current densities of 50 or 100 mA/m2 leads to
the destruction of the anode within only 1–2 months. The
reason for this has been found to be the production of acidity
by anodic reactions.

Anwar et al. (2014) investigated the effectiveness of lightweight
conductive cementitious mortar as an anode material for
CP. The anode is made of pumice aggregate, CFs and cement
with MMO-coated titanium as a primary anode. Galvanostatic
experiments were performed with a constant current density
of 200 mA/m2 related to the anode surface for a duration of
14 d. Achievement of constant potentials was rare, but interest-
ing discoveries were made regarding the durability of CFs.
Scanning electron microscope (SEM) images demonstrate that
neither high current densities nor high potentials cause signifi-
cant CF dissolution.

In order to provide CP, the protective current densities
for common reinforced components are less than 20 mA/m2.
For example, Vennesland et al. (2006) demonstrated a system
based on a woven carbon mesh installed on specimens
obtained from a concrete bridge, which had been demolished
due to steel corrosion. A month-long polarisation with a
feeding voltage of 1 V and with a 3–4 mA/m2 current density
resulted in satisfactory protection.

A maximum external current to run CP systems is given by
Van Nguyen et al. (2012). For CF fabric anodes, applied
current should not exceed 10 mA (128·4 mA/m2 with respect
to the steel surface area), and for CF rod anodes, applied
current should not exceed 5 mA (64·2 mA/m2 with respect to
the steel surface area). The statements are based on laboratory
simulations of impressed current cathodic protection systems,
which were operated for 1100 h.
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Zhang et al. (2016) carried out experiments on cathodic pre-
vention. While CP is typically applied to structures which are
already affected by corrosion, it is also applied to structures
that are exposed to the risk of chloride contamination. Applied
current densities for cathodic prevention are much lower
(0·2–2 mA/m2), but the fundamental procedure is generally
identical (Zhang and Tang, 2014). After 2 months of electro-
chemical accelerated testing, specimens were sawn into slices to
investigate compositional changes in the anode zone. Chemical
and microstructural analyses were performed by laser ablation
inductively coupled plasma mass spectroscopy as well as SEM.
It was found that, under electrochemical treatment, hydrogen
ions are formed around the anode, causing locally acidic con-
ditions. Under acidic conditions, portlandite (Ca(OH)2) is neu-
tralised. The positive calcium ions (Ca2+) mobilise, moving
away from the zone around the anode. Thus, a ring pattern
develops around the anode with decreasing ratios of calcium
(Ca)/silicon (Si). After completion of the electrochemical treat-
ment, sodium (Na) ions diffuse from the surrounding cement
paste matrix to the anodic region to neutralise the negatively
charged zone. Thus, peaks of sodium/silicon are formed
around the anode. With increasing current density, stronger
changes in microstructural and chemical changes at the anode
interface can be expected.

The objective of the present work is to experimentally investi-
gate the durability of impregnated carbon textiles as an anodic
material in mortar at usual current densities for CP. In pre-
vious work it has been shown that significant carbon surface
reaction occurred in solution with potentiodynamic polaris-
ation after deterioration of the impregnation (Asgharzadeh
and Raupach, 2018b). The present work aims at assessing
whether potentiostatic polarisation of impregnated carbon tex-
tiles in mortar also leads to the detrimental effects previously
observed or whether the mortar provides an additional protec-
tive means. Without deterioration, impregnated carbon textiles
embedded in mortar could be considered as an interesting
anode material to be used in CP, because of its additional
structural performance.

Research significance
Conventional CP systems currently on the market mostly use
MMO-coated titanium as the anode material. Carbon as an
anode material does not only provide sufficient current

densities for CP at moderate polarisations. In the form of
impregnated textiles, it can simultaneously provide load-
bearing capacities for structural strengthening. Hence, dura-
bility is a major issue from both the structural and the CP
point of view. This work focuses on the durability of carbon
textiles employed as the anodic material in mortars with
respect to CP application.

Experimental programme

Materials
Two commercially available mortars used for CP were selected.
Both are polymer-modified and exhibit high freeze–thaw resist-
ance. Mortar M2 has a higher stiffness than M1 and is there-
fore mainly used for the repair of vertical components such
as walls in car parks or tunnel walls. It can also be used for
horizontal surfaces. Some properties are listed in Table 1.

Two carbon textiles with the same rovings in longitudinal and
lateral directions and a mesh size of 38 mm with different
impregnation materials were used as the anode material in the
investigations.

Figure 1 show the epoxy- and SBR-impregnated textiles,
respectively.

As an anode material, the styrene–butadiene rubber (SBR-
based) coated S4 was selected because this material achieved
highest current densities (and thus the best polarisation behav-
iour) in previous experiments (Asgharzadeh and Raupach,
2018b). For reasons of comparability, the epoxy-impregnated
E4 was selected, as it has the same mesh size as S4. In ad-
dition, some specimens were equipped with MMO-coated
titanium anodes. Thus, a comparison between carbon and
titanium anodes was possible as well. Test specimens
with titanium anodes were produced only with mortar M1.

Specimen preparation
The carbon textile used as the anode material and the
MMO-coated titanium mesh – employed as the counter elec-
trode – have outer dimensions of 25� 25 cm2. A gap of 2·5 cm
between them is ensured by PVC spacers (Figure 2; left). The
reference electrodes (magnesium oxide, MnO2) are attached to
the carbon anode. Due to its MMO coating, the titanium
mesh serves as an active electrode, ensuring a uniform

Table 1. Properties of Mortars 1 and 2

Mortar 1 Mortar 2 Unit

Density 2·14 2·06 kg/dm3

Flexural strength (28 d) 10 8·5 N/mm2

Compressive strength (28 d) 45–55 55 N/mm2

Elastic modulus (28 d) 22 300 32 500 N/mm2

Maximum grain size 4 2 mm
Mixing ratio 100:9–10 100:15 mass of dry material:water
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distribution of current. A homogeneous current distribution is
required in order to allow comparability of the individual test
specimens.

The electrode arrangement (E4, S4 and MMO-coated tita-
nium) is placed at mid-height in mortar moulds of dimensions
27� 27� 7·5 cm3 (Figure 2; right). The mortars were mixed
according to the manufacturers’ guidelines and filled into the
moulds with vibrational compaction to ensure proper embed-
ding of the electrodes. To prevent uneven drying of the mortar

specimens, the vertical surfaces were coated with an epoxy
resin. In the completed specimens, as shown in Figure 3, the
anode surface is located 2·5 mm below the mortar surface.

Polarisation
The specimens were connected to single-cell potentiostats
under potentiostatic conditions. Carbon textiles were used
as a working electrode, MMO-coated titanium as a counter
electrode and a magnesium oxide electrode as a reference
electrode.

S4
E4

Figure 1. Carbon textile impregnated with epoxy (left), with SBR-based material (right)

MMO-coated titanium Carbon textile

Reference electrode

Figure 2. Three-electrode design with S4 anode (left), placed in mould (right)
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Specimens were polarised with constant potential against a
reference electrode for 8 months. The first 60 d were used for
conditioning. After 57 d, an instant-off measurement was
made to adjust the instant-off potentials. After 60 d, the
samples were polarised potentiostatically with their potential
over the time.

Simulation of environmental conditions
Two storage conditions were chosen to represent different
environmental conditions. To simulate an idealised climate of
a tween deck of a parking garage, a temperature of 20°C and
a constant relative humidity of about 80% were adjusted in a
climate cell (indication: 20/80). In order to mimic puddles on a
parking deck, a water layer was established on the mortar
surface of some specimens by means of a PVC casing. The
wetted specimens were stored at 20°C as well. The different
storing conditions and the specimens’ design are sketched in
Figures 4 and 5, showing

(a) mortar
(b) working electrode (carbon textile)
(c) counter electrode (MMO-coated titanium)
(d ) reference electrode (magnesium oxide)
(e) PVC upstand
( f ) water
(g) protective cover.

The labelling of the test specimens consists of mortar type,
anode material, storage and the type of polarisation. Table 2
summarises the labels used. Specimen M1-E4-UW-P-2, for
example, is made of M1, has an anode of epoxy-impregnated
carbon fabric, is stored at 20°C and 50% relative humidity
with water on top, and is permanently polarised at polarisation
level 2 (see below). For each environmental condition, six
specimens were prepared (see Figure 6). Five of them were
polarised according to the section titled ‘Polarisation’. The

sixth specimen served for referential potentiostatic measure-
ments. In addition, three identically constructed test specimens
for each carbon textile and mortar combination were produced
and potentiodynamically polarised (see section ‘Preliminary
potentiodynamic measurements’), so that the interesting
hold potentials could be determined. These specimens are
termed pre-test specimens and are not shown in Figure 6.

Results

Preliminary potentiodynamic measurements
In order to choose suitable potential levels for the long-term
polarisation, potentiodynamic tests on identical pre-test

Figure 3. Completed test specimen

20°C
80% relative humidity

b

c

d
a

Figure 4. Storage conditions, case: 20/80

20°C
Under water

g

e
f

b

c

d
a

Figure 5. Storage conditions, case: UW

Table 2. Labelling of specimens

Material Label

Mortar Mortar 1 M1
Mortar 2 M2

Anode Epoxy-impregnated carbon E4
Carbon with SBR-based coating S4
MMO-coated titanium Ti

Storage 20°C, covered by water UW
20°C, 80% relative humidity 20/80

Polarisation Long-term polarisation P
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samples were performed. The pre-test specimens were potentio-
dynamically polarised from resting potential to 2200 mV at a
rate of 2 mV/min. From sudden changes in the slope of the
otherwise smoothly increasing curves of current density over
potential (see Figure 7), it was inferred that detrimental pro-
cesses in the impregnation of the carbon anode occurred.
The corresponding potentials, P1 to P5 in Figure 7, were con-
sidered of major interest and hence chosen for the long-term
potentiostatic measurements. As a further condition, the
chosen potentials should produce current densities between
1 and 20 mA/m2 with respect to the mortar surface. This
range is interesting for typical CP applications. Curves similar
to those shown in Figure 7 for M1-E4 were obtained for the
other mortar and electrode combinations. All selected hold

potentials are listed in Table 3. The same potentials were then
used for both storage conditions, 20/80 and under water (UW).

Potentiostatic measurements
The rest potential was determined for each of the specimens
before polarising and the standard potentials of Table 3 were
converted to polarisation, which are more easily applied in
practice. The overpotentials applied in the potentiostatic
measurements are given in Table 4.

In what follows, current densities are always related to the
mortar surface. The potential values do not compensate for
internal resistance (IR).

At the beginning of the polarisation, the current density drops
sharply but then reaches a nearly constant level after 57 d (see
Figure 8 for M1-E4-20/80). This also applies to the wetted
specimens M1-E4-UW before wetting. On day 6, however, all
current density curves show a sudden drop in current density
(Figure 9). The jumps are mainly due to a change in tempera-
ture due to the filling of the casings with cold water. After the
application of water, the current density of almost all speci-
mens in storage UW increases, except for the sample P4. The
increase is probably due to a reduction in the concrete resist-
ance due to the higher humidity. On day 32, a cover was
placed on the filled casings in order to reduce evaporation,
which led to a renewed jump in the current density curves. At
the time of the instant-off measurements (day 57), the change

[12] E4

[12] S4

[12] Ti

[12] E4

[24]
 Mortar 2

[36]
 Mortar 1

[60]
 Mortar

specimens

[12] S4

[6] UW

[6] 20/80

[6] 20/80

[6] 20/80

[6] 20/80

[6] 20/80

[6] UW

[6] UW

[6] UW

[6] UW

Totality
[60]

Type
of mortar

[2]

Anode
material

[3]

Specimen
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[2]

Figure 6. Overview of specimen variations
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Figure 7. Method for selecting the hold points for potentiostatic
polarisation

Table 3. Potential levels for potentiostatic polarisation

Potential against NHE: mV

P-1 P-2 P-3 P-4 P-5

M1-E4-(20/80)/UW 1281 1408 1411 1701 1891
M1-S4-(20/80)/UW 1075 1205 1345 1515 1875
M1-Ti-(20/80)/UW 475 545 645 793 1440
M2-E4-(20/80)/UW 1292 1402 1472 1772 2181
M2-S4-(20/80)/UW 1002 1122 1212 1342 1672

Table 4. Polarisation on individual specimens at different polaris-
ation points

Polarisation: mV

P-1 P-2 P-3 P-4 P-5

M1-E4-20/80 1122 1246 1251 1570 1773
M1-E4-UW 1090 1235 1258 1545 1708
M1-S4-20/80 827 954 1103 1289 1680
M1-S4-UW 964 1096 1121 1410 1750
M1-Ti-20/80 250 316 418 564 1222
M1-Ti-UW 254 323 421 570 1201
M2-E4-20/80 1133 1252 1325 1653 2079
M2-E4-UW 1152 1224 1292 1575 2038
M2-S4-20/80 706 864 927 1062 1414
M2-S4-UW 781 895 916 1112 1371
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in the concrete resistance in three specimens seems to be
largely completed and a nearly constant level of current den-
sities is achieved.

Similar effects were observed with the other mortar electrode
combinations. In the following, these initial effects are ignored
and only the development of currents from day 60 on will be
discussed.

Figure 10 shows current densities plotted against time from
day 60 to 240 for M1-E4 with potentials P2 and P3 in 20/80
and UW storage.

All four curves show that the current density first increases
after starting polarisation and then decreases. The decrease
continues for about 60 d until the curves reach nearly constant
current densities. This effect is more pronounced in UW
storage than in 20/80 storage. The reason could be that at UW
the pores are full of water, and oxygen takes more time to

transfer. At 20/80, which simulates a relatively dry storage,
oxygen is able to reach the cathode without obstruction by the
air in pores.

Final current densities are lower with 20/80 storage due to
drying and ensuing higher mortar resistance. The causes for
the decreasing current densities and thus for the loss of per-
formance have already been observed by Bertolini et al.
(2004), Chini et al. (2008), Chini (2010), Van Nguyen et al.
(2012), Mietz and Raupach (2015), as a current density drop
in potentiostatic experiments and accordingly as a potential
increase in galvanostatic experiments (Mietz and Raupach,
2015; Poltavtseva et al., 2015). Possible causes could be a loss
of conductivity due to degradation of the anode, a contact
loss between anode and concrete, an increase of the concrete
resistance or a too-small cathode area (Mietz and Raupach,
2015). However, a decrease in the current density can also be
seen for the test specimens with MMO-coated titanium anodes
(Figure 11).
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Figure 12 shows the current densities after 240 d for all mortar
electrode combinations and storages. The potentials of the
potentiostatic tests are depicted as horizontal bars and – from
left to right – indicate the potentials P1 to P5 of Table 3 for
each mortar electrode combination. The results will be dis-
cussed by means of this bar chart.

Storage
UW storage results in higher current densities than 20/80
storage with all specimens, due to wetting and ensuing lower
electrolyte resistance.

Material

Epoxy-impregnated carbon (E4)
Even though P3 is only 3 mV higher in potential than P2, the
resulting current density at P3 is considerably higher than the
current density at P2 with both mortars and storages. P3 lies in
the maximum of the hump, which is shown in Figure 7. Based
on the results from Asgharzadeh and Raupach (2018b), it can
be said that the existing pores on the surface of the selected
epoxy-impregnated carbon become larger and thus more
charge can be transported.

By increasing the potential from P3 to P4, the current density
decreases with M1. As the potential increases from P4 to P5,
the slope changes and propagates, resulting in higher current
densities (Figure 7). This phenomenon could have several
causes. On the one hand, different electrochemical reactions
can take place, which lead to a different charge transfer. On
the other hand, the surface of the impregnated carbon can
change, and thus more and less charge can be transferred. So
far, it has been observed in solution experiments that in E4 the

existing pores on the surface become larger with the anodic
polarisation. Therefore, one can say that higher applied poten-
tials do not necessarily achieve higher current densities with
otherwise identical parameters in long-term polarisation exper-
iments with carbon anodes.

SBR-impregnated carbon (S4)
With S4, the current density decreases when the potential is
increased from P2 to P3, in contrast to E4. This applies to
both storages. The reason for this could be the destruction of
the SBR-based layer on the carbon surface at this potential,
which is apparently different in the mortar than in solution.
On the basis of past publications (Asgharzadeh and Raupach,
2018a, 2018b), the destruction of polymer impregnation of
CFs under anodic polarisation could be clarified. First of all,
different surface oxides form on the CF. The surface oxides
are further oxidised under anodic polarisation. In a strongly
alkaline environment, carbon could oxidise, and this leads
to the formation of carbonates. The reaction products and the
kinetics of carbon dissolution are influenced by the electrolyte.
Asgharzadeh and Raupach (2018b) have shown that the
SBR-based coating with anodic polarisation above a certain
potential separated from the investigated carbon. In the sol-
ution, the coating could completely detach and fall off.
However, in the mortar test, these layers could de-bond but
still remain attached to the carbon. These layers may be inhibi-
tory or conductive as a reaction and affect the anodic
polarisation.

Generally, S4 specimens deliver more current at lower potential
than E4. For instance, 10·64 mA/m2 at 1205 mV against a
normal hydrogen electrode (NHE) with M1-S4-UW-P2
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compared to 4·42 mA/m2 at 1281 mV against NHE with
M1-E4-UW P1. This effect is already known from the investi-
gations in saturated calcium hydroxide solution (Asgharzadeh
and Raupach, 2018b). SBR-based coatings can shrink after
production and form defects on the carbon surface, allowing
better polarisation.

The S4 anodes achieve higher current densities than the E4
anodes at levels P1 to P5. This effect is discussed extensively in
Asgharzadeh and Raupach (2018b). They explain that the
charge transfer is caused by the defects of the impregnation on
the surface. The defects on the surface are probably caused by
the shrinkage of SBR-based material during drying. SBR has
a greater exposed surface from the outset, which makes charge
transfer possible. These layers are destroyed by polarisation
after exceeding certain potentials.

The results of this work confirm the conclusions of investigat-
ions in calcium hydroxide solution, as shown by Asgharzadeh
and Raupach (2018b) regarding the destruction of impreg-
nation at anodic polarisation above a certain potential. The
results in mortar specimens especially for specimens embedded
in M2 show that the current density at P5 is significantly
higher than other potentiostatic polarisation points. This
could be due to the destruction of the impregnation, which
allows more charges to be transported. This potential, where
the impregnation begins to be destroyed, is to be determined
by a potentiodynamic measurement and can be recognised
by a hump at about 1400 mV against NHE in the investigated
materials. Asgharzadeh and Raupach (2018b) have shown that
the carbon filaments remain intact under impregnation at
current densities below 20 mA/m2.

MMO-coated titanium
The curves of current density plotted against time with MMO-
coated titanium anodes are decreasing with both storages
(Figure 11). It is interesting to see that, in contrast to carbon
anodes, the current densities with titanium anodes with storage
20/80 exceed those with storage UW. However, the curves get
closer, and at 240 d both current densities are almost equal at
about 58 mA/m2. At P5 (1440 mV) the current density (about
58 mA/m2) is much higher than that of the carbon anodes at
similar potentials. The MMO-coated titanium anodes thus
deliver significantly higher current densities than the anodes
made of carbon at a potential of about 1440 mV. However, at
240 d the current densities of the tested carbon textiles are still
sufficient for typical CP applications and there is no indication
of further decrease, in contrast to the MMO-coated titanium
anodes (see Figures 10 and 11).

Mortar
In the following, comparison of the current densities after
240 d obtained with different mortars – the anode material
being equal – is based on almost matching potentials. With E4

and storage UW, current densities are much lower with M2 (at
P1 to P4) as compared to M1 (at P1 to P5). With M2 (at P1 to
P4), current densities differ only slightly with storage, in con-
trast to M1, where the storage UW always leads to much
higher current densities compared to storage 20/80. Only at P5
is an influence of storage also visible with M2. Hence, the elec-
trolyte resistivity of M1 is much more affected by wetting.

With S4, current densities with M1 are generally much higher
at almost matching potentials compared to M2 for both
storages. Again, M1 is more sensitive to wetting. In summary,
M1 provides better mortar conductivity in dry condition. The
conductivity of M1 can be improved much more by wetting
compared to M2. This result is supported by independent
measurements of electrical resistivity of mortar specimens
made of M1 and M2 using an LCR measurement device at a
frequency of 100 Hz (Table 5).

Changes of mortars and carbon textiles over
polarisation time
Visible changes or damage due to polarisation have not yet
been observed for any of the 50 mortar specimens. In the range
of the critical potentials observed in previous works
(Asgharzadeh and Raupach, 2018b), a degradation of the
anodes can be assumed for all test specimens with carbon
anodes. Further, it is assumed that the destruction of SBR-
based coating and epoxy impregnation will occur. It is to be
expected that the critical potentials in mortar are different
because the electrolyte affects the electrochemical reactions. The
results of the solution experiments also indicate that the degra-
dation leads to a long-term decrease in the current densities.

Table 5. Electrical resistivity of mortars

Specimens from UW storage: mV

Resistivity: Ωm

Anode versus cathode

M1-E4-P1-1281 330
M1-E4-P2-1408 310
M1-E4-P3-1411 360
M1-E4-P4-1701 397
M1-E4-P5-1891 313
M1-S4-P1-1075 291
M1-S4-P2-1205 250
M1-S4-P3-1345 260
M1-S4-P4-1515 270
M1-S4-P5-1875 255
M2-E4-P1-1292 721
M2-E4-P2-1402 748
M2-E4-P3-1472 805
M2-E4-P4-1772 789
M2-E4-P5-2181 745
M2-S4-P1-1002 690
M2-S4-P2-1122 685
M2-S4-P3-1212 695
M2-S4-P4-1342 670
M2-S4-P5-1672 667
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A loss of contact of anode and mortar or destruction of the
mortar by acidification due to oxygen evolution at current den-
sities between 1 and 20 mA/m2 can be ruled out, as several
years’ use of MMO-coated titanium as the CP anode at the
same current densities does not cause damage in normal cases.

Results of instant-off measurements
To determine the IR-drop and the compensated anode poten-
tials, instant-off measurements were carried out. The results of
the measurements are listed in Table 6.

The instant-off potentials at 57 d and 240 d show the same
grading as the on-potentials that are set.

Visual analysis of the sawn specimen
The sawn specimen was visually examined for significant
changes in the mortar or carbon. These changes could be
visible in the form of colour changes in mortar. If the carbon
had been destroyed, the mortar should have looked black. No
changes of the kind reported by Zhang et al. (2016) could be
detected (Figure 13).

Conclusions and outlook
In this work, experiments on carbon anodes in mortar speci-
mens were carried out, and new insights into the state of the
durability of carbon fabric under anodic polarisation were
obtained.

Although permanent polarisation generally leads to decreasing
current densities and thus to a loss of performance in the CP
anodes, the current densities after 240 d are still sufficient for
typical CP in practice and further decrease does not seem to
occur. The decreasing current densities were found for carbon
anodes with epoxy resin and SBR-based coating as well as for
titanium anodes. For this reason, the decreasing current den-
sities are not exclusively caused by a degradation of the carbon
anodes.

In summary, the following provisional statements may be
made:

(a) CP with the investigated carbon anodes is possible. The
carbon anodes can provide sufficient protection current
densities at relevant current densities for the CP.

(b) The investigated impregnations are de-coated from the
carbon from a certain potential, which should be
considered for the simultaneous use of the carbon textiles
as CP anodes and reinforcement of the component
(strengthening). This potential is to be determined after
the potentiodynamic test and is shown by a hump at
about 1400 mV against NHE.

Table 6. Results of the instant-off measurements

Specimen: mV

Instant-off
potential: mV vs
NHE (storing

20/80)

Instant-off
potential: mV vs
NHE (storing UW)

Day 57 Day 240 Day 57 Day 240

M1-E4-P1-1281 1261 1262 1233 1207
M1-E4-P2-1408 1388 1387 1350 1350
M1-E4-P3-1411 1391 1394 1355 1352
M1-E4-P4-1701 1640 1637 1625 1581
M1-E4-P5-1891 1734 1733 1686 1571
M1-S4-P1-1075 1023 1019 995 976
M1-S4-P2-1205 1103 1095 1102 1102
M1-S4-P3-1345 1275 1283 1140 1114
M1-S4-P4-1515 1318 1313 1186 1192
M1-S4-P5-1875 1552 1452 1558 1609
M1-Ti-P1-475 474 474 475 443
M1-Ti-P2-545 544 545 544 544
M1-Ti-P3-645 644 644 644 618
M1-Ti-P4-793 782 782 774 754
M1-Ti-P5-1440 993 995 989 972
M2-E4-P1-1292 1271 1272 1255 1244
M2-E4-P2-1402 1373 1375 1372 1318
M2-E4-P3-1472 1452 1454 1422 1439
M2-E4-P4-1772 1653 1652 1647 1530
M2-E4-P5-2181 1893 1890 1773 1604
M2-S4-P1-1002 987 985 982 967
M2-S4-P2-1122 1085 1092 1084 1089
M2-S4-P3-1212 1170 1179 1174 1182
M2-S4-P4-1342 1295 1296 1288 1281
M2-S4-P5-1672 1527 1483 1460 1446

2000 µm 500 µm

Figure 13. Optical microscope images of S4 carbon embedded in M1 mortar
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(c) The carbon filaments within the carbon textiles used as
CP anodes have not been destroyed with the protective
current densities below 20 mA/m2.

(d ) Destruction of the mortar due to acidification in the CP
with carbon textiles due to current densities below
20 mA/m2 can be excluded, since experience has shown
that using MMO-coated titanium with the same
protective current densities does not lead to decoupling
of the anodes and destruction of the mortar.

(e) The current density of CP systems can be strongly
influenced by temperature and humidity changes. For
anodes made of carbon coated with SBR-based material,
the impact is greater than for epoxy-impregnated carbon
and MMO-coated titanium with the same mortar.

( f ) Carbon coated with SBR-based material allows for
higher current densities than epoxy-impregnated carbon
when used as an anode in mortar. In comparison with
MMO-coated titanium anodes, however, the current
densities at the same potential are significantly smaller.

The reasons for the decreasing current densities must be exam-
ined in more detail after completion of the permanent polaris-
ation by microstructural investigations. This requires appropriate
sampling from the specimens. It would be desirable to examine
the surface of the carbon by SEM before and after polarisation
in mortar specimens. On the basis of the results, a model should
be developed for the estimation of the service life.

The destruction of the impregnation above a certain potential
should be checked by tensile strength tests or bending tensile
tests.
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Featured Application: Conventional cathodic corrosion protection (CP) systems usually use 
MMO-coated titanium as anode material. Carbon textiles as anode material provide sufficient 
current densities for CP as well as strength for structural reinforcement. Therefore, durability is 
an important issue for both the structure and the CP view. This work should show the border 
potentials where the impregnation and sizing of carbon textiles are destroyed under anodic 
polarization. 

Abstract: Carbon textiles as anode material for cathodic corrosion protection (CP) have been used 
in several reinforced steel structures. However, experience with durability is limited. To date, 
various influencing factors have been discovered and systematic tests on different carbon textiles 
with different impregnation materials in various environmental media have been carried out and 
considered the degradation of the impregnation materials. In this work the boundary potentials are 
determined at which the impregnation and sizing is destroyed under anodic polarization and the 
damage mechanisms are described. 

Keywords: textile reinforced concrete; cathodic corrosion protection; durability 
 

1. Introduction 

Carbon textiles consist of thousands of bundled carbon fibres. Before carbon fibres are combined 
into bundles, their surface needs to be electrochemically activated (by anodic oxidation in an 
electrolytic solution). Each fibre is then coated by a mixture of various chemicals (sizing) to protect it 
from mechanical damage during production handling and improve its wetting performance [1–3]. 
Furthermore sizing leads to an increased chemical reactive site as well as enhanced adhesion between 
carbon and impregnation material [4,5]. After single carbon fibres are bundled together, the so-called 
carbon roving is again impregnated to improve adhesion and handling for further application. 
Usually, epoxy resin or styrene-butadiene rubber (SBR) based polymers are used for impregnation. 

The thesis of Wetjen [6] gives an overview of the production and processing of carbon. The 
following statements are based on this source, unless otherwise indicated. The carbon rovings usually 
consist of thousands of individual combined carbon fibres, which are also called filaments and have 
an average thickness of 5–7 microns. Carbon fibres consist of 92% by weight of carbon. They can be 
produced chemically from different polymers, the most common being the production from 
polyacrylonitrile (PAN), since the highest strengths with high carbon yield can be achieved at 
comparatively low price. Graphite consists of hexagonal layers in which each carbon atom is 
connected to three other carbon atoms with a strong covalent bond. The individual layers are 
connected only by relatively weak London forces, whereby the distance of the layers in relation to 
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the distance of the carbon atoms in the hexagons is large and the direction-dependent conductivity 
of graphite can be explained [6]. 

Compared to graphite, carbon fibres have a turbostratic structure that results from random 
spinning, folding, splitting, canting, branching and concatenation of the lattice structure in the 
manufacturing process. This inhomogeneity explains both the increased strength between the basal 
planes and the increased reactivity of the carbon fibre surface in comparison. In addition, the 
structural inhomogeneity increases the spacing between the lattice planes. 

After production of the carbon fibre, surface activation of the carbon fibre follows, typically by 
electrochemical anodic oxidation in an electrolyte. The amount and type of functional groups formed 
on the surface depends inter alia on the duration of polarization, the electrolyte and the electrical 
potential. The surface activation is done to obtain a good wettability of the carbon fibre over a later 
applied sizing or other impregnating materials by a higher proportion of polar functional groups [6]. 

Poltavtseva et al. [7] have described the formation of surface oxides in carbons by summarizing 
relevant literature. The formation of surface oxides is complex because it is not possible to separate 
the different reactions from each other. It depends on the pH, electrode potential, pressure, 
temperature and humidity as well as the physical and chemical properties of the carbon compounds. 
Thus, a different dissolution process results for different carbon-based materials, since materials such 
as carbon black, graphite and carbon fibres differ in the size and orientation of the graphitic 
crystalline layers. 

Pure graphite consists of hexagonal layers as described above. While graphite has many surface 
defects, carbon fibres without activation have a high degree of longitudinal orientation with fewer 
defects. Without these lattice defects, the graphitic crystalline layers behave inertly. The existing 
lattice defects, pores and edges provide for free valences, which are already functionalized under 
normal conditions to form surface oxides. Anodic polarization causes the dissolution of water and 
the generation of further oxygen-containing functional groups on the surface. First, hydroxyl ions are 
discharged to hydroxyl radicals by the electrolysis of water according to equations (1) and (2). C(௦) + 𝐻ଶ𝑂 ⇌  C(௦)𝑂𝐻௔ௗ௦ + 𝐻ା + 𝑒ି (1)C(௦) + 𝑂𝐻ି  ⇌  C(௦)𝑂𝐻௔ௗ௦ + 𝑒ି (2)

These radicals immediately react to form hydroxyl, carboxyl, carbonyl or lactone moieties, which 
are accompanied by an increase in the oxygen content at the carbon surface. The possible functional 
groups on the graphite surface are shown in Figure 1. Rueffer et al. [8], however, doubt the formation 
of hydroxyl radicals on the basis of their investigations as an intermediate step and assume a direct 
incorporation of oxygen into the functionalized groups. The functional groups have different 
oxidation states and can be further oxidized up to the elimination of carbonates and carbon dioxide 
[6]. According to Chung [9], these surface oxides have a lower conductivity than non-activated 
graphitic carbon fibres. 

 
Figure 1. Formation of surface oxides in graphite [7]. 
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After activation of the carbon fibre and cleaning of detached carbon fibre fragments, the carbon 
fibre is always coated in industrial applications [6]. For this, the carbon fibre is passed through a 
sizing bath filled with a polymer solution or dispersion. However, there are other methods of coating 
such as electrolytic deposition, electrolytic polymerization and plasma polymerization. As size 
typically polymer systems are used which have good chemical-physical compatibility for the further 
use of the carbon fibre. When using epoxy resins, epoxies are used, for example. Other polymer 
systems include polyhydroxyether, polyphenylene oxides, polysulfones, silanes and cyanamides. 
The sizing ensures good processability in subsequent processes, good wetting behaviour of the 
carbon fibre for the impregnation matrix and a strong chemical-physical interaction between these 
two components for good adhesion. Possible adhesion mechanisms are: mechanical interlocking, 
secondary bonds, such as London forces and chemical bonds, such as covalent bonds. 

In the final processing step, the carbon fibres are combined into rovings and impregnated with 
materials such as epoxy resin matrix or styrene butadiene rubber matrix (SBR). For a good fibre-
matrix interaction, a good mixing of the components carbon fibre, sizing and matrix is essential. 
During the application of the matrix, with "no release" of the layer, "partial release" or "complete 
release" of the size, there may be three different interphase formations. In the case of complete release, 
the sizing thoroughly mixes with the matrix, providing the best mechanical properties. The worst 
mechanical properties are achieved when there is no intermixing between the size and the matrix, 
that is no detachment. 

Earlier research [10–12] has shown that carbon textile is a suitable anode-material for corrosion 
protection (CP). Various experiments were conducted in order to investigate the behaviour of carbon 
textiles under anodic polarization. Carbon textiles were tested both in saturated calcium hydroxide 
solution and in mortar test specimens. It has been found, that the structure of carbon textiles itself is 
not affected by anodic polarization. However, sizing and impregnation materials suffer considerable 
destruction in some cases. 

Asgharzadeh et al. [12] investigated the durability of impregnated carbon textile under 
permanent anodic polarization while stored in saturated calcium hydroxide solution. Carbon textile 
was potentiodynamically polarized in saturated calcium hydroxide solution. Starting with the open 
circuit potential, the applied potential was increased at a constant rate of 2 mV per minute until an 
overall potential shift of 2200 mV in anodic direction was achieved. Based on the obtained current-
density versus (compensated) potential curves, three potentials were selected, which indicate 
changes in the carbon textiles’ electrochemical properties. Potentiostatic tests were performed with 
the identified potentials. After the polarization tests were completed, the test solution was collected. 
In order to draw conclusions about a possible decomposition of the carbon textile, the carbon content 
of the solution was analysed. It was found, that the solutions in which polarization of the carbon 
textile occurred had higher carbon contents than solutions in which unpolarized carbon textiles were 
stored as reference solution. Furthermore, the carbon content increases with increasing potential of 
potentiostatic polarization. However, the additional carbon could originate from several sources, 
such as the carbon textile itself, the impregnation material or the surrounding air. In order to further 
identify the carbon source, the experiments were repeated with unimpregnated carbon textile. In this 
case, the carbon content of the solution corresponded to the carbon content of the reference solution. 
It is therefore assumed, that the additional carbon, which was found in the solution in which 
polarization tests of impregnated carbon textiles were conducted, originates either from the 
impregnation material or the surrounding air. 

Although SEM images showed a destruction of the impregnating material after polarization, the 
information at which potentials they are destroyed is missing, which are to be investigated in this 
paper. Furthermore, based on these results, the influence of polarization on various impregnation 
materials for carbon textiles is investigated in more detail by additional tests. 

2. Materials 

As an anode material, the styrene-butadiene rubber (SBR) impregnated textile S4 was selected 
because this material achieved the highest current densities and thus best polarization behaviour in 
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former experiments [12]. For reasons of comparability, the epoxy impregnated textile E4 was taken 
which has the same mesh size as S4. In addition, carbon rovings without impregnation but with sizing 
(UC, see Table 1) were used to determine the destruction of the sizing under anodic polarization. For 
comparison purposes, carbon rovings without impregnation and without sizing (UC_WS, see Table 
1) were also used. This confirmed the actual destruction of the sizing. 

Table 1. Details of carbon textiles used in the investigations. 

 Specimen 
Specification 

Sizing Impregnation 
Material 

Mesh Size 
[mm/mm] 

0°/90° 
impregnated carbon 

textile 
E4 yes Epoxy 38/38 
S4 yes SBR 38/38 

unimpregnated carbon 
textile 

UC yes - - 
UC_WS no - - 

3. Investigations 

3.1. Specimen Preparation 

The carbon rovings and the counter electrode made of MMO-coated titanium mesh were 
attached to PVC spacers with cable ties. A reference electrode MnO2 was attached to the spacer 
between the working electrode and the counter electrode and care was taken to ensure that there is 
no short-circuit between the reference electrode and any protruding carbon fibres. 

The specimens were placed in a container with saturated calcium hydroxide solution. 

3.2. Potentiodynamic Polarization 

Potentiodynamic tests are used to obtain current density potential curves that allow conclusions 
to be made about the material behaviour. 

The potential was increased from OCP to 2200 mV. The duration of the potentiodynamic test 
was approximately 18 hours. 

3.3. Potentiostatic Polarization 

In order to perform the potentiostatic measurements, the potentiodynamic measurements had 
to be evaluated and the potential points for the tests had to be selected. The different panel areas and 
especially the change of the slope of the curves in Section 4.1 could be attributed to different 
electrochemical processes. In order to verify this, it was decided to carry out tests in these three areas, 
which are hereinafter referred to as potentiostatic tests. 

The potentials of the potentiostatic tests are listed in Table 1. They are referred to below as levels 
1, 2 and 3.  

Table 1. Potentiostatic potentials on level 1, 2 and 3. 

Material Level 1 Level 2 
[mV] vs. NHE Level 3 

E4 940 1490 1940 
S4 490 1490 1840 
UC 690 1300 1940 

UC_WS 690 1300 1940 

For the potentiostatic tests, specimens with the carbon fabrics E4, S4, UC and UC_WS were 
chosen as working electrode. Counter and reference electrode were produced as already described. 
The specimen setup for E4 and S4 can be seen in Figure 2. In these tests, the anodes of E4 and S4 
consisted of two superimposed parts, each with one connection. The larger element had dimensions 
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of 12 × 12 cm and the smaller element 10 × 10 cm. The test specimens with unimpregnated carbon 
fibres corresponded exactly to the test specimens in the presented potentiodynamic tests. Saturated 
calcium hydroxide solution was used as electrolyte and the test specimens were stored in the solution 
again 24 hours before the start of the test. Before and after the test, the pH value and the resting 
potential (OCP) were measured. 

  
(a) (b) 

Figure 2. Specimen with S4 anode, spacers and titanium electrode (a) and an E4 anode (b). 

It should be figured out whether and how the carbon surfaces change on the different levels. In 
addition, the time factor for destruction can be evaluated, since the holding times are higher than 
those of the pure potentiodynamic tests. The potentiostatic polarization was maintained for over 72 
hours. The polarization was started at the potential of the reference electrode, since a shift of the OCP 
by the polarization was to be expected. 

4. Results and Discussion 

4.1. Potentiodynamic Tests 

The results of the potentiodynamic tests on carbon textiles are shown in Figure 3 as a current-
potential curve in logarithmic scaling. The potential labels P1 to P3 indicate the potentials for the 
potentiostatic tests, see Section 3.3. 

 
Figure 3. Current-potential curve for all materials. 
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Note, that current and not current density is plotted in Figure 3. This is due to the fact that the 
exact calculation of the anode surface of rovings without impregnation is complicated: the exact 
number of fibres in contact with the solution is undefined. 

From Figure 3 it is seen that the polarizability of carbon impregnated with SBR-based material 
until 1000 mV versus NHE is better and thus delivers the highest current, while E4 achieves the 
lowest current. From 1100 mV versus NHE UC delivers more current than carbon impregnated with 
SBR-based material. The curve of the test with UC_WS is similar to UC with the difference that 
UC_WS can deliver more current up to 900 mV versus NHE and after that potential less current than 
UC. 

The OCP of the non-impregnated carbon fibres amounts to about 100 mV versus NHE and is 
between the OCPs of E4 (60 mV versus NHE) and S4 (180 mV versus NHE). Panel area 1 is between 
200 and 900 mV versus NHE for the non-impregnated carbon fibres. The transition section is small, 
the panel area 2 is between 950 and about 1100 mV versus NHE. For S4, panel area 1 is between about 
300 and 1150 mV and panel area 2 between 1225 and 1300 mV. The transition section of E4 is not 
clearly defined, it could be between 950 and 1150 mV. The transition sections of all experiments are 
characterized by a brief reduction in the slope of current density followed by a renewed and steeper 
increase in current density. 

The images of carbon samples UC before and after polarization are exemplarily displayed in 
Figure 4. Strong deposits can be seen on the polarized sample, which will be discussed later in this 
paper. 

  
(a) (b) 

Figure 4. Unimpregnated carbon fibres before the test (a) and after (b). 

A discoloration of the calcium hydroxide solution could not be observed for the 
potentiodynamic experiments on all experiments.  

The SEM investigations of S4 and E4 before and after polarization in Asgharzadeh et al. [12] 
showed a destruction of the impregnation material. There was not investigated, whether the sizing 
under the impregnation was affected or not. To this end, the UC sample is examined in the present 
study. Figure 5(a) shows the unpolarized carbon fibre. On the right the polarized carbon fibre is 
shown (Figure 5(b)). The carbon fibres are round and have slight longitudinal grooves. This shows 
cracks in the sizing both in the longitudinal and in the radial direction at regular distances. The carbon 
fibre underneath seems to be intact. Such a clear destruction of the sizing was observed at several 
carbon fibres. It is concluded that the sizing deteriorates and the carbon fibre remains intact. 
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(a) (b) 

Figure 5. SEM images of unpolarized carbon fibres (a) and a polarized carbon fibre (b). 

An energy dispersive X-ray spectroscopy (EDX) of the polarized sample probing the deposition 
shows the presence of calcium, carbon and oxygen (Figure 6). 

 
Figure 6. EDX analysis of the deposited film. 

4.2. Potentiostatic Tests 

4.2.1. Epoxy Impregnated Carbon (E4) 

No optical changes could be detected on the carbon textile E4 after the potentiostatic polarization 
at level 1. The epoxy resin impregnation remained even, smooth and shiny. The specimen of level 2 
shows isolated areas on which the surface is mat and rough and the structure of the carbon textile is 
recognizable as well as white deposits indicating the chemical bonds between carbon, calcium and 
oxygen. These deposits become more significant with increasing polarization, which can be seen at 
Figure 7 right at level 3 of potentiostatic polarization. 
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Figure 7. From left to right: Anodes E4 of levels 1 to 3 after polarization. 

Figure 8 shows the SEM images of the carbon fibre E4 without polarization and after the 
polarization. No pores can be seen on the entire reference specimen (Figure 8(a)) in contrast to 
previous findings [12]. There were only a few of them, as well as defects. Apart from impurities and 
a mechanical crack, the surface is smooth due to the sample preparation. In some places the carbon 
fibres shine through the impregnation. The epoxy resin layer does not appear to be uniformly thick. 
Epoxy resin was used in various test series to interrupt conductivity [10,13–16]. Van Nguyen et al. 
[17] have found that the embedding of carbon anodes with epoxy resin was not successful due to 
insufficient conductivity.  

Due to the pores, defects and the different thickness of the impregnation, it can be explained 
why the epoxy resin-impregnated carbon fibres are polarizable at all. The potentiostatic test at level 
1 did not cause any change in the surface (Figure 8(b)). The image of the specimen polarized at level 
2 (Figure 8(c)) shows grooves next to two mechanical cracks and is covered approximately in half 
with a crystalline deposited film. Calcium, oxygen and carbon could be detected in the coating by 
EDX analysis. The grooves run along the carbon fibres over which the epoxy resin impregnation is 
probably thinnest and are due to the destruction of the impregnation. Pores have occasionally formed 
in the epoxy resin unlike the accumulation of pores in Asgharzadeh et al. [12]. As with the 
unimpregnated carbon fibres, for the carbon fibres with epoxy resin impregnation destruction in 
panel area 2 is used, whereas no destruction was observed in panel area 1. Thus, the start of the 
destruction of the epoxy resin matrix could again be in the transition range between about 1050 and 
1150 mV. 

The specimen of the polarization at level 3 (Figure 8(d)) is almost completely covered with the 
crystalline deposited film. There are undamaged areas that are not covered with deposited film. This 
and individual damages between the film indicate that most damages are obstructed by the film. 
Hence, it can be assumed that the damage is more pronounced than at level 2. 
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(a) (b) 

 
(c) (d) 

Figure 8. SEM images of E4: unpolarized reference (a), after polarization at level 1 (b), level 2 (c) and 
level 3 (d). 

4.2.2. Carbon Coated with SBR-based Material (S4) 

The SBR-impregnated carbon S4 has a smooth and glossy surface before polarization. Overall, 
the surface remains glossy but is no longer smooth but rough. The specimens of levels 2 and 3 are 
mostly mat and rough, there are only a few glossy surfaces left. In addition, an increased resolution 
of the impregnation in the area of the intersection points can be observed (Figure 9). 
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Figure 9. From left to right: S4 anodes of stages 1 to 3 after polarization. 

Figure 10 shows the SEM images of the SBR-impregnated carbon fibre S4, the surface of the 
reference (Figure 10(a)) is mostly smooth apart from impurities. Sometimes the carbon fibres shine 
through; there are randomly arranged pores of different sizes. In the reference specimen, there are 
also imperfections of different sizes from 20 µm, at which the carbon fibres are exposed. Rubber is 
known to be non-conductive. The pores and imperfections in the impregnations as well as the poor 
adhesion between SBR impregnation and carbon fibre explain why the SBR-impregnated carbon 
fabric also shows polarizability. After the polarization at level 1, destructions are already visible at 
isolated points where carbon fibres are exposed (Figure 10(b)). Around these areas is a white coating 
that looks different. According to EDX analysis, this consists mainly of carbon and oxygen and low 
intensities of calcium and silicon can also be detected. Overall, significantly more carbon fibres are 
visible due to the impregnation, which suggests that the impregnation dissolves over a large area. A 
destruction of the SBR impregnation therefore already occurs in panel area 1. 

(a) (b) 

  
(c) (d) 

Figure 10. SEM images of S4: unpolarized reference (a), after polarization at level 1 (b), level 2 (c) and 
level 3 (d). 

With increasing polarization both, the amount of deposited material and the removed surface of 
the impregnation increase. The impregnations already show imperfections and pores before 
polarization, so that a liquid electrolyte can enter the roving. Due to the poor adhesion between SBR 
and carbon fibre, this is particularly pronounced for the SBR-impregnated material and explains its 
good polarizability compared to carbon with epoxy resin impregnation. By destruction the 
impregnations, underlying carbon fibres come into contact with the electrolyte and increase the 
effective surface area with increasing dissolution. In Figure 10(c) a filament can be seen, which has 
become free and transverse cracks are recognizable, which can be either in impregnation or in carbon 
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fibre. Figure 10(d) also shows a filament, which is free of impregnation. On the basis of this picture 
one can say exactly that with anodic polarization this filament is attacked here and cracks developed, 
which do not come from the production. 

Dissolution of the carbon fibres could not be achieved by the potentiostatic tests. Before the 
carbon fibres are dissolved, the impregnations and the sizing are first destroyed. This can be 
explained by the fact that the carbon fibre consists of mainly covalent carbon compounds in contrast 
to the impregnations and the size and the covalent bond has a higher bonding energy. Since no optical 
changes have occurred with E4 and S4 despite significant decomposition of the impregnation 
materials, destruction of the impregnation materials to carbon dioxide and calcium carbonates can 
be assumed. Visible decomposition particles have only formed as a result of the decomposition of the 
sizing of the unimpregnated carbon fibres. However, the exact composition of these particles could 
not be determined, since the freeze-dried residual solution consisted mainly of calcium carbonate. 
Calcium carbonate is formed by the reaction of calcium hydroxide with carbon dioxide: Ca(OH)ଶ + COଶ  ⟶  CaCOଷ + HଶO (3)

However, the carbon dioxide can be a product of carbon from the dissolution reactions as well 
as from the air. 

4.2.3. Unimpregnated Carbon with Sizing (UC) 

On most specimens, optical changes could already be detected after polarization. Photos of all 
specimens from the potentiostatic tests with unimpregnated carbon fibres are shown in Figure 11. 
The unimpregnated carbon fibres were glossy and soft, comparable to a brush before the test was 
carried out. After polarization at level 1, the carbon fibre is still soft but less shiny. This could be 
explained by the deposits of calcium carbonate. The solution of the tests at levels 1 and 2 showed no 
difference. The solution of the experiment at level 3, on the other hand, was discoloured brown and 
small black particles floated in the solution. The particles deposited on the ground after a few days. 
These sediments were freeze-dried with a small remainder of the solution and identified as calcium 
carbonate by Fourier transform infrared spectroscopy. Since the substance, unlike pure calcium 
carbonate, was not white but grey, further components must be present. However, these could not 
be detected by infrared spectroscopy. 

 
Figure 11. From left to right: specimen P1 of levels 1 to 3 after polarization. 

Figure 12 shows the SEM images of UC specimens. The unimpregnated carbon fibres show no 
damage after polarization at level 1 (Figure 12(b)). Slight longitudinal grooves can already be 
observed at the reference (Figure 12(a)) and no consequence of polarization. Differences in contrast, 
especially in bright white areas, are caused by charges from the electron ray with insufficient surface 
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conductivity. After polarization at level 2, the sizing of many fibres is decomposed (Figure 12(c)). 
This can be seen in most fibres through the formation of deep but narrow longitudinal furrows. 
Cracks in the radial direction also occur in some fibres, as they have already been detected in the 
potentiostatic tests. This means that an anodic polarization on level 2 decomposes the size of 
unimpregnated carbon fibres. On level 1 no destruction of the coating was observed. The change in 
the slope in the current potential diagram in the phase of the transition range at approximately 900 
mV versus NHE is therefore probably due to the reaction that sets in. The sizing of most carbon fibres 
polarized at level 3 shows very clear destruction phenomena in the form of radial cracks (Figure 
12(d)). The decomposition of the sizing of the unimpregnated carbon fibres also took place inside the 
roving. It can therefore be assumed that all carbon fibres conduct electricity and are in direct contact 
with the electrolyte. The effective surface area of the unimpregnated carbon fibres should raise after 
destruction of the sizing. 

(a) (b) 

  
(c) (d) 

Figure 12: SEM images of UC: unpolarized reference (a), after polarization at level 1 (b), level 2 (c) 
and level 3 (d). 

In Figure 12(d) it is questionable, whether this destruction is in carbon or in sizing. Because the 
damaged layer looks thick and the residual cross section of carbon small, this question had to be 
examined more closely. Three further methods were used to investigate it in more detail. 

1) Examination of the average diameter of fibres in a roving 
The examination of the diameter of unimpregnated carbon showed that the fibres have a 

diameter between 5 and 10 µm. Figure 12(d) shows that the diameter of carbon, under the deposited 
film around the fibre, is 6 µm and therefore in the range of diameters of unpolarized samples. Hence, 
no destruction of the carbon fibre is observed. This has been confirmed with several samples. 

2) EDX examination of the deposited film 



Appl. Sci. 2018, 8, 110  13 of 17 

EDX analysis was performed on an unimpregnated carbon (UC), in a region, where the 
deposited film was partly flaked off. So both sides of the film could be analysed. 

 
Figure 13. SEM image of unimpregnated carbon. 1 and 2 EDX analysis in the marked area. 

Figure 13 and Figure 14 show that the inner part of the destroyed layer consists mainly of carbon, 
which could be part of the sizing. The outer layer indicates the presence of calcium, carbon and 
oxygen. These are the deposits formed due to chemical reaction between calcium of the solution and 
carbon from the sizing. These deposits can be found more strongly on the surface of the carbon as the 
polarization potential increases. 

 

 
(a) 
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(b) 

Figure 14: EDX analysis in the marked area 1 (a) and EDX analysis in the marked area 2 (b). 

3) Investigation of an unimpregnated carbon without sizing (UC_WS) 
Thermal gravimetric analysis (TGA) 
First, TGA measurements were performed to be sure that the two unimpregnated samples with 

and without sizing were different and to identify whether the sample UC really has a sizing. Since 
the differences cannot be seen from the SEM, TGA measurements were performed to see if the weight 
changes with increasing temperature. From the Figure 15 it can be seen that the sample UC_WS, 
which has no sizing, shows no change in mass at elevated temperature. The curve of UC shows that 
at 300 °C the weight decreases. This indicates that the sizing begins to dissolve. The comparison of 
the two curves shows that the sizing has about 1 wt% of the total weight of the carbon filament. After 
450 °C, it stabilizes to 600 °C and then the curve drops again. From there the carbon textiles could 
start to decompose. It can be assumed that the examined UC samples with sizing really have a sizing 
and that the destroyed layer in Figure 12(d) is the sizing including deposited film. 

The decrease in the weight of sample UC-WS up to 600 °C could be due to the combustion of 
impurities and dirt. 

 
Figure 15. TGA measurement of both unimpregnated Carbons. 
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4.2.4. Unimpregnated Carbon without Sizing (UC_WS) 

For comparison purposes, potentiostatic measurements were also carried out on unimpregnated 
carbon without sizing at the same potentiostatic potentials. 

  
(a) (b) 

  
(c) (d) 

Figure 16. SEM images of UC_WS: unpolarized reference (a), after polarization at level 1 (b), level 2 
(c) and level 3 (d). 

The SEM pictures in the Figure 16 confirm the statement that the pictures in Figure 12 show the 
destruction of the sizing. The unimpregnated carbon fibres without sizing show no damage after 
polarization at level 1 to 3. Slight longitudinal grooves can already be observed on all samples and 
are not a consequence of polarization. Differences in contrast, especially bright white areas, are 
caused by charges from the electron beam with insufficient surface conductivity. After polarization 
at level 2 (Figure 16(c)), the deposition can be seen on the surface, which is slightly increased at level 
3 (Figure 16(d)). But, the deposition is not as strong as with the samples with sizing. It can therefore 
be concluded that the deposit adheres better to sizing material than carbon. No cracks or damage can 
be seen on any fibres. This means that anodic polarization does not destroy carbon.  

There are no other test results available in the literature, therefore the test results cannot be 
compared. 

5. Conclusions and Outlooks 

Until now, it was unclear up to which potentials the impregnation materials and the sizing 
remain undamaged by anodic polarization. The results contribute to the clarification of these 
questions for the investigated materials. 

The results show that the operation of CP with carbon textiles as anode material leads to 
deterioration of the polymer impregnations and sizing. Since impregnation and sizing are available 
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to increase the strength capacity of carbon textiles, the deterioration of these materials is very 
interesting. With epoxy impregnated carbon it is possible to use carbon textiles as CP anode without 
destroying the epoxy and sizing up to the mentioned potentials. 

With the increasing polarization, the strength of the deposited film on the sizing increases.  
The conclusion of this work can be summarized as follows: 

1. The investigations in solution have shown that CP with investigated carbon anodes up to 2200 
mV versus NHE is possible   

2. The Carbon filaments within the Carbon textiles as CP anode have not been destroyed up to the 
investigated potentials up to 2200 mV versus NHE. 

3. With SBR impregnated samples, the impregnation is destroyed right from the start during 
polarization. 

4. The sizing is destroyed at a potential of about 900 mV versus NHE. 
5. Epoxy impregnation started to destroy between 1050 and 1150 mV versus NHE. 

Further tests must be carried out to investigate the bond between polymer impregnated carbon 
textiles and mortar. It must be observed whether the destruction of the impregnation or sizing has a 
negative influence on the bond or durability. 
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ABSTRACT:  Cathodic Protection (CP) is a widely used method to protect steel reinforcements 
against corrosion. In the course of the last half century, it has been established as a proven system for 
repairing corrosion-affected reinforced concrete structures, which have mainly been damaged by chloride-
induced corrosion. The impressed current anode system for the protection of steel in concrete is latest state 
of technology. The CP anodes can be embedded in mortar, as coating or distinct anode on the repair struc-
ture surface and exposed to external current. In this way, the potential of carbon steel is shifted in cathodic 
direction and the anodic dissolution of carbon steel is suppressed. The current densities on the surface of the 
reinforcement play a key role in the shifting of the potential in cathodic direction. Nowadays, Mixed Metal 
Oxide coated Titanium (MMO) is used as an anode material for CP due to its high durability under anodic 
polarization. Also other materials such as carbon fibers are being studied. Carbon textiles in combination 
with mortar, which provide high mechanical properties and are also conductive, have not been studied sys-
tematically so far. In this paper investigations are described, which have been carried out in order to evaluate 
the capabilities of different carbon-textile anodes and different mortar mixtures for the cathodic protection 
of steel in concrete. In order to evaluate the polarization behavior of carbon-textile in mortar, galvanostatic 
experiments were performed. Based on these experiments, current density-potential-curves were derived.

If the component, however, is continuously satu-
rated with water or for preventive CP, a current den-
sity of 0.2 mA/m2 to 2 mA/m2 can be considered.

1.1  Textile reinforced concrete

Textile reinforced concrete is a composite system 
of cement based concrete with glass or carbon 

1  InTroduction

In order to protect constructions in aggressive envi-
ronment and restrict the cross-sectional reduction 
of the reinforcement, repair actions are required. 
Raupach (2001) To achieve this objective, it is nec-
essary to inhibit one of the two partial reactions 
(anodic/cathodic) of the corrosion process. Cathodic 
Protection (CP) is allocated to the process, which 
suppresses the anodic partial reaction. An advantage 
of CP is that chloride contaminated concrete does 
not have to be removed and almost non-destructive 
repair is still possible. Raupach (1992).

Figure  1 illustrates the principle of CP as 
follows: By embedding an inert anode, the rein-
forcement is applied selectively via a DC source 
with an impressed current. Raupach (1992) This 
current causes an excess of electrons in the rein-
forcement which makes the reinforcement act as 
a cathode. Thereby, the corrosion processes are 
reduced to an acceptable level.

To prevent the anodic dissolution of iron, a CP 
system for uncoated steel in concrete buildings 
is typically operated at current densities between 
2  mA/m2 to 20  mA/m2. DIN EN ISO 12696 
(2012).

Figure 1.  Concept of cathodic protection with an inert 
external-current-anode according to Boehni (1990).
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fiber meshes as a reinforcing material. By using 
this material, it is possible to achieve low compo-
nent thicknesses. This is due to the durability of 
textile reinforced concrete, as no thick concrete 
cover in the range of 2–5 cm such as for reinforced 
concrete is necessary.

Conventional CP systems located on the mar-
ket function with MMO coated titanium as anode 
material. However, the use of technical textiles 
as anode material would have advantages to this 
material. Compared to traditional repair meas-
ures, the use of Textile Concrete is considered to 
be more environmentally friendly and the repair of 
a corrosion-damaged component could be more 
resource-efficient and cost-effective. Furthermore, 
textile reinforced concrete has several considerable 
advantages regarding serviceability and durability 
compared to traditional steel reinforced concrete.

2  Experiment setup  
and test procedure

The test setup presented in Figure 2 was selected 
to simulate a component surface. The undermost 
layer of concrete containing reinforcement (here: 
MMO coated titanium), while the subsequent 
layer of concrete simulates the concrete cover. To 
simulate the reinforcement the MMO coated tita-
nium was used, because this material can produce 
a homogeneous electric field due to its chemical 
inertness and reticular structure. Carbon Textile 
is applied onto the component surface by means 

of a specially developed mortar. Thus, a renova-
tion of a corrosion-damaged concrete component 
is simulated. For the measurements suitable refer-
ence electrodes were required. Electrolyte bridges 
were placed in the specimens to be able to con-
nect external reference electrodes to the specimen 
(Fig. 3). This electrolyte bridge was filled for a later 
connection with silver-silver chloride solution.

The following chart, (Table 1), provides an 
overview of the textile meshes, and the following 
images show the textiles in detail and their installa-
tion into the specimen.

After the Textile anodes were applied to the 
concrete base, the test specimens were cast with 
the special mortar. This mortar layer had a thick-
ness of 15  mm and formed finely to the surface 
of the test specimens (see Fig. 2). Three different 
mortars were tested. In combination with the four 
anode materials a total of 12 specimens were made. 
The following chart, (Table 2), gives an overview 
of the mortar properties.

When the specimens had matured, they were con-
nected to a potentiostat. The carbon textiles act as a 
working electrode, while the MMO coated titanium 
was connected as a counter electrode (see Fig. 8). 
Galvanostatic tests with stepwise increased applied 
electrical currents were carried out. Here, the 
potentials of the working electrode were measured 
against the reference electrode. The current densities 

Figure 2.  Detailed drawing of the specimen—dimension 
[mm] according to Henkel (2014).

Figure 3.  Installed liquid junction (left), concrete base 
plate (right) according to Henkel (2014).

Table 1.  Properties of the textiles.

Textile
Material/
structure Coating

Mesh width 
(0°/90°) (mm)

1 Carbon/single 
mesh

Styrene-butadiene-
rubber

14/8

2 Carbon/single 
mesh

Epoxy 20/20

3 Carbon/double 
mesh

Styrene-butadiene-
rubber

15/15

4 Carbon/single 
mesh

Styrene-butadiene-
rubber

14/13
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in detail, were 0  mA/m2 (open circuit potential); 
1 mA/m2; 3.2 mA/m2; 10 mA/m2 und 20 mA/m2.

Following each stage, instant-off  potential 
measurements were performed. This procedure 
ensured that IR drop compensated potentials 
were measured, and that the actual polarization of 
the anode material is not overrated. Following the 
last instant-off  measurements, the depolarization 
was determined. The duration of the intervals were 
chosen sufficiently large (12 h), so that the recorded 
potentials began to approach a limit where almost 
no changes were detected.

3  Results

Figure 9 shows an exemplary curve of the galva-
nostatic stages experiment of the specimen B1. 

Figure 4.  Textile 1 according to Henkel (2014).

Figure 5.  Textile 2 according to Henkel (2014).

Figure 6.  Textile 3 according to Henkel (2014).

Figure 7.  Textile 4 according to Henkel (2014).

Table 2.  Overview of the mortar properties.

Mixture
Mortar 
mixture Water

Water-reducing 
admixture

Special 
aggregate

Compressive strength 
[N/mm2]

Density 
[kg/dm³]

B X X No. 1 X 110.3 2.37
C X X – –   77.6 2.26
D X X No. 2 X 118.2 2.40

Figure 8.  Complete test specimen according to Henkel 
(2014).
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The four stages in the various current densities can 
be clearly seen, and that the potential values sta-
bilize after 12-hour depolarization’s measurement. 
The IR drop can also be seen in the graph. After 
36 hours, the galvanostatic test is completed with 
10 mA/m2 related to concrete surface.

To evaluate the galvanostatic stage testing with 
relation to the CP, current density versus poten-
tial curves were generated, as the following four 
Figures  10–13  show for the different embedding 
mortars and textiles. It can be seen, from the com-
parison of the curves, which combination of mor-
tar and carbon textile requires the lowest voltage to 
achieve a current-density of 10 mA/m2.

On the basis of the measurements for textile 1, 
mortar B is the most appropriate. In textile 3 and 
4, mortars B and D have almost identical results. In 
textile 4, the difference of polarization of textiles in 
mortars C, B, and D is still less than 100 mV, and 
in textile 3 several hundred millivolts. The signifi-
cantly deviating course of the measurement curves 
of textile 2 can be explained to the epoxy coating. 
This represents an increased resistance compared 
to Styrene-Butadiene (SBR) coating, so the con-
ductivity of the textile decreases.

The evaluation with respect to the three tested 
mortar mixtures has shown that mortars B and D, 
with each textile, have almost identical polariza-
tion properties. Accordingly, they have the lowest 

voltages needed to achieve the same protective cur-
rent density.

The lowest values in absolute terms are among 
the systems B1, B4 and D4.

In this work, these combinations were favored 
for further investigation. Benefits can result due to 
the different properties of the anode materials in 
practice. While textile 1 is on rolls, the textile 4 is 
supplied in mats.

4  Conclusions

The results of the experiments carried out within 
this study led to the following conclusions.

Figure 9.  Galvanostatic test by progressive current den-
sities—specimen B1 according to Henkel (2014).

Figure  10.  Current density-potential-curve textile 1 
Henkel (2014).

Figure  11.  Current density-potential-curve textile 2 
Henkel (2014).

Figure  12.  Current density-potential-curve textile 3 
Henkel (2014).

Figure  13.  Current density-potential-curve textile 4 
Henkel (2014).
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Carbon textiles are suitable as an anode material 
for the CP.

The SBR-impregnated materials revealed a sig-
nificantly better polarization behavior compared 
to the EP-impregnated textiles.

The double mesh textile structure of the textile 
type 3 has been found to not be as advantageous 
compared to the single mesh structures of the tex-
tile types 1 and 4.

All investigated mortars can be used as embed-
ding material for CP. The conductive hard aggre-
gate used in B and D takes considerable benefits 
for the conductivity and compressive strength of 
the mortar.

5  Outlook

This study has shown, that carbon textiles are gen-
erally suitable to be used as anodes for CP. Based 
on these results further investigations are required 
to shows the durability of carbon textiles.
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