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Abstract

:

This paper presents an experimental investigation of the fabrication of Cu–multi-walled carbon nanotube (MWCNT) nanocomposites prepared via the electroless chemical deposition technique followed by the powder metallurgy (PM) method. To enhance the dispersion and wettability of MWCNTs with a Cu matrix, MWCNTs were given an electroless coating of Ag nanoparticles. MWCNTs with 0.4, 0.8, and 1.2 wt.% were first coated with 5 wt.% Ag nanoparticles, then mechanically milled with Cu nanoparticles using a 10:1 ball-to-powder ratio for 60 min at 300 rpm. The mixed samples (35 g) were subjected to a compression pressure of 700 MPa and sintered at 950 °C in a hydrogen-inert gas furnace. Mapping and microstructure analyses were conducted to analyze the constituents’ homogeneity. In addition, the electrochemical properties and corrosion resistance of specimens were investigated. The results revealed that the relative density decreased by raising the MWCNTs’ content. Electrical resistivity increased gradually with the addition of MWCNTs coated by Ag nanoparticles, and the thermal conductivity decreased. It was also revealed that the smallest corrosion rate could be obtained for the sample with 1.2 wt.% MWCNTs, which is the appropriate rate for the electrochemical deposition.
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1. Introduction


Composite materials have received increased interest in different engineering fields [1,2,3]. They are composed of distinct, blended constituents with different physical, chemical, thermal, and mechanical properties [4]. Metal matrix composites (MMCs) are one of the most frequently used composite materials in which a metallic matrix is reinforced with fibers or ceramic particles [5]. MMCs have outstanding mechanical properties such as a high specific strength and elasticity modulus compared to base alloys [6]. The combination of the constituents’ properties, such as the toughness and ductility of the matrix and the high tensile strength and elasticity modulus of the reinforcements, is crucial to obtaining high-strength composites [7]. MMCs have been used in many engineering applications, such as automotive, aerospace, defense, and marine industries [8]. Among all commonly used matrix materials in MMCs including Cu, Al, Ni, or Mg, an Al matrix are most extensively used in these industries and in research [9,10]. Cu is well-known by its high thermal and electrical conductivities, which makes it the first choice in electrical applications. However, its deteriorated tribological properties such as low wear resistance limits its usage in heavy-duty applications. Cu MMCs have the potential for use as heat and wear resistance materials in the fabrication of torch nozzles, brushes, and electrode applications, where good sliding contact characteristics such as excellent wear resistance and high electrical and thermal conductivities are highly desirable [11]. MMCs are produced via the addition of a reinforcement phase into a matrix using a well-established technique such as powder metallurgy (PM), squeeze casting, and liquid metallurgy [12]. The PM technique is extensively used for the production of Cu–W composite materials in which wear behavior is the main issue that was extensively studied [13]. Reinforcements with nano-sized particles and/or fibers have received considerable attention due to the significant improvement that may be obtained in the mechanical and physical properties of the metal matrix compared to that of micron-sized reinforcements. Rod-shaped reinforcements such as CNTs, which have short inter-reinforcement spacing, more effectively strengthen the matrix compared to spherical reinforcements. Additionally, CNTs display extraordinary mechanical properties as they have a very high Young’s modulus of 2 TPa and a tensile strength higher than one hundred folds the strength of steel (20–150 GPa) [14,15]. In addition to their extraordinary mechanical properties, CNTs have superior electrical and thermal properties and favorable chemical stability. Extensive research has been carried out on the utilization of CNTs as a reinforcement in polymeric matrix composites for augmentation of the mechanical and physical properties compared to those of monolithic materials [16]. The available literature on nanomaterials reports a positive role of CNTs in enhancing the properties of metallic- or polymeric-based composites [17]. Since the discovery of CNTs, they showed promising applications in several engineering fields [18]. They display great potential, and their utilization in different applications are constantly increasing as a result of their favorable thermal conductivity, electrical conductivity, and high resistance to traction. These characteristics make them one of the best choices in the preparation of nanocomposites [19,20]. Strengthening a Cu matrix with nanotubes attracted the attention of nanocomposite researchers to respond to different engineering demands, such as enhancing the value-for-money ratio, decreasing pollution, and fabricating cleaner energy [21]. Use of CNT additives results in a favorable characteristics, a high Young’s modulus, and high electrical conductivity [22].



In this study, electroless deposition and powder metallurgy techniques were employed to fabricate Cu-MWCNT nanocomposites. To enhance the dispersion and wettability of MWCNTs with a Cu matrix, MWCNTs were given an electroless coating of Ag nanoparticles. The properties of microstructure, thermal conductivity, density, rate of corrosion, electrical resistivity, and electrochemical behavior for the developed nanocomposites were investigated.




2. Materials and Methods


2.1. Materials


The experimental work was carried out in the laboratories of Technology and Education College, Beni-Suef University, and the Central Metallurgical Research and Development Institute (CMRDI) in Helwan, Egypt. Cu powder and MWCNTs were supplied by Algoumhoria Company for Chemicals Trade and Medicals (Cairo, Egypt). Table 1 shows the used materials and their characteristics. Cu powder and MWCNTs were used as the metal matrix and ceramic reinforcement, respectively, to produce the nanocomposite. Cu powders had an average particle size of 50 nm and a purity of 99.9%. MWCNTs were coated with nano Ag, using the electroless chemical deposition method to modify their interfacial properties. Ag was deposited onto the MWCNTs’ surface using the electroless method in two steps: sensitization and metallization. The sensitization step was applied to remove any contamination on MWCNTs’ surfaces by submerging them in a 5% sodium hydroxide solution. The MWCNT and sodium hydroxide mixture was stirred for 1.5 h. Then, it was dipped into acetone for 1.5 h and subjected to an ultrasonic cleaning process. After that, they were cleaned and washed with distilled water. Finally, they were dried in an electric furnace for 1 h at a temperature of 120 °C. The metallization step was applied to perform the deposition of nano Ag on MWCNTs using the electroless method by submerging them into a chemical bath composed of 3 g/L Ag nitrate and 300 mL/L formaldehyde. The pH of the bath was preserved at a reasonable value of ∼12 using an ammonia solution. The solution was subjected to a stirring processor for 15 min using a magnetic stirrer at room temperature to preserve the suspension of the MWCNTs in the solution. The reaction was accomplished in 45 min, and then the solution was cleaned and washed with acetone and dried in a vacuum furnace for 1.5 h at a temperature of 120 °C. Cu powder and 0.4, 0.8, or 1.2 wt.% MWCNTs were mixed and subjected to four grinding stations in a planetary ball mill (PQ-N2) at 300 rpm for 60 min, using a 10:1 ball-to-powder ratio to be more homogenous and remove any gathered powders. Then, the powder was cold-compacted at RT and subjected to a compacting pressure of 700 MPa in a uniaxial press. The compacted samples were sintered at 950 °C in hydrogen-inert gas for 2 h, using a heating cycle, shown in Figure 1. Figure 2 shows the preparation and fabrication process of the samples [23,24].




2.2. Powder Characterization


The prepared specimens were tested using an X-ray diffraction (XRD) instrument, a Bruker advanced X-ray diffractometer (model D8 Kristalloflex, Bruker, Germany); Ni-filtered Cu Ka radiation), which was used to assess the formation of phase transformation and the crystallite size of the powder. The powder’s microstructure was studied using scanning electron microscopy (JEOL-JSM 5410, Tokyo, Japan) with an energy dispersive spectrometer (EDS, Jeol, Tokyo, Japan) to study the particle size, morphology, shape, and agglomerations.




2.3. Relative Density Estimation


The measured (actual) density of the sintered specimen was calculated using Archimedes’ principle, according to the ASTM D1217 standard [25]. Relative density of the sintered specimen was tested using the Archimedes technique, using water as a floating liquid according to MPIF standard 42 [26]. The sintered samples were weighed in air and distilled water, then the density (Do) was calculated according to the equation:


Do = Wa/(Wa − Ww)








where Wa and Ww are the masses of the specimen in air and water, respectively. The theoretical density (Dth) of the investigated materials was calculated according to the equation:


1/Dth = (wt.% M/DM) + (wt.% R/DR)








where wt.% M and wt.% R are the weight fractions of matrix and reinforcement, respectively; and DM and DR are the densities of matrix and reinforcement, respectively. The relative density of the composite is the ratio of the measured (actual density) to the theoretical sintered density.




2.4. Electrical Resistivity and Thermal Conductivity Estimation


The electrical resistivity was measured using a PCE-COM20 electric resistivity instrument. Thermal conductivity was evaluated from the equation [27]:


K = LTσ








where K denotes the thermal conductivity in W/m, L = 2.45 × 10−8 W Ω K−2 denotes the Lorentz number for composites, T denotes the absolute temperature in K, and σ denotes the electrical conductivity in Ω−1 m−1.




2.5. Electrochemical Behavior and Corrosion Resistance of Cu-MWCNT Nanocomposites


The electrochemical behavior of the prepared nanocomposites was assessed using an electrochemical cell in which Cu-MWCNT nanocomposites were used as electrodes. We dipped the Cu-MWCNTs’ sintered samples in an electrolytic solution. A three-electrode cell was used in this test. Cu specimens with a 1 cm2 cross-sectional area were utilized as a working electrode, while platinum with a 1 cm2 cross-sectional area was used as a counter face electrode. All potential records were carried out using Ag−AgCl with +220 mV versus a reference electrode (standard hydrogen electrode). The electrolytic solution contained 0.05 M KNO3 and 0.1 M Zn (NO3)2. The counter and working electrodes were adjusted parallel to each other at a 0.4 cm distance. All Cu sheets were cleaned in an ultrasonic bath with distilled water and subsequently washed with ethyl alcohol. Cu-MWCNT nanocomposites were etched for 20 s with diluted HCL to eliminate the oxide beds. The specimens were first refined by emery SiC papers; next, they were immersed in HCL for 15 s and washed with distilled water. The cyclic voltammetric experiments were performed using a 10 mV/s scan rate and electrode potential (0–2000 mV) vs. a Ag−AgCl basic electrode. The curves of cyclic voltammetry were recorded using a potentiostat−galvanostat (20 V/1 A). The applied currents and potentials were monitored and evaluated using a Volta lab (model PGP 201, Paris, France). ZnO film deposits on Cu-MWCNT nanocomposites were washed with pure water and ethanol in a desiccator for 1 h. The working electrode for the corrosion investigation was the Cu-MWCNT specimen, while the counter face electrode was a Pt electrode. All electrodes were adjusted parallel to each other in a bath containing 0.1 M Zn (NO3)2 + 0.05 M KNO3. This was attained by immersing the tested Cu-MWCNT specimens in nitrate electrolyte for which a traditional three-electrode cell was utilized. The scan rate and starting potential range of the voltammogram were 10 mV/s and 0–2000 mV, respectively. The corrosion potential (Ecorr) and current density (Icorr) were displayed from the polarization figures of a Tafel analysis. The voltammetric data were obtained with the help of a potentiostat Volta Lab 21 PGP 201 model.





3. Results and Discussion


3.1. Microstructure Evolutions and PHASE structure


Figure 3 displays the XRD analysis of MWCNTs before and after coating with nano silver. The XRD profiles showed that there were two main peaks verifying the success of the electroless coating process of MWCNTs with Ag nanoparticles without any other undesirable compounds. No obvious peaks corresponding to silver carbide were observed after the coating process. With these coating process conditions, no significant reaction could take place between Ag and MWCNTs.



Figure 4 illustrates the SEM microstructure of Cu-MWCNT nanocomposites. There are three distinct regions: the first region is the bright region that represents the Cu matrix, the second region has a dark appearance that corresponds to the MWCNTs, and the third region is the Ag nanoparticles that coated the MWCNTs. The images presented in Figure 4 display the homogeneous and uniform dispersion of MWCNTs in the Cu matrix for the three prepared samples of Cu-MWCNT nanocomposites. As a result of coating the MWCNTs with Ag nanoparticles, the nonwettability problem between the ceramic MWCNTs and the metallic Cu was solved. The nano Ag layer decreased the surface energy between MWCNTs and Cu so that favorable homogeneity could occur. No agglomeration was detected and acceptable dispersion of CNTs in the Cu matrix was achieved, except for those samples with high MWCNT content, which had some aggregation that formed pores [28,29].




3.2. Relative Density Estimation


The influence of MWCNT content on the relative density of the Cu matrix is demonstrated in Figure 5. Relative density was calculated using the following equation:


  R D =   A D   T h D    








where, RD, AD, and ThD are the relative density, actual density, and theoretical density, respectively. Table 2 displays the relative density of Cu-MWCNTs. The actual density was measured using the Archimedes technique, but the theoretical density was measured using the mixtures rule. The figure displays that increasing the content of MWCNT nanoparticles resulted in a decreased amount of relative density, as the density of MWCNTs is lower than that of Cu (2.2 and 8.9 g/cc, respectively). In dispersing light materials such as CNTs in a homogenous manner in a heavier matrix, the overall density decreases. By increasing the MWCNTs’ percentage, some agglomeration took place, which caused the formation of internal voids that decreased the density.



The electrical conductivity of Cu reinforced with MWCNTs coated with 5 wt.% nano Ag is presented in Figure 6. Table 3 displays the electrical resistivity and thermal conductivity of Cu reinforced with MWCNTs. The results reveal a considerable decrease in the electrical conductivity value by increasing the MWCNTs’ ratio. This may have been caused by the lower electrical conductivity of MWCNTs compared to Cu. In addition, the formation of pores by increasing the MWCNTs’ percentage is another factor that decreased the electrical conductivity. The presence of pores restricts the motion of electrons so that conductivity decreases. However, it must be noted that the electrical resistivity values increased slightly because, for the pure copper sample, it was ~1.8 µΩ·cm, while for 1.2 wt.% MWCNTs, it increased up to only ~2.5 µΩ·cm. This is an indication of the still favorable electrical conductivity of Cu-MWCNT nanocomposites. This may be explained by the relatively acceptable electrical conductivity of MWCNTs and the high conductivity of nano silver, which has a higher electrical conductivity than Cu [30,31]. Figure 7 shows the effect of MWCNTs on the thermal conductivity of Cu-MWCNT nanocomposites. The figure shows a gradual decrease in the thermal conductivity achieved by increasing MWCNTs’ percentage. This is due to the lower thermal conductivity of CNTs than that of Cu. Additionally, as the CNTs’ ratio increased, some aggregation took place, leading to the formation of pores and internal voids, which have zero conductivity and caused a decrease in the overall thermal conductivity of the fabricated nanocomposites. One can observe that a slight decrease in the thermal conductivity due to the presence of conductive nano materials, such as MWCNTs and nano silver, dispersed in the Cu matrix. The thermal conductivity of pure Cu is about 380 W/M·K, while that of 1.2 wt.% MWCNTs is ~270 W/M·K and that of 0.4 wt.% MWCNTs is ~360 W/M·K.




3.3. The Corrosion Resistance and Electrochemical Behavior of the Prepared Nanocomposites


Figure 8 shows the relation between potential and current density for the measured pure Cu. Three cyclic voltammetric curves were recorded on Cu cathode in a 0.05 M KNO3 + 0.1 M Zn (NO3)2 solution with the three tested bath temperatures, namely 25, 40, and 50 °C. The reported voltammogram of 25 °C indicated that a current of −10 mA cm−2 was recorded at −1.1 V for the cathode deposition current. Furthermore, the current density of deposition increased up to −35 mA/cm2 at −1.3 V.



Figure 9 represents the cyclic voltammogram (CV) of the four fabricated Cu-MWCNT nanocomposites with 0, 0.4, 0.8, and 1.2 wt.% MWCNTs. Curves A and B show an identical behavior of pure Cu and the 0.4 wt.% MWCNTs with a cathodic current density of −47 mA·cm−2. We observed that the 0.4 wt.% MWCNTs had no effect on the recorded voltammogram curve. This may be due to the negligible effect of the 0.4 wt.% MWCNTs on the cathodic current density of the sample. For the 0.8 wt.% MWCNTs, the cathodic current density increased and promoted ZnO film deposition.



The voltammogram shows that the deposition of ZnO started at −1 V potential, then after a −1300 mV potential, a sharp increase in the cathodic current density occurred up to −70 Ma·cm−2, which is related to the evolution of hydrogen gas and the reduction of nitrate ions. For the 1.2 wt.% MWCNTs, which are represented by the cyclic voltammogram D, ZnO film deposition began at a −0.9 V cathodic potential, lower than that of pure Cu, and the cathode potential related to the hydrogen gas evaluation was recorded at ~−1350 mV with current −110 mA·cm−2. From the above results, it is clear from Figure 9 that as the MWCNTs’ percentage increased, the deposition of ZnO film became easier with a lower potential. The maximum current density was −110 Ma·cm−2 for the 1.2 wt.% MWCNT samples. Each fabricated nanocomposite had its own potential energy and electrical conductivity, so the deposition of ZnO film was affected by the electrical conductivity of the samples and the porosity percentage. Although the conductivity decreased slightly by increasing the MWCNTs’ ratio, there is another factor, which is the increase in porosity percentage, where the presence of pores made a small electrochemical cell on the substrate surface that promoted the deposition process of ZnO thin film.



The corrosion behavior of the manufactured Cu-MWCNT nanocomposites was studied. The corrosion behavior of samples was determined using a 0.05 M KNO3 + 0.1M Zn(NO3)2 bath with the same above considerations. The polarization resistance (Rp) is defined as the transition resistance between a copper electrode and electrolyte. Table 4 displays the resistance polarization and corrosion rate of Cu reinforced with MWCNTs. The relation between the MWCNTs’ percentage and the polarization resistance is illustrated in Figure 10. High Rp values of a metal electrode indicate a high corrosion resistance and low values reflect a low corrosion resistance. Therefore, polarization resistance is computed as the ratio between the applied potential and the current response. This type of resistance is inversely proportional to the corrosion rate. The parameters of corrosion current, polarization resistance, and rate of corrosion are important for examining the corrosion behavior of a copper matrix reinforced with MWCNTs. Figure 10 illustrates the resistance polarization curve of Cu-MWCNT specimens prepared in a 0.05 M KNO3 + 0.1M Zn(NO3)2 bath at 50 °C. The results revealed that raising the MWCNTs’ percentage in copper specimens from 0 to 0.4 wt.% increased the resistance polarization values. The resistance polarization increased gradually by increasing MWCNTs’ percentage and attained the highest value of 115 ohms·cm2 for the 1.2 wt.% MWCNTs. This may be explained by the favorable dispersion of MWCNTs in the copper matrix because it is a ceramic material that has a naturally high corrosion resistance. In addition, coating them with the nano silver layer improved the adhesion and homogeneity with Cu, so the copper corroded more by reinforcing with MWCNTs [32].



Figure 11 displays the effect of the MWCNTs’ percentage on the rate of corrosion of reinforced Cu specimens in the bath containing 0.05 M KNO3 + 0.1 M Zn(NO3)2. The corrosion rate gradually changed with increasing MWCNTs’ percentage in the Cu- MWCNT electrode samples. The corrosion rate increased up to 0.4 wt.% MWCNTs. This may be attributed to the lower porosity of the 0.4 wt.% MWCNT sample and the lower electrical resistivity. The presence of pores gave the corrosive solution the chance to enter the sintered samples and corrode the sample. Additionally, the internal pores acted as an active center for the corrosion reaction. On the other hand, the corrosion rate decreased with increasing MWCNTs from 0.8 to 1.2 wt.% and reached its lowest value of 3.08 mm/year with 2.997 mm/year of free sample.





4. Conclusions


A Cu matrix was reinforced with nanostructured MWCNTs using electroless deposition followed by PM. MWCNTs with weight fractions of 0.4, 0.8, and 1.2 wt.% were added to the Cu matrix. The properties of the Cu matrix, including microstructure, thermal conductivity, density, rate of corrosion, electrical resistivity, and electrochemical behavior, were investigated. The following conclusions can be drawn:




	
MWCNTs were coated with Ag nanoparticles by electroless deposition. The microstructure indicated that MWCNTs were distributed homogenously in the Cu matrix.



	
The matrix density was reduced by raising the MWCNT nanocomposites’ content.



	
Electrical resistivity gradually increased by adding MWCNTs to the Cu nanocomposite, while thermal conductivity decreased by increasing MWCNTs in the Cu nanocomposites.



	
The maximum current density was 110 mA·cm−2 for the 1.2 wt.% MWCNTs.



	
The maximum resistance polarization was 115 Ω·cm2 for the 1.2 wt.% MWCNTs.



	
The rate of corrosion declined for the 1.2 wt.% MWCNTs and reached its lowest value of 3.08 mm/year.
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Figure 1. The heating cycle of the sintered sample at 950 °C in hydrogen-inert gas. 
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Figure 2. The preparation and fabrication process of the samples. 
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Figure 3. XRD lines of MWCNTs with and without Ag coating. 
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Figure 4. SEM micrograph of (a) 0.4, (b) 0.8, and (c) 1.2 wt.% MWCNT content on Cu nanocomposites. 
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Figure 5. Density of MWCNT content on Cu nanocomposites. 
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Figure 6. Electrical resistivity of MWCNT content on Cu nanocomposites. 
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Figure 7. Thermal conductivity of MWCNT content on Cu nanocomposites. 
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Figure 8. The cyclic voltammograms on pure Cu. 
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Figure 9. Cyclic voltammograms of Cu with different MWCNT contents. 
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Figure 10. Resistance polarization of Cu-MWCNT nanocomposites. 
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Figure 11. Corrosion rate of Cu-MWCNT nanocomposites. 
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Table 1. The used materials and characteristics of Cu-MWCNTs.
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	Powder
	Purity %
	Particle Size (nm)
	Particle Shape
	Density (g/cm3)





	Cu
	99.99
	~50
	Spherical
	8.94



	MWCNTs
	99.97
	~50
	Tube
	0.7~1.7
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Table 2. The relative density of Cu-MWCNTs.
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	Sample
	Percent (wt.%)
	Relative Density





	Cu pure
	100
	97.5



	MWCNTs
	0.4
	96



	MWCNTs
	0.8
	94



	MWCNTs
	1.2
	92.6
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Table 3. The electrical resistivity and thermal conductivity of Cu reinforced with MWCNTs.
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	Sample
	Percent

(wt.%)
	Resistance R (Ω)
	Height (mm)
	Area = T.W (mm2)
	Electrical

Resistivity

ρ = (µΩ·cm)
	Thermal Conductivity

K = σ.L.T (W.m−1/K)





	Cu Pure
	100
	0.00000069
	4.06
	113
	1.92
	380



	MWCNTs
	0.4
	0.0000009
	5
	113
	2.01
	359



	MWCNTs
	0.8
	0.0000011
	5.6
	113
	2.2
	329



	MWCNTs
	1.2
	0.0000013
	5.5
	113
	2.6
	273
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Table 4. The resistance polarization and corrosion rate of Cu reinforced with MWCNTs.






Table 4. The resistance polarization and corrosion rate of Cu reinforced with MWCNTs.





	Sample
	Percent (wt.%)
	Resistance Polarization (Ω·cm2)
	Corrosion Rate (mm/y)





	Cu Pure
	100
	73
	4.5



	MWCNTs
	0.4
	76
	4



	MWCNTs
	0.8
	94
	3.328



	MWCNTs
	1.2
	115
	3.08
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