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Abstract 

In this work, copper micropillars and copper-carbon nanotube (CNT) composite micropillars 

were fabricated by incorporating an electrodeposition technique with a xurography process. In 

order to disperse carbon nanotubes in copper-CNT micropillars, various amounts of CNTs were 

added to the electroplating bath. Surface morphology and phase characterization of copper 

micropillars and copper-CNT composite micropillars were analyzed by optical microscopy and 

X-ray diffraction. In addition, the corrosion resistance (Rp) of a bare copper substrate, copper 

micropillars, and optimum copper-CNT micropillars were studied by electrochemical impedance 

spectroscopy (EIS) technique in a 3.5 wt. % sodium chloride. Experimental results yielded a 

corrosion resistance of 200 Ω cm
2
 for the bare copper substrate, 400 Ω cm

2
 for copper 

micropillars, and 2550 Ω cm
2
 for copper-CNT micropillars, indicating a significantly higher 

corrosion resistance for copper-CNT micropillars due to a lower chemical reactivity and 

refinement of crystal structure of copper in micropillars. 

 

Keywords: Electrodeposition, Micropillars, carbon nanotubes, Corrosion, Electrochemical 

impedance spectroscopy (EIS), electronics cooling. 

 

1. Introduction 

The production of composite coatings by electroplating of semi conductive [1, 2] and conductive 

[3] particles has been used considerably in many industries. In recent years, various Ni and Cu-

based composite coatings that include micro-/nano-sized particles have been investigated by the 
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electrodeposition technique such as Ni-Al2O3 [4, 5], Ni graphite [6], Ni-WC [7, 8], Ni-SiC [9, 

10], Ni-SiO2 [11], Ni-BN [12] and Ni-CNT [13]. It has been suggested that co-deposition of 

particles on a metallic substrate is caused by the adsorption of metal ions on the surface [14]. 

Several studies have focused on controlling electroplating parameters such as particle 

concentration, bath composition, current density, temperature, time, and organic additives to 

increase physical and mechanical properties of composite coatings, and to improve their anti-

corrosion behavior and wear resistance [15, 16]. Many theories have been suggested, including 

co-deposition of inert particles into the metal matrix due to electrophoresis. The adsorption 

mechanism of metal ions and particles had been adopted by several authors [5, 12]. The co-

deposition mechanism can be described by the following five-step process[14, 17]: (1) formation 

of ionic clouds on the particles, (2) convection towards the cathode, (3) diffusion through a 

hydrodynamic boundary layer, (4) diffusion through a concentration boundary layer, and (5) 

adsorption at the cathode, where particles are entrapped within the metal deposit.  

Copper has a good thermal conductivity and has been the material of choice for applications that 

require a high thermal conductivity such as electronics cooling. However, mechanical and 

chemical properties of pure copper may not be suitable for some of these applications. A second 

phase can be added to copper to improve the mechanical properties of the composite material but 

it worsens its thermal and electrical properties. It has been reported that CNT particles can 

improve mechanical properties and anticorrosion behavior of copper without affecting other 

physical properties [18-21]. In addition, copper-CNT composite coatings are more resistant to 

corrosion than single phase electroplated coatings such as Ni-CNT [22]. Copper-CNT composite 

coatings can be produced using electroplating technique. This method is simple, affordable, and 

can be easily integrated with microelectromechanical systems [23]. Dispersion of CNT particles 

in composite coatings is a crucial requirement to obtain uniform properties [24]. One approach to 

disperse CNT particles in a solution is to use the activation method in which CNT particles are 

surrounded by a surfactant such as sodium dodecyl sulfate (SDS), giving them a negative charge 

[25, 26]. Copper-CNT micropillars hold a great promise for many engineering applications 

including capillary-driven two-phase cooling systems such as passive heat pipes and vapor 

chambers. Innovative cooling techniques are needed for effective cooling of future high power 
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electronic devices and systems [27]. Passive heat pipes and vapor chambers are suitable for 

applications where conventional air cooling solutions are not sufficient [28].  

In this paper, we report an innovative method by combining an electrochemical deposition 

method and a Xurography technique to fabricate copper and copper-CNT micropillars on 

conductive substrates for effective cooling of high power electronic components and systems. 

The effects of electroplating parameters on the deposition of CNT particles were investigated. In 

addition, the corrosion behavior of copper and copper-CNT micropillars were studied using EIS 

techniques and compared with a bare copper substrate. Furthermore, surface structures of the 

micropillars and phase characterization were characterized by optical microscopy (OM) and X- 

ray diffraction (XRD) analysis, respectively. This work is ongoing and our future research will 

be focused on the thermal characterization of the fabricated micropillars. 

 

2. Experimental 

Square specimens, 26 mm on each side and 0.6 mm thick were made from copper alloy 110. 

Specimens were abraded using 800 SiC water proof papers and cleaned with acetone. A process 

flow for fabrication of micropillars is shown in Fig. 2.  A Xurography technique was used to 

make the pattern for micropillar arrays. Xurography is a simple and inexpensive process that 

uses a cutting plotter to cut a template design on a polymer sheet [29]. The pattern is transferred 

and pressed to a substrate and unwanted parts of the sheet are removed. The micropillar pattern 

was designed in AutoCAD software and cut on a double-sided polyimide tape using a CraftRobo 

plotter (Graphtec USA, Santa Ana, CA). This method was found to be rapid, inexpensive, and 

simple for making micropillar array templates. The micropilllar pattern was 500 µm in diameter 

and 365 µm apart. The overall dimensions of micropilllar array were 14 mm by 14 mm and 200 

µm tall. The thickness of the double sided polyimide tape was 100 µm.  To obtain 200 µm tall 

micropillars, two layers of the double sided polyimide tape were attached together. After cutting 

the micropilllar pattern, the polyimide tape was transferred and attached to the polished side of 

the copper specimens and the excess materials were removed under a microscope using tweezers 

to define the micropillar pattern (Figs. 2a & 2b). The backside of the specimen was coated with a 

polymer Nitrocellulose to prevent electrical conduction during electroplating.  
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a. Make a template for the micropillar pattern and cut 

into a double-sided polyimide tape  (top view)  

 

 
c. Grow mushroom-shaped micropilllars using 

electroplating  

 

 
b.  Attach the micropilllar template to a copper substrate 

 
d. Remove the polyimide tape 

 

                             Fig. 2 A process flow for micropillar array fabrication 

Copper and copper-CNT composite were then electroplated on the polished copper specimen 

(Fig. 2c). Electroplating was performed in an electrochemical cell under continuous magnetic 

stirring in order to keep the particles in suspension. The composition of the electroplating bath 

was 65 g/lit CuSO4.5H2O, 70 g/lit H2SO4 and 75 ppm Cl-. All chemicals were of analytical 

grade and the deionized water was of ultra-high purity. A copper plate (anode) of size of 

5cm×5cm was positioned vertically parallel to the specimen (cathode). The gap between the 

anode and cathode was 3 cm.  The current density, bath temperature, and duration time were 7 

A/dm
2
, 40 ºC, and 2 hours, respectively. During the electroplating process, the solution was 

stirred by a magnetic stirrer with a length of 2 cm at 600 rpm. Multi-walled carbon nanotubes 

(MWCNTs) with a diameter of less than 10 nm and a length of 1-2 µm were purchased from 

Sigma-Aldrich Corporation (St. Louis, MO). To prevent agglomeration of CNTs due to strong 

van der Waals forces between CNT particles, different amounts of CNT particles (1, 2, 3 and 4 

gr/lit) were first added to a mixture of 20 ml of water and 2g/lit Sodium dodecyl sulfate (SDS). 

SDS has been shown to be an effective anodic inhibitor for copper, especially at lower anodic 

overvoltage in an acidic solution [30]. The solution was then subjected to ultrasonic vibration for 

2 hours at 21 kHz. After sonication, the CNT solution was added to the copper electroplating 
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bath to prepare copper micropillars with different CNT volume fractions. The volume fraction of 

CNTs in the micropillars was determined using Clemex image analyzer software. After 

electroplating, the sample was cleaned in 200 g/lit NaOH solution to remove the polyimide 

adhesives (Fig. 2d), followed by deionized water for 1 min. The diameter and height of the 

fabricated micropillars were approximately 500 µm and 200 µm, respectively. These mushroom-

shaped micropillars provide a larger capillary pressure due to a smaller spacing between the 

mushroom heads on top of the pillars, while providing a higher liquid permeability due a larger 

spacing at the base of the pillars. These unique features can significantly increase the 

performance of mushroom-shaped micropillars as advanced wicking structures for applications 

in thermal management of electronics devices. 

 

Phase characterization of the micropillars was investigated using X-ray diffraction (XRD). The 

surface morphologies and elemental analysis of the samples were investigated using a Nikon 

Eclipse H550s optical microscope. The specimen were polished with 1200 SiC water proof paper 

and etched in HNO3+H2O2+H2O solution to reveal the microstructure of the copper and copper-

CNT micropillars. To examine the cross sections of the specimen, the samples were attached 

vertically to a support material using an epoxy adhesive. Corrosion resistance properties were 

examined using electrochemical impedance spectroscopy in 3.5 wt. % NaCl solutions at room 

temperature (25 ºC). For EIS measurement, a GAMRY Reference 3000 with a three-electrode 

setup was used. The specimen was used as a working electrode. The counter electrode was a 

platinum electrode and the reference electrode was a saturated calomel electrode (SCE). Before 

running the corrosion test, the specimens were cleaned with acetone and rinsed with deionized 

water. EIS measurements used an initial frequency of 0.05 Hz, a final frequency 100 kHz, at a 

rate of 10 measurements per decade, with an AC current of 0.1A. The time delay before 

integration was 100 s. The impedance spectra were obtained on each sample one hour after 

immersion and recorded in the form of Nyquist plots. An equivalent electrical circuit is the most 

common method for investigating EIS spectra. As shown in Fig. 3, the impedance of electrode-

solution double layer is represented by a simple electrical circuit and it consists of a solution 

resistance (Rs) between the reference electrode and the working electrode, a corrosion resistance 
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(Rp), and a constant phase element (CPE). In this study, a constant phase element (CPE

used in the model since the surface roughness of the electrode is dependent on the frequency. 

EIS data were fitted using Zview II software.

Fig. 3: (a) An equivalent electrical 

of a constant phase element (CPE), a 

A corresponding Nyquist impedance plot

 

3. Results and discussion 

3.1. Morphology and electrochemical parameters

Representative images of fabricated 

mushroom-shaped structures were successfully fabricated. The gap between the mushroom heads 

on top of the pillars can be controlled 

micropillars was observed to be smooth. 

optimal electroplating conditions for 

used in this study, the optimum current density for 

approximately 7 A/dm
2
 at 40 °C. A

non-uniform pillars and reduce the penetration of the copper electroplating solution into the 

micro holes due to the hydrogen reduction

were successfully electrodeposited on a polished copper substrate. Various amounts of CNT 

particles (1, 2, 3 and 4 g/lit) were added to the solution. The maximum volume fraction of CNT 
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), and a constant phase element (CPE). In this study, a constant phase element (CPE

used in the model since the surface roughness of the electrode is dependent on the frequency. 

EIS data were fitted using Zview II software. 

electrical circuit for fitting the experimental impedance data

(CPE), a solution resistance (Rs), and a corrosion resistance

A corresponding Nyquist impedance plot. 

Morphology and electrochemical parameters 

fabricated copper micropillars are shown in Fig. 4

were successfully fabricated. The gap between the mushroom heads 

can be controlled by controlling the electroplating time. The 

observed to be smooth. Current density is a crucial factor in d

electroplating conditions for the fabrication of micropillars. For the bath 

optimum current density for the micropillars fabrication 

°C. A current density of higher than 7 A/dm
2
 was found to produce 

reduce the penetration of the copper electroplating solution into the 

due to the hydrogen reduction. Additionally, copper-CNT composite micropillars 

were successfully electrodeposited on a polished copper substrate. Various amounts of CNT 

particles (1, 2, 3 and 4 g/lit) were added to the solution. The maximum volume fraction of CNT 

in Materials Research Express.  IOP 

errors or omissions in this version of the manuscript or any version derived 

), and a constant phase element (CPE). In this study, a constant phase element (CPE) was 

used in the model since the surface roughness of the electrode is dependent on the frequency. 

 

experimental impedance data, consisting 

resistance (Rp). (b) 

4. As seen there, 

were successfully fabricated. The gap between the mushroom heads 

The side wall of the 

Current density is a crucial factor in determining the 

bath composition 

ion was found to be 

was found to produce 

reduce the penetration of the copper electroplating solution into the 

CNT composite micropillars 

were successfully electrodeposited on a polished copper substrate. Various amounts of CNT 

particles (1, 2, 3 and 4 g/lit) were added to the solution. The maximum volume fraction of CNT 
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in the copper-CNT micropillars was obtained at a current density of approximately 7 A/dm

CNT concentration of 3 g/lit in the solution. Optical microscopy images of a copper micropillar 

and a copper-CNT micropillar under optimum conditions are shown in Fig. 5. These im

show significant differences between the average grain sizes of these two samples. 

CNT particles are homogeneously dispersed and the grain size is reduced in the copper

micropillars.  

 

(a) top view of copper micropillars

Fig. 4 Optical micrographs of copper micropillars

 

The variation of volume fraction

current density are shown in Fig.

Roos [14] model using the five-

show that the volume faction of CNT in the 

initially with increasing the current density or the CNT concentration in the solution.

as the CNT concentration or current density is further increased, the volume faction of CNT in 

the composite micropillars decreases

density and CNT concentration at which the maximum volume fraction of CNT in the composite 

layer is obtained. This behavior is similar to other composite coatings reported in the literature 

such as Ni-Al2O3 [4, 5], Ni graphite [6], Ni

According to Celis-Roos model,

(due to adsorption of SDS on CNT surface) and

CNT complexes are attracted 
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micropillars was obtained at a current density of approximately 7 A/dm

CNT concentration of 3 g/lit in the solution. Optical microscopy images of a copper micropillar 

CNT micropillar under optimum conditions are shown in Fig. 5. These im

show significant differences between the average grain sizes of these two samples. 

CNT particles are homogeneously dispersed and the grain size is reduced in the copper

 

top view of copper micropillars (b) side view of mushroom-shaped copper micropillars

Optical micrographs of copper micropillars 

fractions of CNT particles as functions of CNT concentration 

shown in Fig. 6. The deposition mechanism can be explained by the Celis

-step process, described in the introduction section. 

the volume faction of CNT in the copper-CNT composite micropillars increases 

reasing the current density or the CNT concentration in the solution.

as the CNT concentration or current density is further increased, the volume faction of CNT in 

decreases. These results indicate that there is an opti

density and CNT concentration at which the maximum volume fraction of CNT in the composite 

This behavior is similar to other composite coatings reported in the literature 

[4, 5], Ni graphite [6], Ni-WC [7, 8], Ni-SiC [9, 10], and Ni

, Cu
2+

 ions are attracted to the negatively charge

CNT surface) and Cu
2+

-CNT complexes are formed

attracted by electrostatic forces. However, with increasing CNT 

in Materials Research Express.  IOP 

errors or omissions in this version of the manuscript or any version derived 

micropillars was obtained at a current density of approximately 7 A/dm
2
 or a 

CNT concentration of 3 g/lit in the solution. Optical microscopy images of a copper micropillar 

CNT micropillar under optimum conditions are shown in Fig. 5. These images 

show significant differences between the average grain sizes of these two samples. Also, the 

CNT particles are homogeneously dispersed and the grain size is reduced in the copper-CNT 

 

shaped copper micropillars 

of CNT concentration and 

The deposition mechanism can be explained by the Celis-

step process, described in the introduction section. The results 

micropillars increases 

reasing the current density or the CNT concentration in the solution. However, 

as the CNT concentration or current density is further increased, the volume faction of CNT in 

. These results indicate that there is an optimum current 

density and CNT concentration at which the maximum volume fraction of CNT in the composite 

This behavior is similar to other composite coatings reported in the literature 

and Ni-SiO2 [11].  

charged CNT particles 

formed. These Cu
2+

-

with increasing CNT 
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concentration in the electroplating solution, the CNT content in the Helmholtz layer increases as 

well, resulting in a decrease in the Cu
2+

-CNT complex in Helmholtz layer. In addition, at higher 

CNT concentrations, agglomeration of CNT particles causes a reduction in the CNT particle 

deposition in the double layer. The results show that a higher current density increases the 

amount of CNTs in the composite layer. This phenomenon can be explained by the activation 

control mechanism. With increasing the current density, Cu
2+

-CNT complex and Cu
2+

 move 

faster to the double layer due to larger electrostatic forces. However, at higher current densities, 

Cu
2+

 move faster than Cu
2+

-CNT complex, resulting in a higher Cu
2+

 ions reduction on the 

cathode surface. Thus, the concentration of Cu
2+

-CNT decreases on the cathode surface. This 

step is controlled by Cu
2+

 diffusion. Furthermore, a higher current density causes more hydrogen 

reduction, which serves as a barrier for Cu
2+

-CNT complex on the cathode surface [14]. This 

behavior is consistent with our observations during electroplating of copper-CNT complex where 

more bubbles were observed at higher current densities.      
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Fig. 5 Optical micrographs of a) 

copper-CNT micropillar (CNT content of 3g/lit, i

micropillar 
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of a) a polished electroplated copper micropillar; b) and c) 

CNT content of 3g/lit, id= 7 A/dm
2
); d) top view of a copper
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op view of a copper-CNT 
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Fig. 6 Volume fraction of CNT in the 

concentration in the solution at a constant current density of 7 A/

current density at a CNT concentration of 

 

3.2. X-ray diffraction (XRD) analysis 

Figure 7 shows an XRD image of 

peaks for copper and one peak for c

resulted in a decrease in the copper crystal size and 

orientation in copper matrix. For the 

of the pillars were calculated from the 

 

 

where B is the line broadening at half the maximum i

the average size of the ordered (crystalline) 

composite copper-CNT micropillars

crystallite was calculated to be 23

smaller than the grain size of the 

particles in the bath precipitate 

more heterogeneous nucleation site
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CNT in the copper-CNT composite micropillars as a function of

solution at a constant current density of 7 A/dm
2
 (red line); 

at a CNT concentration of 3 g/lit in the solution (blue line)  

analysis  

of copper-CNT micropillars, indicating three different orientation

one peak for carbon. The deposition of CNT particles in copper matrix 

copper crystal size and an increase in the intensity of (200) crystal 

or the composite copper-CNT micropillars, the average grain sizes 

rom the Scherer equation given by: 

     

broadening at half the maximum intensity in radians, θ is the Bragg angle,

ze of the ordered (crystalline) domains, and ƛ is the X-ray wavelength. 

pillars with 20 wt. % CNT, the average size 

23 nm. The grain size of composite copper-CNT micropillars 

the copper matrix. This can be explained by the 

precipitate on the copper matrix, they prevent grain growth and 

nucleation sites [31].  
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micropillars as a function of CNT 

red line); and as a function 

different orientation 

eposition of CNT particles in copper matrix 

intensity of (200) crystal 

the average grain sizes 

  (2) 

is the Bragg angle, t is 

ray wavelength. In 

size of the copper 

CNT micropillars was 

can be explained by the fact that when 

grain growth and provide 
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Fig. 7 An 

 

3.3. Electrochemical impedance spectroscopy (EIS) studies

To examine the corrosion behavior 

copper substrate, electroplated copper micropillars, and copper

Each specimen was immersed 

monitored until a stable value 

impedance curves are depicted in 

copper micropillars, and copper

frequencies as depicted by the Nyquist plots

that the corrosion mechanism is similar 

impedance of the copper-CNT pillars 

copper micropillars. This is due to a 

shown in Fig. 9. Table 1 summarizes the electrochemical impedance parameters 

the equivalent circuit for a copper substrate, 

To obtain the impedance, the following equation
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An XRD image of copper-CNT micropillars 

. Electrochemical impedance spectroscopy (EIS) studies 

behavior of each sample, impedance measurements were made 

copper substrate, electroplated copper micropillars, and copper-CNT composite micropillars.  

 into a 3.5% NaCl solution and its open circuit potential 

monitored until a stable value was reached as depicted in Fig. 8.  Nyquist plots 

in Figs. 9 and 10. The results indicate that the c

opper-CNT micropillars display similar semicircular curves 

depicted by the Nyquist plots. Furthermore, the shape of the Ny

is similar in all cases. The results also indicate 

CNT pillars is higher than those of a copper substrate and 

This is due to a higher Rp for copper-CNT micropillars at low frequencies as 

summarizes the electrochemical impedance parameters 

a copper substrate, copper micropillars, and copper-CNT micropillars. 

following equation can be used [32]: 

      0 < β ≤ 1    

in Materials Research Express.  IOP 
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ments were made for a 

CNT composite micropillars.  

open circuit potential was 

Nyquist plots and Bode 

the copper substrate, 

ular curves at high 

the shape of the Nyquist plots show 

indicate that the real 

copper substrate and electroplated 

at low frequencies as 

summarizes the electrochemical impedance parameters obtained from 

CNT micropillars. 

  (3) 
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Fig. 9 Nyquist plots for a copper substrate, copper 

a CNT concentration of 3g/lit and 
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An open circuit potential for a copper substrate 

copper substrate, copper micropillars, and copper-CNT

3g/lit and a current density of 7 A/dm
2
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Fig. 10 Bode plots for a copper substrate

CNT concentration of 3g/lit and a current density of 7 A/dm

 

The diameter of semicircles on the Nyquist plots 

micropillars and copper-CNT micro

copper-CNT micropillars and copper micro

low values of CPE represent a better corrosion 

value for the copper-CNT micropillars 

copper micropillars and copper substrate

value for copper-CNT micropillar 

micropillars are more porous compar

in the corrosion resistance of the electroplat

substrate is due to a decrease in the hydrogen reduction caused by the

and cathodic surface areas. Copper micropillars

anodic area. However, the cathodic 

decrease in the hydrogen reduction.

micropillars compared to copper micropillars can 

chemical reactivity of CNTs [33
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substrate, copper micropillars, and copper-CNT micropillars

CNT concentration of 3g/lit and a current density of 7 A/dm
2 

 

the Nyquist plots is related to the corrosion resistance of 

micropillars. A higher value of corrosion resistance 

opper micropillars. It has been reported that high values of 

a better corrosion resistance [33, 34]. As shown in Table 1, the

CNT micropillars is approximately 6 and 13 times higher 

copper micropillars and copper substrate, respectively. Also, it was observed 

CNT micropillar is less than copper micropillars, indicating that 

ore porous compared to those of copper-CNT micropillars. The improvement 

the corrosion resistance of the electroplated copper micropillars compared to the bare copper 

a decrease in the hydrogen reduction caused by the difference in the 

Copper micropillars act as a cathodic area and the substrate act

cathodic area is much smaller than the anodic area, 

hydrogen reduction. A better corrosion resistance of copper-

copper micropillars can be attributed to several factors

3] and a less active metallic area on the surface of micropillars 

in Materials Research Express.  IOP 

errors or omissions in this version of the manuscript or any version derived 

micropillars a 

the corrosion resistance of copper 

corrosion resistance is obtained for 

that high values of Rp and 

s shown in Table 1, the Rp 

higher than those of 

it was observed that the CPE-T 

, indicating that copper 

The improvement 

compared to the bare copper 

difference in the anodic 

substrate acts as an 

anodic area, resulting in a 

-CNT composite 

several factors, including a low 

on the surface of micropillars 
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due to the presence of CNTs. In addition, CNTs can enhance the corrosion resistance by filling 

microholes in the micropillar structures [35, 36]. The addition of small quantities of CNT to the 

copper matrix causes an increase in the corrosion resistance. However, when the CNT amount 

exceeds the optimum value, the density of micro holes, agglomeration of CNTs, and coherency 

can be increased. As a result, the corrosion resistance of copper-CNT composite is decreased. 

Also, agglomeration of CNT on the copper surface can accelerate a local corrosion due to a 

positive potential [37, 38]. 

 

       Table 1 Electrochemical parameters for various samples obtained from EIS data 

Sample Rs  ( Ω cm
2
) Rp ( Ω cm

2
) CPE-T (F cm

2
) 

Copper substrate 7.6 200 0.0018 

Copper micropillars  7.46 440 0.0028 

Copper-CNT micropillars*  8.044 2550 0.0001 

*The results are obtained at a CNT concentration of 3g/lit and a current density of 7 A/dm
2
 

 

4. Conclusions  

In this study, copper micropillars and copper-CNT composite micropillars were successfully 

grown on a copper substrate using electroplating and Xurography method for applications in 

capillary-driven two-phase cooling systems such as passive heat pipes and vapor chambers. The 

results indicated that there was an optimum current density and a CNT concentration at which 

the maximum volume fraction of copper-CNT composite micropillars was obtained. CNT 

particles had a favorable effect on the composite grain size. The electrochemical test results 

showed that the corrosion resistance of copper-CNT composite micropillars was significantly 

higher than those of a planar copper substrate and copper micropillars. The enhancement was 

approximately 6 and 13 times higher than those of copper micropillars and copper substrate, 

respectively. The improvement in the corrosion resistance of copper-CNT composite 

micropillars is believed to be due to high chemical stability of CNTs and a decrease in the active 

metallic nanostructures on the surface of micropillars due to the presence of CNTs.  
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