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Abstract 

Copper-carbon nanotube (Cu-CNT) composite wires were produced by casting, rolling and 

drawing to produce composites with 0.05 wt% CNTs embedded at the grain boundaries of 

copper. The corrosion properties of wires were investigated in mild and highly corrosive media: 

solution I consisting of 0.05 wt% sodium chloride (NaCl) and 0.4 wt% ammonium sulfate 

(NH4)2SO4 and solution II consisting of 3.5 wt% NaCl. Composite samples showed similar 

behaviour and corrosion rates as oxygen free copper in solution I. In 3.5 wt% NaCl all 

composite samples showed slight improvement in corrosion resistance when compared with 

oxygen free copper. The corroded wire surfaces after five days in 3.5 wt% NaCl showed less 

dissolution for composite samples compared with pure copper. The observed decreased 

corrosion rate for composite wires with embedded CNTs is suggested to be due to reduced 

cathodic reaction. Galvanic current density between pure copper and carbon nanotubes was 

observed by mixed potential theory and zero resistance amperometry, neither of which showed 

tendency towards microgalvanic activity. The results indicate similar or slightly improved 

corrosion properties of copper containing small additions of CNTs in chloride containing media. 
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1. Introduction 

There is a growing demand to improve electrical conductor materials to achieve lighter, stronger 

and more conductive mate-rials for electrical transmission in power lines as well as in 

electronics and electrical wiring. Metal matrix composites (MMC) with embedded carbon 

nanotubes (CNTs) have been envisioned to replace current conductor materials as intrinsic CNT 

properties provide unique thermal [1] and electrical [2] conductivity, current carrying capacity 

[3] and mechanical properties [4] even at low concentrations. Copper-carbon nanotube 

composites have shown enhanced specific conductivity and resistance to copper electro-

migration [5] along with improvements in yield strength [6] and tensile strength [7]. There are a 

variety of manufacturing methods for Cu-CNT composites including casting [8], 

electrochemical deposition [5,9,10], and powder metallurgy [11] processing routes. While the 

beneficial electrical and mechanical properties of Cu-CNT composite conductors have been 

widely studied, the corrosion behaviour of these composites is a novel issue that has not been 

thoroughly investigated. The operation, lifetime and failure of conductors is strongly affected by 

their corrosion behaviour and dictates the possible future applications. Therefore, the corrosion 

behaviour of these composites is of great importance. 

Copper and its alloys have excellent corrosion resistance and as such are used extensively in 

corrosive environments such as seawater. In general, the factors affecting the corrosion of 

composite materials are well known. Microgalvanic corrosion is known to be an issue for such 

materials due to the galvanic coupling of the different materials in electrical contact in the 

composite. Carbon nanotubes and copper do not react with one another to form compounds as 

they are insoluble and are connected only with a mechanical bond. It is well known that copper 

will act as the anode and carbon material as the cathode as carbon is more noble in the galvanic 

series of metals. Corrosion of copper MMC reinforced with stainless steel has been studied in 

chloride media and it was found that copper will act as the anode and therefore corrode [12]. In 



the case of metal-CNT composites some results have been reported for electrochemically  

produced  Ni-CNT coatings,  which  suggest improved corrosion resistance compared to pure Ni 

[13-15].Enhanced corrosion properties have also been shown for copper structures with 

graphene [16] and carbon nanotube [17] coatings, with the increase in corrosion resistance 

related to the quality and continuity of the coating. The corrosion behaviour of copper-CNT 

micropillars by electrodeposition has been investigated in chloride media and it was found that 

the corrosion resistance was improved by an order of magnitude compared to pure copper [18]. 

In contrast, copper-graphite MMCs have shown conflicting corrosion behaviour in chloride 

media: both increased corrosion resistance (increasing with graphite content) [19] and decreased 

corrosion resistance (decreasing with graphite content) [20]. As such, the corrosion behaviour of 

novel Cu-CNT composite wires in chloride media likely depends on the employed processing 

technique and resulting microstructure and warrants more comprehensive studies.  

The aim of the present communication was to explore the corrosion properties of copper wires 

with embedded carbon nanotubes in two different chloride media. These composites were 

prepared by casting, rolling and drawing in dimensions typical for standard copper conductor 

wires as a novel alternative to commercial copper wire conductors. 

2. Experimental 

2.1. Preparation of the composite wires 

Four different Cu-CNT composite wires were produced by casting for corrosion studies, 

designated as samples A, B, C and D. All composite wires had similar content of 0.05 wt% 

embedded CNTs. An industrial grade oxygen free copper wire (Aurubis, Belgium) designated as 

CuOF was used as the reference material. In order to prepare the wire samples, oxygen free 

copper was melted by induction at 1300°C. To effectively embed carbon nanotubes inside a 

copper matrix by casting, the following procedure was applied: First, a thin layer of CNTs 

(ca.10 µm) was coated onto an oxygen free copper wire, with the method reported previously 



[21]. This CNT coated copper wire was then electrodeposited copper from typical copper sulfate 

electrolyte to produce a sandwich Cu-CNT-Cu wire that could be easily manipulated. This wire 

was introduced into liquid copper during casting by using a hollow casting pin. The sandwich 

structure prevents CNT agglomeration and CNTs disperse easily in liquid copper. Due to the 

casting pin the sandwich Cu-CNT-Cu wire can be introduced close to the copper solidification 

area thus ensuring homogeneous distribution of CNTs in copper. Due to this procedure, the 

CNTs are not thermodynamically separated from the copper and are trapped at the grain 

boundaries during solidification. CNTs consisted of multiwalled tubes with outer diameter 30-40 

nm and length of 10 µm (provided by University of Cambridge, UK). Wire rods 15 mm in 

diameter were cast at a speed of approximately 6 kg/h. After casting the rod samples were 

transformed to final shape: Sample A was rolled to 3.3 mm in diameter and then cold drawn to 1 

mm diameter wire, samples Band C were deformed by rolling to 11 mm in diameter and then 

cold drawn to 1 mm diameter wire and sample D was rolled to 11 mm diameter and then cold 

drawn to 0.4 mm wire. Samples A and B were from the same cast but with different diameter 

after rolling. CuOF reference sample was produced from industrial grade oxygen free copper 

that was rolled and drawn to 1 mm from original 12 mm diameter rod. 

For microstructural observation of wire cross-sections the wires were prepared as such: First, the 

wires were cast in epoxy. Then, the wire surface was mechanically polished by grinding 

gradually from 80 to 1200 with silicon carbide grinding paper. Then, the surface was finely 

polished using silicon carbide preparation with particle sizes 3mm and 1mm. Finally, an oxide 

polishing solution of 20 nm alumina oxide particles was applied during circa 1 min to obtain a 

mirror surface. The surface was then cleaned in deionized water and isopropanol alcohol. 

Finally, the surface was etched chemically for ca. 1 min by a solution of 50 ml of ethanol, 10 ml 

hydrochloric acid and 5 g ferric chloride. Before electrochemical testing, all samples were 

cleaned in ethanol under ultrasonication (Elma S15h, Germany) for 15 min and rinsed with DI- 

water. 



2.2. Corrosion testing 

Corrosion testing of the composite samples consisted of electrochemical measurements 

including polarization curve measurement, long-term free corrosion potential (FCP), linear 

polarization resistance (LPR) measurement and zero resistance amperometry (ZRA). In addition, 

weight loss testing was conducted for the samples. These tests were performed in two typical 

corrosive mediums if not otherwise stated, i.e. solution I (0.05 wt% sodium chloride (NaCl) and 

0.4 wt% ammonium sulfate ((NH4)2SO4)), which is a relatively mild corrosive medium typically 

used in prohesion testing (ASTM G85 A5) and solution II (3.5 wt% sodium chloride solution), 

which is commonly used to observe accelerated corrosion mechanisms [22]. Solution I simulates 

typical corrosive composition of rain water of a coastal industrial location while solution II is 

similar to marine environments. All electrochemical experiments were conducted with a 

potentiostat (Gill AC, ACM Instruments, UK) controlled by a personal computer using ACM 

Sequencer software. The cell was a decanter glass with 300 ml volume.  

The polarization measurements were carried out in a three-electrode cell at room temperature 

without stirring. The reference electrode was a standard calomel electrode (Schott AG, 

Germany), and platinum (approximate area 10 cm2) was used as the auxiliary electrode. The 

used wire samples were 3 cm long and acted as the working electrode. The potential was let to 

stabilize in the test solution for 10 min before beginning the experiment. During measurements, 

the current density was measured as a function of the potential between -200 and 500 mV vs. 

corrosion potential for 35 min, sweep rate being 20 mV/min. The distance between the working 

and auxiliary electrode was 2.5 cm. Tafel extrapolation method was used to estimate corrosion 

rate and slopes from polarization curves. We extrapolated the linear anodic and cathodic slopes 

to the corrosion potential and chose the average of the intersection values as the corrosion 

current density. The linear range of anodic and cathodic branches was identified for all samples 

from between 100 and 200 mV from Ecorr and was averaged from three measurements. The free 

corrosion potential (FCP) variations of the samples were monitored in both solutions for 30 h. 



Linear polarization resistance (LPR) is a non-destructive method, which does not influence the 

samples. This method was used to estimate the corrosion current density, icorr, for extended 

periods of time (>35 h). These measurements were conducted with a three-electrode cell similar 

to the polarization tests. For working electrodes, 4 cm long pieces of wire samples were cut. The 

tests were initiated as soon as the electrode under investigation was placed in the solution. The 

vessel was covered with a laboratory film to prevent evaporation but with a few small holes to 

supply oxygen. The LPR test was set to measure linear polarization resistance every 30 min, the 

polarization sweep being between 10 mV below and above the rest potential. Used sweep rate 

was 10 mV/min. The distance between the working and auxiliary electrode was 2.5 cm. The 

tests were conducted until the observed LPR values were stable. The LPR values were used to 

calculate the corrosion current density of each sample from the anodic and cathodic slopes 

obtained from Tafel analysis. 

Zero resistance amperometry measurements were also carried out to probe the galvanic 

interaction in Cu-CNT composites. In these experiments, a commercial grade copper sheet of 

99.99% purity (working electrode) was connected to an auxiliary electrode of either a planar 

carbon nanotube film formed of multiwall carbon nanotubes [23]. The CNT film and copper 

sheet were fixed at a distance of 5 cm with both electrodes having the same surface area 

(approximately 5 cm2) and the potential difference between the electrodes set to zero. The 

resulting current passing through the electrodes was then recorded. Experiments were repeated 

at least twice in both electrolytes. 

Weight loss experiments were carried out during 6 weeks by using a planned interval corrosion 

test using standard ASTM G31-72 [22] in solution I. Samples consisted of 3 cm long wires 

with1 mm diameter. Samples were weighed with a scale (AT261 Delta Range, Mettler Toledo, 

USA) with an accuracy of 10 mg before and after immersion. Tests were carried out in two 

sealed glass cells in solution I to investigate weight loss after different periods of time. The 

solution exposed to sample surfaces was adjusted to 30 ml/cm2, in accordance with the standard 



and the samples were fixed so that all wires were equally and fully exposed in the solution. 

Corrosion product layers were removed by quickly dipping in 5 wt%HNO3solution and 

ultrasonicated in ethanol for 30 min to produce a surface free of passivation layers. These 

samples were then imaged by LEO 1450 VP scanning electron microscope (SEM). 

Wire samples were cast in epoxy and polished with 1mm diamond paste to expose smooth cross-

sections. These samples were then immersed in 3.5 wt% NaCl (solution II) for 5 days to initiate 

the corrosion process. The corrosion product layer was then removed by ultrasonication in 

ethanol for 30 min before imaging. SEM im-aging was carried out with Nanolab 600 Dual 

Focused Beam System (FEI HELIOS). ImageJ software was used to analyze the corroded wire 

samples from SEM images. The analysis was conducted from multiple locations along each wire 

cross-section, representing the typical surface 

3. Results and discussion 

3.1. Microstructure of the experimental materials 

Typical Cu-CNT composite sample microstructure is shown in Fig. 1. In all composite samples, 

most of the CNTs were found clustered at and nearby the grain boundaries while some CNTs 

could also be seen also inside the grains. Fig. 1a shows the typical composite microstructure 

after etching. The image shows nearly the whole cross-section of sample D. No porosity could 

be observed on the samples. The grain boundaries are clearly covered in CNTs. This is attributed 

to the insolubility of CNTs with Cu, which forces CNTs to segregate at the grain boundaries of 

copper as it solidifies. Fig. 1b shows a close-up of a CNT cluster at the grain boundary. In Fig. 

1c individual CNTs can be seen sticking out of the grain boundary. No observable porosity 

could be seen from the samples. 

 

 

 



 

Fig. 1 Typical Cu-CNT composite microstructure by SEM (a) after chemical etching(sample C), 

(b) showing CNT cluster at grain boundary (sample D) and (c) showing individual CNTs 

sticking out from Cu matrix (sample D). 

3.2. Polarization behaviour and corrosion rate 

Figs. 2 and 3 show the polarization curves of Cu-CNT wires (A-D) and CuOF wire investigated 

in solution I and solution II. Clearly, the CNTs have no significant effect on the anodic 

polarization of the wires in mildly corrosive solution I with all samples showing similar anodic 

features and corrosion potential, Fig. 2. Samples A-C also showed slightly lower cathodic Tafel 

slope. 



 

Fig. 2 Polarization curves of CuOF and Cu-CNT samples A-D in solution I consisting of 0.05 

wt% sodium chloride (NaCl) and 0.4 wt% ammonium sulfate ((NH4)2SO4). 

In solution II (3.5 wt% NaCl) all samples exhibited similar corrosion potential, but the cathodic 

polarization behaviour was not identical. All composite samples and oxygen free copper showed 

a clear peak at -30...-10 mV vs. SCE in 3.5 wt% NaCl, which is attributed to the formation of 

copper chloride film [24,25]. The three typically proposed mechanisms in literature for the 

formation of the CuCl film are [25] 

𝐶𝑢 + 2𝐶𝑙− ↔ 𝐶𝑢𝐶𝑙2
− + 𝑒− (1) 

or 

𝐶𝑢 ↔ 𝐶𝑢+ + 𝑒− (2) 

𝐶𝑢+ + 2𝐶𝑙− ↔ 𝐶𝑢𝐶𝑙2
− (3) 

or 

𝐶𝑢 + 𝐶𝑙− ↔ 𝐶𝑢𝐶𝑙 + 𝑒− (4) 

𝐶𝑢𝐶𝑙2
− ↔ 𝐶𝑢𝐶𝑙 + 𝐶𝑙− (5) 

 

 



 

Fig. 3 Polarization curves of CuOF and Cu-CNT samples A-D in solution II (3.5 wt%NaCl), 

inset of cathodic slope. 

In reaction (1) and (4) & (5) the copper directly dissolves to form cuprous chloride species, 

whereas in (2) & (3) copper is first dissolved as a cuprous ion before forming copper chloride. 

The cathodic reaction is 

2𝐻2𝑂 + 𝑂2 + 4𝑒− ↔ 4𝑂𝐻− 

As the anodic slopes were identical between all samples in same solutions, results have been 

omitted from Table 1. The anodic slope (59 mV/decade) in 3.5 wt% NaCl was identical to those 

previously reported in literature for pure copper without passive film [25]. However, the 

cathodic reaction (6) was clearly decreased in composite samples in 3.5 wt% NaCl (see inset of 

Fig. 3, where cathodic current of composite samples is decreased). Cathodic Tafel slope values 

shown in Table 1 are smaller for all composite samples, also contributing to smaller corrosion 

current. The CNT additions thus decrease the cathodic reaction rate, while having no effect on 

the anodic behaviour of copper. Previously, similar results were obtained by Kirkland et al. [26] 

and Raman et al. [27], who showed reduced cathodic reaction rates and cathodic Tafel slopes on 

copper inhomogenously coated with graphene in chloride media. Corrosion current density of 

samples was long-term tested in3.5 wt% NaCl (solution II), Fig. 4, as pure copper and composite 



wire samples did not show any difference in mild corrosive medium (solution I). All samples 

show similar behaviour and icorr begins to stabilize after approximately 25-30 h. After this period 

all composite samples show slightly decreased icorr compared with oxygen free copper. These 

results are attributed to the CNT additions and conform with the observed rise in free corrosion 

potential of composite samples, Fig. 7. In the beginning of the test the CNT additions had no 

effect on the corrosion properties of composite samples as they were not markedly present at the 

wire surface. After corrosion has proceeded through the wire surface do the CNTs start to affect 

the corrosion process due to their inert nature by hindering the corrosion paths in the copper 

matrix. However, due to the small amount of CNTs (0.05 wt%) embedded in the copper matrix 

this effect is not as significant as e.g. in the case of carbon based coatings. Graphene and CNT 

coatings on copper typically show a decrease of an order of magnitude in corrosion current in 

chloride media [16,17], [26,27], a vastly smaller addition of CNTs embedded in the copper 

matrix was still shown to decrease the corrosion rate by up to 50% (sample D). During planned 

interval weight loss measurements for 6 weeks in solution I all composite samples showed 

similar corrosion rate as reference CuOF. Detailed discussion about these results is provided 

later in section 3.5. Previous results on corrosion of pure copper in 3.5 wt% NaCl show similar 

corrosion rates ranging from 3.8 µA/cm2 [28] to 11.3 µA/cm2 [29]. As the CNTs appear to be 

mostly situated on the grain boundaries of the composite wires, the corrosion rate was related to 

the grain size of the wire samples. The stable icorr was obtained from Fig. 4and related to the 

observed grain sizes from cross-sectional images and the results are shown in Fig. 5. Here, it can 

be observed that the corrosion rate for composite samples in 3.5 wt% NaCl is related to their 

grain size. As the grain size decreases, the grain boundary area fraction containing CNTs is 

increased, leading to higher corrosion resistance. The reference CuOF sample does not follow 

the same trendline. Its corrosion rate (ca. 4.6 µA/cm2) is considerably higher than what could be 

estimated for a composite wire of similar grain size (ca. 3.0 µA/cm2). This effect is likely due to 



the retardation of the cathodic reaction due to CNT additions, also seen in polarization behaviour 

(Figs. 3 and 9), which decreases the overall corrosion rate of composite samples. 

Table 1. Compiled results from polarization tests, long term corrosion current measurement and 

weight loss experiments. 

Sample icorr (µA/cm2) in solution I icorr (µA/cm2) in solution II Cathodic Tafel slopes, βc 
(mV/decade) 

Tafel 
extrapolation 

Weight loss 
tests after 6 
weeks 

Tafel 
extrapolation 

After 35 h Solution I Solution II 

CuOF 1 3.0 11 4.6 147 477 

A 1 2.9 8 3.8 133 338 

B 1 2.9 7 3.9 130 392 

C 1 3.0 8 2.8 108 366 

D 1 - 11 2.3 149 308 

 

 

Fig. 4 Corrosion current density recorded every 30 min in solution II (3.5 wt% NaCl) for CuOF 

and Cu-CNT samples A-D. 



 

Fig. 5 The correlation between grain size and corrosion current density of CNT-Cu composite 

wires and reference copper wire. 

3.3. Stabilization of free corrosion potential 

The variation of free corrosion potential (FCP) with time was also measured for CuOF and 

samples A-C in both solutions, Fig. 6, Fig. 7. It was found that after 30 h of immersion all FCP 

values were stable within 215 ± 7 mV vs. SCE in 3.5 wt% NaCl and −35 mV ± 5 mV vs. SCE in 

solution I. No notable difference between composite samples and CuOF existed in solution I. 

However, in 3.5 wt% NaCl all measured Cu-CNT samples (A-D) showed slightly more noble 

FCP values after approximately 17 h. Samples A-D stabilized between −216 mV and −208 mV 

whereas CuOF stabilized at −221 mV vs. SCE at t = 30 h. The rise in FCP for pure copper is 

attributed to improvements in passivity by Cu2O layer formation [25,30]. Here, the observed 

increased rise in passivity is also attributed to the substantially higher nobility of CNTs with 

respect to copper (see Fig. 7). 

 

 

 

 



 

Fig. 6 Free corrosion potential variation with time for samples CuOF and Cu-CNT samples A-C 

in solution I. 

 

 

 

 

 

Fig. 7 Free corrosion potential variation with time for samples CuOF and Cu-CNT samples A-D 

in solution II. 

3.4. Weight loss test 

Weight loss tests were carried out for samples CuOF and composite samples A, B and C by a 

planned interval corrosion test in solution I. Table 2 shows the test procedure for weight loss 

tests according to ASTM G31-72. The test is divided so that each wire is tested for 4 different 

immersion times. This allows the metal corrosion rate to be compared at different intervals, such 

as during the first 2 weeks (X1), the last 2 weeks (Y) or during the whole 6 test week period 

(Xt+1). 



Table 2. Planned interval corrosion test for CuOF and composite samples A-C according to 

ASTM G31-72. 

Test specimen sets Xt+1 

Xt Y 

X1 

Immersion time from beginning 
of test (weeks) 

2 4 6 

 

Table 3 shows the corrosion rate based on measured weight loss. Composite samples A and C 

were shown to corrode at the same rate as the oxygen free reference sample. Only sample B 

corroded slightly faster than the other samples. The explanation for increased corrosion of 

sample B has been described later by microstructural analysis. The corrosion rate of all samples 

decreased with time. 

Table 3. Weight loss of Cu-CNT samples (A-C) and oxygen free copper wire (CuOF) based on 

planned interval corrosion tests (ASTM G31-72) in solution I. 

Sample Immersion time Weight loss 

(µg/cm2/day) 

icorr (µA/cm2) Thinning 

(µm/year) 

CuOF Xt+1 85.1 3.0 34.9 

Xt 94.8 3.4 38.9 

X1 108.7 3.8 44.6 

Y 121.4 4.3 49.8 
A Xt+1 83.1 2.9 34.1 

Xt 84.2 3.0 34.5 

X1 112.6 4.0 46.2 

Y 122.8 4.3 50.4 
B Xt+1 108.9 3.9 44.7 

Xt 109.1 3.9 44.7 

X1 123.7 4.4 50.7 

Y 131.6 4.7 54.0 
C Xt+1 84.9 3.0 34.8 

Xt 103.3 3.7 42.4 

X1 120.2 4.3 49.3 

Y 123.7 4.3 50.3 

 



Comparing the measured weight loss and Tafel extrapolated corrosion currents in solution I in 

Table 1, it can be seen that the actual corrosion rate during 6 weeks was about three times higher 

than what was predicted by Tafel method. This reflects the nature of the polarization 

measurements, which give the temporary rate of corrosion, but not an exact prediction of long-

term behaviour. The observed corrosion rates in solution I were on par with oxygen free copper 

indicating that the Cu-CNT wires behave similarly as pure copper in mildly corrosive solutions. 

3.5. Galvanic current 

3.5.1. Zero resistance amperometry 

Galvanic current density was measured by the zero resistance amperometry (ZRA) technique in 

both solutions with equal sized electrodes. Results of ZRA measurements are shown in Fig. 8, 

where the galvanic current between CNT film and commercial grade oxygen free copper are 

shown plotted against time up to 50 h. The galvanic current was shown to be in the range of 2–7 

μA/cm2. The galvanic current density in solution I is larger than observed by Tafel extrapolation 

in the same solution and similar to results from weight loss measurements. In solution II the 

observed galvanic current density is smaller than from Tafel extrapolation. The results indicate 

no substantial microgalvanic activity between the copper matrix and CNT constituent nor does it 

seem to protect from further corrosion. In ZRA tests the surface areas of copper and CNT were 

equal, whereas in a composite the area of CNT facing electrolyte will be magnitudes smaller 

than that of copper, due to the small wt% of CNTs, which will even further reduce the risk of 

galvanic corrosion. Because of the positive current (CNT material acts as cathode and pure 

copper as anode) the CNT material is thus more noble and the copper corrodes, albeit slowly. 

 

 

 

 



 

Fig. 8 Variation of galvanic current density between pure copper sheet and carbon nanotube film 

as a function of time in both solutions. 

3.5.2. Mixed potential theory analysis 

The galvanic current was also estimated by mixed potential theory, which predicts the galvanic 

current density of a composite material from the constituents polarization curves. The galvanic 

current density can be estimated from the intersection point of the cathodic polarization curve of 

the nobler constituent (CNTs) and anodic polarization curve of the less noble metal (copper). At 

this intersection, the total rate of oxidation reaction (on copper) is equal to total rate of reduction 

reaction (on CNT material). Galvanic corrosion would be expected to occur at the interface 

between CNTs and copper i.e. at the copper grain boundaries. 

Polarization curves were recorded for CNT film and oxygen free copper wire in solution II 

(3.5 wt% NaCl) and the results are presented in Fig. 9. The results can be interpreted for a 

composite material with equal surface areas of carbon material and copper. Of course, in our 

case the CNT area is magnitudes smaller than the surrounding copper matrix, decreasing the 

possible impact of any galvanic corrosion. The results from mixed potential analysis in Fig. 9 

show that the observed galvanic corrosion current density between CNTs and copper is 4 

μA/cm2, which is in good agreement with the values observed in ZRA measurements. The 

cathodic and anodic current for carbon nanotube material is magnitudes smaller. It can be 



concluded from galvanic current measurements that CNT additions do not reduce the corrosion 

performance of Cu-CNT composites in terms of galvanic corrosion. 

 

Fig. 9 Polarization curves of oxygen free copper (CuOF) and carbon nanotube (CNT) film in 

3.5 wt% NaCl for galvanic current density estimation. 

3.6. Microstructural analyses 

3.6.1. After immersion in solution I 

The surface morphologies of samples were observed before and after weight loss tests in 

solution I for the exception of sample D, which was not included in the weight loss tests and was 

only imaged as produced. All samples showed a similar green corrosion product at the wire 

surface at the end of weight loss testing. The as produced and corroded sample surfaces were 

cleaned by ultrasonication in ethanol to remove possible grease and corrosion product layers and 

then observed by SEM once the surface was clean. Fig. 10 (a)-(e) shows the sample 

microstructures before testing and (a’)-(d’) after weight loss tests. All samples showed some 

surface inhomogeneity before corrosion testing; grooves and pits were observed at the wire 

surface after drawing. However, the largest diameter pits were observed on the surface of 

sample B. 

 

 



 

Fig. 20 Samples before and after weight loss test for 6 weeks in solution I (a) CuOF - (a’) CuOF 

after weight loss test, (b) Sample A - (b’) Sample A after weight loss test, (c) Sample B - (c’) 

Sample B after weight loss test, (d) Sample C - (d’) Sample C after weight loss test, (e) Sample 

D (not included in weight loss test). 



After weight loss testing samples showed signs of general corrosion, as the sample structures 

were corroded evenly along the axis of the wires. Importantly, no microgalvanic corrosion could 

be observed as predicted by the ZRA measurements. It is believed that sample B corroded 

slightly faster than other samples because of the observed high microstructural inhomogeneity at 

the surface, Fig. 10 (c)-(c’), where pits and grooves on the sample surface are apparent. 

However, this inhomogeneity is not inherent as other samples did not show similar surfaces. 

3.6.2. After immersion in solution II 

Fig. 11 shows the microstructure of wires after 5 d immersion in 3.5 wt% NaCl. All samples 

showed evidence of pitting corrosion. Though the corrosion mechanism did not change, the 

difference between the corroded microstructure of CuOF and composite samples was evident. In 

CuOF most of the pits were deep, Fig. 11 a. Next to these deep pits were some shallow pits. The 

median area of corroded pits in CuOF was 3.4 μm2. For composite samples the corroded pits 

were uniformly distributed and typically shallow, with some deeper pits in between. In all 

composite samples the observed pits were smaller than in CuOF, implying decreased corrosion 

rates for composite samples. No signs of microgalvanic corrosion on the border of CNT and 

copper i.e. grain boundaries, could be observed. The corrosion pit median sizes for composite 

samples were (A) 1.0 μm2, (B) 3.0 μm2, (C) 2.0 μm2 and (D) 1.2 μm2. The decrease in size of 

corrosion pits is attributed to the CNT additions, which hinder the corrosion attack by retarding 

the cathodic reaction when CNTs are exposed to the solution. 



 

Fig. 31 Microstructure of corroded wire surfaces after 5 days in 3.5 wt% NaCl (a) CuOF and (b) 

Cu-CNT sample D. 

4. Conclusions 

The corrosion properties of carbon nanotube-copper composite wires with 0.05 wt% CNTs 

distributed on the grain boundaries of copper matrix produced by casting, rolling and drawing 

were measured. Oxygen free copper wire was used as the reference material. The corrosion 

behaviour of samples were investigated in mild and highly corrosive chloride media. Due to the 

small concentration of CNTs the observed results showed small, but noticeable changes in 

corrosion properties. The following conclusions can be derived from the results: 

(a) The corrosion properties of composite wire samples were on par with oxygen free copper 

in mild corrosive media (0.05 wt% sodium chloride (NaCl) and 0.4 wt% ammonium 

sulfate ((NH4)2SO4))). This result is derived from polarization tests, free corrosion 

potential and weight loss measurements. 

 



(b) Polarization curves of the composite wires showed decreased cathodic reactions in 

3.5 wt% NaCl when compared with oxygen free copper. The stabilized corrosion current 

density (t ≥ 30 h) of all composite samples from linear polarization resistance 

measurements was smaller than that of oxygen free copper in 3.5 wt% NaCl. The 

composite corrosion current density was decreased by up to 50%. 

(c) All tested composite samples exhibited higher free corrosion potential than oxygen free 

copper after 17 h of immersion in 3.5 wt% NaCl. This is in agreement with the lower 

corrosion current density based on mixed potential theory and due to slower anodic 

reaction. 

(d) Zero resistance amperometry and mixed potential analysis showed no tendency for 

galvanic corrosion between copper and CNTs and microstructural analysis did not reveal 

galvanic corrosion taking place on composite samples in either solution. 

(e) Addition of CNTs in a copper wire matrix results in a similar or slightly more corrosion 

resistant material depending on the nature of the employed corrosive media. This study 

highlights the feasibility of using such composite material in similar or more corrosive 

settings as typical copper conductor wires. 
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