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Abstract

:

Aluminium matrix composites (AlMCs) of AA7075 aluminium alloy reinforced with 0.5 and 1 wt.% multiwall carbon nanotubes (MWCNTs) were fabricated with powder metallurgy techniques using three different mechanical milling strategies, varying the milling energy and the stage in which the reinforcements were added to the pre-alloyed matrix powders. In this paper, we focus on the influence of these parameters on the dispersion of MWCNTs. Characterization of the obtained composite powders by X-ray diffraction and scanning electron microscopy showed that the evolution of the particle size and morphology of the composite powders is influenced by milling conditions and MWCNT content; however, under the conditions tested in this study, there were no significant differences in crystallite size and lattice strain. The best distribution of the reinforcements was obtained after milling 7075 powders and MWCNTs in a high-energy cycle (HEBM), varying the rotation speed between 1200 and 1300 rpm. Raman spectroscopy was used to assess the damage induced by the milling process in the nanotubes, and no reaction products were detected under any of the tested conditions. Nanoindentation tests were performed to measure the elastic modulus and hardness of the composite powders, revealing that the best mechanical behaviour was achieved by the 7075-0.5 wt.% MWCNT composites obtained by the HEBM route.
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1. Introduction


Aluminium is considered an ideal metal matrix for lightweight, high-strength composites, which are widely applied in the automotive and aerospace industries [1]. In recent decades, aluminium matrix composites (AlMCs) have been reinforced with ceramic particles, such as TiC, SiC, Al2O3, Y2O3, AlN, Si3N4 and TiB2, in order to improve properties such as strength at elevated temperature, fatigue performance, elastic stiffness and wear resistance [2,3,4,5,6,7,8,9].



However, in recent years, extensive work has been carried out on carbon nanotubes (CNTs) due to their exceptional properties [10], such as high modulus of elasticity (1–5 TPa), high resistance (50–60 GPa), chemical stability, high conductivity and low weight. Such characteristics make CNTs very attractive as a reinforcers for production of lightweight metal matrix composites (MMCs). Although the mechanical properties of multiwalled carbon nanotubes (MWCNTs) are lower (Young’s modulus is up to 1.8 TPa) than those of single-walled carbon nanotubes (SWCNTs), their higher chemical stability and lower production cost make them more suitable for industrial applications [11].



As is well known, improvement in the mechanical properties of a ductile matrix, such as aluminium, with the dispersion of CNT reinforcements is mainly attributed to a combination of strengthening mechanisms, such as thermal mismatch, dispersion strengthening by Orowan looping, load transfer [12] and grain size refinement. The first mechanism relates to the indirect strengthening caused by the dislocations created in the matrix due to the mismatch in the coefficient of thermal expansion between the aluminium and the embedded CNTs during the production process. The dispersion strengthening by Orowan looping across reinforcements inhibits dislocation motion and occurs during plastic deformation. The interfacial load-transfer strengthening contribution is based on the classical load-transfer mechanism of the ductile matrix in the strong reinforcing phase and depends on the interfacial bonds between the matrix and reinforcements over a minimum length (critical length). Finally, grain-refinement or Hall–Petch strengthening is triggered by the introduction of dispersed fine particles and provides additional strengthening to the matrix. Consequently, to achieve the expected properties of nanocomposites, the production processes should guarantee a fine microstructure, the preservation of the integrity of the nanotubes and their adequate dispersion in the matrix; otherwise, the ductility, strength and toughness would be affected. Those factors remain considerable challenges of AlMC-CNT production.



In recent years, considerable efforts have been made to achieve the correct dispersion of CNTs in the metal matrix using different dispersion techniques, such as pre-dispersion of CNTs in polyvinyl alcohol (PVA) [13], use of surfactants [14], prior acid treatment of the CNTs [15] and a solution coating technique that relies on the electrostatic self-assembly of CNTs on the aluminium powder surface [16].



Different liquid-state techniques, such as plasma spraying, cold spraying, thermal spraying and squeeze casting, have been used to fabricate bulk composites reinforced with CNTs [17]. However, poor dispersion of CNTs and unfavourable chemical reactions between CNTs and the metal matrix, which affect the load-transfer strengthening contribution, have been identified as crucial problems in the development of these liquid-state techniques.



One of the advantages of solid-state techniques is the relatively low processing temperatures, which minimize interfacial reactions and allow for attainment of very fine microstructures. In the first stage, CNTs are blended and integrated into the matrix metal powder, followed by hot consolidation of the mixture as a hot extrusion or hot rolling processes. Due to its low cost and high process adaptability, powder metallurgy is the most prevalent method used for the fabrication of CNT/Al composites, which leads to an increase in the mechanical properties of the products [18,19,20].



High-energy ball milling (HEBM) has proven to be a very efficient process for synthesis metal matrix composite powders, as it allows for incorporation of the metal and the reinforcing phases into each powder particle. It is thus considered an effective technique to promote CNT dispersion into aluminium powder and to achieve fine-grain structures. Furthermore, the use of mechanical milling to produce CNT-reinforcing Al MMCs remains limited [21]. In ductile metals, it is well known that HEBM develops in stages, starting with particle flattening, cold welding, layering and refracturing of the powder particle mixture. As the dimensions of CNTs are much smaller than those of typical Al powders, they can be enveloped by the deformed metal and protected from the direct impact of the milling media, refining the microstructure and ensuring the homogeneous and uniform distribution of the reinforcement. However, it has been demonstrated that if the milling time is excessively prolonged, the fracture and amorphization of the CNTs take place, making them excessively reactive with aluminium during subsequent high-temperature processing cycles [22].



HEBM is a dynamic and complex process and; therefore, the optimization of variables is important to achieve the desired product. As a consequence, in recent years, intense research has been carried out to determine the effect of ball milling conditions (speed, time, milling media, ball-to-powder weight ratio (BPR), milling atmosphere, temperature and the addition of a process control agent (PCA)) on the microstructural evolution and induced properties of the composite [23,24,25]. However, the scientific literature related to CNT-reinforced metal matrix composites is still fairly limited, with significantly more studies conducted on aluminium matrix composites [17] (p. 2); although significant strengthening has been reported in some cases, very few papers report the use of commercial Al alloys [19,26,27,28] (p. 2), to produce CNTs/AlMCs.



Therefore, only a few studies have been published on the reinforcement of 7075 aluminium matrices with CNTs. Uriza-Vega et al. [29] studied the influence of CNT content (0–3 wt.%) on the properties of composites manufactured via powder metallurgy and hot extrusion. In order to improve nanotube dispersion, a sonication stage involving isopropyl alcohol was performed. Their results indicate that for CNT contents above 2.0 wt.%, mechanical behaviour of the composites shows a noticeable improvement, with ductility close to that reported in the literature for Al7075 commercial alloy. Jagannatham et al. [30] produced composites by milling with different amounts of reinforcements, followed by conventional sintering and hot extrusion. In this work, the authors observed that properties such as hardness, as well as tensile and dry sliding wear performance of the manufactured composites were enhanced with the addition of CNTs up to 1 wt.%, and further addition of CNTs led to a decrease in mechanical and tribological properties. Zhang et al. [31] analysed the precipitation-hardening behavior of CNTs/7075 Al composites with 1 wt.% CNT content during aging treatment. The CNTs shortened the peak aging time due to dislocations generated between the CNTs and the Al matrix, retarding the over-aging process.



In line with these studies, the objective of our work was to identify a manufacturing method that is easily transferable to an industrial process for the production of new high-strength 7075 composites through a mechanical milling process followed by hot extrusion. MWCNTs were selected due to their low cost, and two reinforcement percentages (0.5 and 1 wt.%) were compared. Three strategies with short milling times were established, including ball milling cycles in which the rotation speed was alternated between two values in order to improve the efficiency of this stage.



As previously mentioned, the proposed processes should lead to a uniform dispersion of MWCNTs into a fine-grained AA7075 matrix, avoiding their agglomeration and clustering, preserving their integrity and ensuring a good interfacial bonding between nanotubes and the aluminium [2,11,23] (p. 1, p. 1, p. 3). Therefore, in this paper, we focus on verifying the effect of the milling conditions on these characteristics, which are key to obtaining the expected properties in the final composites. The influence on the morphology and hardness of the AA7075-MWCNT composite powders is analysed in detail. In further work, the results of mechanical tests performed on the profiles of composites obtained by hot extrusion will be presented.




2. Materials and Methods


2.1. Raw Materials


Inert gas-atomized AA7075 powder from aluminium alloy ingots fabricated and supplied by ECKA Granules Germany GmbH (Velden, Germany),was used as the matrix for the composite material. The particle size distribution indicated in the product’s technical sheet is ×10 = 26.6 µm; ×50 = 41.3 µm; ×90 = 63.3 µm, according to ISO 13320:2009 particle size analysis laser diffraction methods. The chemical composition of the pre-alloyed powders was (wt.%): 5.5 Zn, 2.6 Mg, 1.5 Cu, 0.08 Fe, 0.11 Si, <0.01 Mn, 0.26 Cr, <0.01 Ti and Al balance.



The MWCNT nanotubes, used as reinforcement were supplied by IoLiTec Nanomaterials (Heilbronn, Germany), with a purity > 95%. According to the data sheet, the outer diameter (OD) was 10–20 nm, and the average length was 1–2 μm.




2.2. AA7075-MWCNT Composite Powder Preparation


To obtain a homogeneous distribution of MWCNTs during the manufacture of AA7075-MWCNT composite powders, a ball milling (BM) process was employed with the use of a horizontal rotary ball mill (Simoloyer®CM01 ZOZ GmbH, Wenden, Germany) operating under a high-purity argon atmosphere to avoid excessive metal oxidation.



The ball-to-powder ratio (BPR) was 10:1. The balls employed for milling (AISI 420) were 5 mm in diameter. An amount of 0.5wt.% amide micro wax (Licowax® C micro powder, Clariant, Muttenz, Switzerland) was added to the powders as a process control agent (PCA) to prevent excessive cold welding of the powders and detrimental welding of the powder with the components of the mill (balls, walls and blades).



Different percentages (1 and 0.5 wt.%) of MWCNTs were added to the pre-alloyed AA7075 powders. These percentages were selected based on a bibliographic review carried out by the authors [11,21,29] (p. 1, p. 2, p. 3). High concentrations of CNTs can result in a negative effect on the mechanical behaviour of the aluminium composites due to the non-homogeneous dispersion of nanotubes, as indicated in previous studies. For example, Esawi et al. [32] observed that for CNT contents higher than 2 wt.%, clusters are formed in the processed aluminium compounds, and therefore, the increase in the percentage of CNTs does not produce the expected improvements in terms of mechanical properties. Jagannatham et al. [30] (p. 3) obtained similar results. They observed that for CNT additions greater than 1 wt.%, the mechanical and tribological properties of 7075-CNT compounds decreased.



To optimize the dispersion of MWCNTs in composite powders, three mechanical ball milling strategies were compared in this study. These were carried out by following a cyclic operation mode in which the rotation speed was varied over 1 min cycles, maintaining the higher speed indicated in first place for 48 s and the second lower speed for the last 12 s. Previous research [33] showed that cyclic operation improves the efficiency of the process by avoiding the agglomeration and sticking of particles and reducing the milling time required to obtain a smaller-grained structure compared with conventional milling.



Low-energy ball milling (LEBM) was proposed to achieve an adequate dispersion by minimizing the deterioration of the MWCNTs. Thus, AA7075 powders and MWCNTs were introduced into the mill together and milled in 300/200 rpm cycles for 4 h. In the HEBM, MWCNTs were also milled with pre-alloyed powder particles, but a higher-kinetic-energy strategy was used (alternating the speed between 1300 and 1000 rpm for 4 h). The aim of this strategy was to achieve dispersion of the MWCNTs and their incorporation into the matrix at the same time that the plastic deformation of the particles occurs. Finally, the H + LEBM strategy was aimed to initially increase the resistance of the matrix by cold working before proceeding with dispersion of the nanotubes. Therefore, AA7075 particles were milled alone using a high-energy cycle (1300/1000 rpm for 4 h), followed by the addition of MWCNTs and a final mixing stage carried out for 2 h at low speed (200 rpm) to avoid deterioration of the nanotubes. Table 1 summarizes the parameters of the three strategies.



To study variations in sizes and morphologies of the composite powders and verify the dispersion of nanotubes over time, samples were extracted after 2 and 4 h for the LE and HE methods and after, 2, 4 and 6 h for the H + LE methods.




2.3. Material Characterization


The pre-alloyed AA7075 powders in as-received and ball-milled conditions were characterised by studying their morphology and size distribution, as well as the microstructure of the particles. Morphological characterization was performed by SEM using a dual-beam Helios NanoLab™ 400 FEI instrument (Nanolab Technologies, Milpitas, CA, USA) with a resolution 1.0 nm at 20 kV equipped with EDS and INCA Energy software (Oxford Instruments, Abingdon, UK). To investigate the microstructure and the possible presence of intermetallic phases or elementary segregation in the as-received atomized particles, powder samples were embedded in resin and then prepared for metallographic observation using 10% NaOH as an etching reagent. The particle size distribution of powders was calculated by image analysis using ImageJ digital image-processing open source software (Wayne Rasband-NIH, USA) The diameters of 100 particles from five SEM images taken from each powder sample were measured.



Initial microstructural characterization of the MWCNTs was carried out by means of a JEOL JEM-2010 FEG (200 kV) ultra-high-resolution TEM microscope (0.19 nm dot; 0.10 nm line) with EDS microanalysis (JEOL Ltd., Tokyo, Japan).



The composite particles were analysed by Raman spectroscopy to quantitatively determine possible damage to the MWCNTs. Raman spectra were measured with a Horiba Jobin Yvon LabRam HR800UV spectrometer (Horiba, Tokyo, Japan) equipped with LabSPEC V.5 software (HORIBA France SAS, Longjumeau, France). Samples were excited with a HeNe laser (632.8 nm) focused on the samples using a 50× objective. Measurements were carried out under two conditions. First, the spectra were collected in a frequency range between 30–3500 cm−1 and 20 scans with 15 s exposure time to detect all possible Raman active modes. However, due to the high level of fluorescence produced by some samples, for better determination of the D and G band heights, it was necessary to reduce the excitation time of the sample, narrowing the frequency range to 1000 to 2000 cm−1 and reducing the number of scans to 10, with 5 s exposure time.



Crystal structures, crystallite sizes and lattice strain due to the presence of lattice defects of materials were evaluated by X-ray diffraction (XRD) using a Cu Kα (λ = 0.15406 nm) radiation source in a Siemens model D-5000 diffractometer (KS Analytical Systems, Aubrey, TX, USA). Scans were collected in the 2θ range of 5–90°; smaller angular steps of 2θ = 0.02° and a fixed counting time of 4 s were used to measure the intensity of each Bragg reflection.



The Bragg angles, 2θ, corresponding to different peaks were noted, and the values of interplanar spacing (d-spacing) obtained from the computerized output were compared with the standard values from the International Centre for Diffraction Data’s powder diffraction file (ICDD-PDF).



The position of the 2θ peaks, their intensity (Ihkl) and the full width at half maximum (FWHM) of the height of the peak (βhkl)0 were determined with EVA (version 14, Bruker, Billerica, MA, USA).



The crystallite size and lattice strain were estimated using Scherrer’s formula as follows [34].


  t =    k λ     β  hkl      cos θ    hkl      



(1)







The lattice strain of the matrix (ε) was estimated using the following equation:


  ε =    β  hkl     4    tan θ    hkl      



(2)




where t is the crystallite size (Å), K is a constant (0.9), λ is the wavelength of the Cu radiation (1.54056Å), βhkl corresponds to the mean width of the analysed reflection (radians) and θ is the Bragg angle.



The instrumental corrected broadening    (   β  hkl    )    [35] corresponding to a diffraction peak was estimated using the following equation:


   β  hkl   =    [     (   β  hkl    )    measured  2  −  β  instrumental  2   ]     1 2     



(3)







Instrumental correction was carried out using the previous expression with a standard quartz pattern (ICCD card 00-033-1161).



The modulus of elasticity (E) and hardness (H) of the AA7075-MWCNT composites were determined with a NanoIndenter XP (MTS NanoSystem) with a DCM (dynamic control module) for ultra-low-load mechanical property characterization and a continuous stiffness measurement (CSM) attachment for continuous determination of E and H. The nanoindentation test involves indenting a specimen with a very low load using a high-precision instrument that records the load and penetration depth continuously. In the nanoindentation test, the elastic modulus (E) and hardness (H) were directly obtained from the measured load-penetration depth curves under loading/unloading through appropriate data analysis.



For these measurements, a CSM was used, which offers high-resolution nanoindentation testing. Unlike conventional indentation testing methods, the use of the CSM provides the advantage of measuring material hardness and elastic modulus as a continuous function of indenter penetration depth. The measurements were conducted with a three-sided pyramidal Berkovich diamond indenter tip with a tip radius of ~100 nm. The maximum penetration depth was 500 nm. This value was selected by taking into account the size of the aluminium powder.



A method formulated by Oliver and Pharr [36] was used to extract hardness and elastic modulus values from the load–displacement data according to ISO-14577-1. In order to manipulate and characterize the powder correctly, it was necessary to embed the powders in resin and ground and polish them until we attained a 3 µm diamond paste. One test series of 20 indentations each was performed for each material.





3. Results and Discussion


3.1. Microstructural Characterization of Raw Materials


Figure 1 displays SEM images of the as-received AA7075 powders used as the composite matrix. Most of the particles have spherical morphology. The high-magnification SEM image shows the orange skin-like topology of the particle surfaces, which represents a typical morphology for gas-atomized powders [37] (Figure 1b). The particle size distribution of the as-received atomized powders was determined by metallographic measurements analysis of more than 100 particles. The results are depicted in Table 2. An average grain size of 36 μm was determined.



Examining the cross section of the particles (Figure 2), a combination of cellular and dendritic-like morphologies [38] can be observed, with cell or dendrite sizes between 1 µm and 8 μm. No precipitation of intermetallic phases was detected in the inter-dendritic spaces of the examined particles, but EDS analyses showed a clear segregation of Mg, Zn, Cu and O along boundaries (Figure 3).



A study of the morphological characteristics of as-received MWCNTs was performed by HRTEM. Due to their strong tendencies to form bundles and aggregate together, their examination and characterization is difficult [39]. To solve this problem, a homogeneous suspension of a small amount of carbon nanotubes in ethanol was produced by ultrasonic stirring for 5 min. Then, a droplet was deposited on the sample holder and, after evaporation, was examined. Figure 4a shows bundles of MWCNTs that could not be adequately dispersed. This made it difficult to verify the dimensions of the tubules. An average outside diameter (OD) of between 10 and 20 nm, as indicated by the manufacturer’s technical data sheet, was estimated by 50 measurements made on the terminal tubules of different clusters (Figure 4b). A small fraction of nanotubes of OD > 30 nm was also detected. Due to the degree of entanglement of the MWCNTs, their average length could not be verified.




3.2. Morphology and Size Evolution of Composite Particles and Dispersion of MWCNTs


As previously mentioned, one of the major obstacles to the effective use of CNTs as reinforcements in metal matrix composites is their agglomeration and poor distribution/dispersion within the metallic matrix. For this reason, determining the distribution of carbon nanotubes in the pre-alloyed AA7075 powders obtained according to three proposed milling methods constitutes the first stage of this study. In order to understand the mechanism of dispersion of the MWCNTs, it is necessary to consider the deformation process of the matrix powder particles as a function of the milling parameters.



3.2.1. High-Energy Ball Milling (HEBM) Route


This route was used to ensure the uniform distribution of CNTs in the MMCs and obtain an ultrafine-grained matrix in a short, single-stage process. Mechanical milling of AA7075 powders and MWCNTs was performed in 1 min cycles with 48 s of high rotation speed (1300 rpm) and 12 s of lower speed (1000 rpm) for 4 h. Samples of the milled powder were extracted for analysis at 2 h and 4 h.



Figure 5 shows the morphology of the composite powders with 0.5 and 1 wt.% MWCNTs after 2 h and 4 h of HE ball milling, which resulted in particles with a clearly irregular shape. During the first two hours, under the high-energy impacts of the balls, the initially spherical particles undergo severe deformation and are repeatedly flattened and transformed into flakes. The cold welding of the flakes leads to the formation of large particles [40] with a multilayer structure and a rough surface. After longer time periods, with continued deformation, the particles become work-hardened, and the tendency to fracture predominates over cold welding, leading to a decrease in the particle size. Both AA7075-MWCNT composites follow a similar morphology evolution during milling, although there is a slight difference in particle size.



Figure 6 shows the particle size distribution obtained for both reinforcement percentages after 2 h and 4 h of HEBM. After the initial two hours, most of the measured particles of 0.5 wt.% MWCNT composite powders are in the 40–100 μm range, whereas for the 1 wt.% MWCNTs, most particles are in the 40–80 μm range. Upon completion of the total milling time, the percentage of particles with sizes of 40–60 μm is greatly increased for 1% MWCNT, whereas for the mixture with 0.5% MWCNT, the increase is observed in the range between 120 and 140 μm. The computed average particle size for 1 wt.% MWCNT composite is close to 63 μm after 2 h and 54 μm after 4 h milling time. In the case of 0.5 wt.% composites, the average particle size is 83 μm at 2 h and 72 μm at the end of the milling process. This difference can be attributed to two simultaneous effects of MWCNTs. On the one hand, nanotubes act as a process control agent by attaching to the surface of the particles, limiting cold welding and subsequently favouring more intense plastic deformation of the particles. On the other hand, MWCNTs are incorporated into the particles, producing a harder surface after each impact from the milling media, therefore increasing the brittleness of the particles [32,39] (p. 4, p. 7) With the increasing content of MWCNTs, the effect is maximized, leading to lower average particle sizes [29] (p. 3).



The high-impact energy of this route also helps to improve the dispersion of reinforcements into the matrix. In the initial stages, the bundles of MWCNTs are gradually disentangled, separated and dispersed into AA7075 powders. We observed that after milling for 2 h, the clusters adhere to and extend very uniformly on the surface of the AA7075 particles, forming a thin and homogeneous layer in which only a few tubules can be individually differentiated. With milling time increased to 4 h, the surfaces of the particles present a very smooth appearance, and almost no nanotubes can be observed on the surface, as shown in the SEM images in Figure 7. Therefore, after this amount of milling time, it is clear that the nanotubes are already embedded into the matrix. A mechanism for this integration was previously proposed for Al matrix composites [22] (p. 2). In the initial stage, AA7075 powders had a spherical shape, and MWCNT clusters tended to accumulate in the wells between particles. After a short ball milling time, bundles of nanotubes extended over and adhered to the soft surface of the particles. Under the continuous high-energy impacts, clusters are broken down by shearing forces at the same time that particles are being deformed into flakes, creating flat surfaces that can provide more sites for the adhesion of the tubules. Due to the cold welding of particles between them to create coarse and irregular particles, MWCNTs are progressively trapped inside the powders. Fracturing creates new surfaces, and the process can continue until the particles become hard and the adhesion of new nanotubes is finalized. The combination of a high ball-to-powder weight ratio, high rotational speeds in the attritor mill and the efficiency of the cycle procedure followed allow for dispersion and integration of the nanotubes to be achieved more quickly than reported by other researchers [11,24] (p. 1, p. 3). No evident differences are observed between the dispersion of 0.5% and 1 wt.% MWCNTs.




3.2.2. Low-Energy Ball Milling (LEBM) Route


This strategy is designed to achieve correct dispersion without introducing severe damage to the nanotubes during the milling process. Therefore, pre-alloyed AA7075 powders and MWCNTs are introduced in the attritor mill, and milling is carried out for 4 h in 1 min cycles with the rotation speed varying from 300 rpm (48 s) to 200 rpm (12 s). Powder samples were extracted for analysis after 2 h and 4 h of milling.



Figure 8 shows SEM micrographs of the powder samples taken in the middle and at the end of the milling time, demonstrating that the particles are flattened due to ball impacts, but their rounded shape proves that cold welding and fragmentation to form more equiaxed particles did not occur extensively. This is an indication that the energy involved in the milling process was not sufficient. In these images, it is also evident that the MWCNTs are agglomerated in certain areas on the surface of the AA7075 particles (Figure 8a,c). At a higher magnification (Figure 8b,d), the clusters seem to be attached to the surface, but integration into the particles was not achieved. As a consequence of the poor dispersion of the reinforcements for both wt.% studied, this milling strategy was proven to be inadequate and was therefore discarded, so the results of the other analyses carried out on these samples are not presented in this paper.




3.2.3. High + Low-Energy Milling (H + LEBM) Route


This milling strategy was used in an attempt to obtain a material with a heterogeneous structure that would allow us to achieve an adequate combination of resistance and ductility. This is a line of research that is receiving a lot of attention, and there have recently been several reports on superior combinations of mechanical properties in metals, alloys and composites that are processed to have different heterogeneous microstructures but with the common feature of considerable difference in strength between different domains [41,42].



The applied process involves two milling stages. During the first stage, the AA7075 powders were milled via HEBM for 4 h, following the cycling process previously described, varying in speed between 1300 rpm and 1000 rpm, in order to obtain a fine-grained and strain-hardened structure. In the second stage, MWCNTs are added to the mill and grinded with the powders for a further 2 h in a low speed, low energy process (300/200 rpm) to promote the dispersion of the nanotubes. The assumption is that the delayed addition of the MWCNTs to the matrix could provide reinforcement-rich and lean regions, ultimately producing a heterostructured matrix. Samples were extracted at 2 h, 4 h and 6 h. Figure 9 shows the morphological changes of AA7075 particles during the high-energy milling stage without MWCNT addition during the H + LEBM route. The corresponding particle size distribution is presented for each case. After 2 h, most of the particles had a size between 60 and 120 μm, with an average size of 100 μm. This grain size is indicative of the predominance of cold welding in these early stages of milling. After 4 h of HEBM, the particle size distribution is clearly broadened, showing a profile very different from that obtained in the HEBM with MWCNTs added at the beginning of the process. In this case, most of the particles are between 120 and 260 μm, with an average size of 185 μm. The final particle morphology indicates that the cold-welding process continues to be predominant, giving rise to thicker particles with a multilayer structure by welding individual flakes with no preferred orientation, therefore causing an equiaxial morphology.



When examining the particles of the samples extracted after the addition of MWCNTs and further milling at low speed for 2 h (total milling process: 6 h), a clear reduction in the dimensions of the particles for both percentages of MWCNTs can be observed (Figure 10).



This is due to the fracture process derived from the loss of ductility and increased hardness of the particles, together with the nanotubes, which seems to produce a cutting effect on the aluminium particles. In the case of 1 wt.% MWCNT composites, most of particles are 40–80 μm in size, with an average diameter of 52 μm. The particle size distribution is slightly more homogenous for the composite with the addition of 0.5 wt.% nanotubes, with most being 40–100 μm in size, with an average size of 66 µm. Additionally, the morphology of the particles is less irregular than in the previous stage.



These results indicate that the addition of MWCNTs in the last milling stage limits cold welding and favours the fracture process by increasing the hardness and reducing the ductility of the particles, helping to reduce the final size of powders. Observing data summarized in Table 3, which show the average particle sizes measured after the two strategies involving a high-energy stage, it becomes evident that there is no significant difference in the final size of the AA7075 particles for the two routes analysed. Another consequence to be drawn from these results is that 1 wt.% MWCNT composites show a greater reduction in particle size, regardless of the milling route followed.



The effect of this H + LEBM milling strategy on the dispersion of the nanotubes is presented in Figure 11. SEM microstructures of the composite powders with both nanotube content levels indicate that the bundles were efficiently dispersed, and no agglomerations can be observed, unlike with the LEBM method. This suggests that although the milling time was shorter, the hardness acquired by the AA7075 particles in the previous high-energy stage helps in the dispersion of the nanotubes.



Detailed observations of the particle surfaces show that most MWCNTs are uniformly distributed over the surface of the powders (Figure 11b,d), although the integration of the particles has not been complete and groups of tubules can be observed on some surfaces, especially in the 1 wt.% reinforcement composite (Figure 11d).



These results seem to indicate that the H + LEBM method allows for the correct dispersion of nanotubes, reducing the breakage and deterioration thereof due to the MWCNT addition being carried out when the 7075 particles had already undergone a significant degree of hardening. Under these conditions, we are likely to obtain a heterogeneous “core-shell” type structure wherein the MWCNTs are concentrated in a crust around the pre-alloyed powder particles without undergoing excessive deterioration. The subsequent consolidation of these particles by hot extrusion will make it possible to demonstrate whether this heterogeneous structure leads to improvements in the properties of the composite material. This research will be conducted in a future study.





3.3. Effect of Milling Conditions on Average Crystallite Size (ACS) and Lattice Strain (LS)


XRD was used to evaluate the effect of mechanical milling on the crystallite size and lattice strain of the aluminium matrix particles and to detect the possible presence of new phases formed by reactions between the MWCNTs and the aluminium of the matrix. As previously explained, only the results of the two strategies that proved to be efficient for nanotube dispersion are presented. The profiles of all Bragg reflections are broadened; this is related to the reduction in crystallite size and to the important lattice strain introduced by milling.



Figure 12 shows XRD diffractograms of AA7075-MWCNT composite powders with different MWCNT percentages milled through two different routes (HEBM and H + LEBM) compared to as-received AA7075 powders. All XRD patterns show five major peaks corresponding to the FCC phase of Al. In Figure 12, only the region between 20 and 50 2θ degrees of the XRD patterns is shown. This enlargement allows for better visualization of the two most intense peaks of aluminium, as well as the regions close to 26° and 43°, where the two most intense peaks attributed to the carbon nanotubes should appear [43,44]. No peak is detected that could correspond to the formation of Al4C3 during ball milling (peaks between 31–37°). Many researchers [17,28] (p. 2, p. 3) have reported the formation of Al4C3 during the manufacture of AlMC by metallurgy processing methods. The precipitation of aluminium carbide can occur as a consequence of the temperature reached during milling or the creation of defect sites and open ends in CNTs that favour their nucleation at temperatures below the aluminium melting point. The absence of peaks related to MWCNTs and peaks corresponding to any intermetallic phase are ascribed to the low amount of MWCNTs used and the fact that the filtered X-ray is limited in its detection of phases that account for less than 2% volume [45].



It is well known that during high-energy ball milling, the impact and shear forces of the milling media induce the formation of a large amount of linear defects, such as dislocations and stacking faults, which result in the formation of high-dislocation-density regions in the grains piling up on the grain boundaries or irregular clusters in the grains [23,46,47] (p. 2). As a result of these microstructural changes, the profiles of all Bragg reflections are broadened; this is related to the reduction in crystallite size and to the important lattice strain introduced by milling. To analyse these effects, the highest-intensity peak was selected, that is, the peak of Al (111).



Figure 13 shows an enlarged view of the Al (111) peak corresponding to 7075 particles in the as-received (AR) condition and its evolution with milling time following the different milling routes and with different concentrations of MWCNTs. A broadening of the full width at half maximum (βhkl) and a decrease in peak intensity can be observed for both methods and MWCNT percentages, indicating structural changes with reduced crystallite size, as well as microstrain in the deformed powder particles [48,49]. As the H + LEBM route samples extracted at 2 h and 4 h correspond to AA7075 particles milled at high speed, the corresponding peaks are identical in Figure 13a,b.



According to these figures, the change in milling strategy does not produce evident changes in the evolution of the nanocrystalline structure of the samples, which seems to reach similar values under the two conditions, i.e., with MWCNTs added at the beginning of the milling process and with their addition after the HEBM stage. Similarly, the variation in the percentage of reinforcements does not produce a significant change in the broadening and the decrease in the maximum intensity of the Al (111) peak. This observation is in agreement with those reported by other researchers [50].



Samples of 0.5 wt.% MWCNT composites obtained following the HEBM route show a significant difference in the evolution of the Al (111) peak, with a displacement of the peak towards higher diffraction angles after 4 h of high-energy ball milling (Figure 13c). No clear explanation can be proposed for this phenomenon because it is not present in the 1 wt.% MWCNT composite samples. Several authors previously reported a displacement in the position of the XRD aluminium peaks towards lower diffraction angles [51] or towards higher values [45] (p. 17) as results of high-energy milling for different aluminium composites. Different reasons for this displacement have been suggested [45,52] (p. 17), such as the dissolution of minor alloying elements, the effect of impurities and reinforcement particles on the strain accumulation into the lattice of the aluminium matrix or residual strain (macrostrain) due to a change in the lattice parameters of the aluminium matrix during milling.



In order to better compare the results obtained with the two milling routes for both wt.% MWCNTs, the variation in crystalline size and lattice strain of composite powders, as a function of milling time, are presented in Figure 14. The crystallite size and lattice strain were estimated using Scherrer’s formula and Equation (2) on the peak (111). A detailed analysis of these graphs allows us to draw several conclusions.



Firstly, the most significant change in crystallite size, as well as in the percentage of microdeformations, occurs after the first 2 h of milling, regardless of the route followed, the presence or absence of nanotubes in the high-energy milling process and their percentage. This intense decrease in crystallite size was achieved at significantly shorter times than those reported by other researchers [48] (p. 17) due to the higher energy involved in the milling process followed in this work, which was performed with the same BPR (10:1) in a cycle operation procedure at higher rotary speeds.



The average crystallite size of the as-received 7075 powders decreases from 92 nm to a value close to 40 nm after 2 h of HEBM with and without 1% of MWCNT, representing a reduction of 43%. For the mixture with 0.5% of MWCNTs, the reduction is slightly smaller, with an average crystallite size of 36 nm. The lattice strain of the 7075 powders also increases from 0.114% in the starting powders (without milling) to values close to 0.26%, except for the HEBM route with 0.5 wt.% MWCNTs, for which the value of the strain is slightly higher, i.e., 0.29%.



The high energy of the ball impacts during this first stage of milling, where the 7075 is still ductile and the lattice strain is low, induces severe plastic deformation, creating a large number of dislocations and other defects, such as stacking faults [17] (p. 2). Dislocations are rearranged to a lower energy state, and low-angle sub-boundaries are formed. As the generation of dislocations continues, low-angle sub-boundaries transform into high-angle boundaries and become grains at the nanoscale. These trends have also been observed by other researchers [28,46] (p. 3, p. 17). As a consequence of strain hardening, the crystallite refinement produced in the next two milling hours is far less remarkable. The declining rate of crystallite reduction from 2 to 4 h (HEBM) or 6 h (H + LBM) of milling is accompanied by a similar increase rate in the lattice strain, as shown in Figure 14.



The second remarkable observation is that there is no significant difference in the final crystal size or lattice strain values when comparing both routes for 0.5% MWCNTs. For the conditions used in this study, the results reveal that for 0.5 wt.% MWCNTs, regardless of the route followed, the crystallite size of the as-received powders (92 nm) decreases with milling time to a steady value of ~28 nm. The lattice strain (0.114%) also increases to a steady state close to 0.36%.



However, for the highest nanotube concentration (1%), a difference in crystallite size and lattice strain is observed at the end of the two routes. The H + LEBM route leads to the largest final crystallite size (36 nm) and, consequently, to the lowest level of deformation (0.30%). It should be noted that the differences between the two routes are not significant. At the end of the HEBM route, the crystal size is 29 nm, and the lattice strain is 0.36%.



In summary, for the conditions tested in this study (high energy, short time and low percentage of nanotubes), there are no significant differences in crystal size or in strain lattice values when comparing either routes or the influence of nanotube contents.




3.4. Effect of Cyclic Ball Milling Process on MWCNTs


Raman spectroscopy was used to appraise the degradation induced in the structure of MWCNTs during the mechanical milling step.



Raman spectroscopy has emerged as an important tool for the characterization of carbon nanomaterials on account of its sensitivity to even slight changes in highly symmetric covalent bonds. Since the first observation of MWNTCs in 1991 by Iijima [53], this technique has been used to characterize the synthesis and purification processes of carbon nanotubes and to study their properties. It has proven to be a powerful tool for the characterization of single-walled carbon nanotubes (SWNTs), supplying information about purity, tube alignment and defects. In recent years, MWCNTs have also been characterized by Raman spectroscopy, although interpretation is often more difficult, usually based on the well-established results obtained for SWCNTs.



Figure 15a shows the Raman spectra of the AA7075 composite reinforced with 1 wt.% MWCNTs obtained by the two proposed milling methods, HEBM and H + LEBM, compared to the as-received MWCNTs. The spectra were obtained under the same experimental conditions (HeNe laser, 632.8 nm, 20 scans and exposure time of 15 s). Similar results were obtained for the 0.5 wt.% composite with both strategies.



The Raman spectra of MWCNTs show D and G bands due to sp2 sites [54], as well as the G’ band, which is attributed to the overtone of the D band. The G band corresponds to the tangential vibrations of the C-C sp2 bond atoms and therefore appears wider and smaller for poorly structured and defect-containing nanotubes. This band shows two components: the lower-frequency component associated with vibrations along the circumferential direction, (G−), which is therefore diameter-dependent; and the higher-frequency component, (G+), which is attributed to vibrations along G direction of the nanotube axis [55]. In this work, the G+ band was detected at 1572 cm−1, and the G− band was located at 1604 cm−1.



On the other hand, in MWCNTs, the D− band is attributed to lattice defects, such as kinks, heteroatoms and vacancies, as well as finite or nanosized graphitic planes in rings [56].



As shown in Figure 15a, the important background due to the fluorescence of the sample corresponding to the H + LEBM route makes it difficult to compare the shape and intensity of the D and G bands between the three samples. To avoid this effect, new Raman spectra were collected in the frequency range between 1000 and 2000 cm−1 (Figure 15b) by performing 10 scans with 5 s exposure time to reduce the excitation time. Table 4 shows the position of D and G bands and the ID/IG ratio computed after background removal. The addition of MWCNTs into the AA7075 matrix via milling processes causes changes in the spectra, such as a clear change in the intensity of the D and G peaks and a slight shift to higher frequencies of the G and D bands [22] (p. 2). These effects, together with the broadening of both peaks, indicate a notorious increase in the defects and amorphization of the CNTs.



Despite the similarities, there are differences between the spectra of the two samples that should be pointed out. The displacement towards higher frequencies of the G band is greater for composites obtained by the HEBM route (1607 cm−1 vs. 1578 cm−1 for the H + LEBM route). On the other hand, the displacement of the D band towards higher frequencies is the same. Another parameter usually used to assess this damage to nanotubes is the change in the two band intensities, which is quantified by the ID/IG ratio. As expected, the ratio obtained for both routes is higher than the value for the as-received MWCNTs, and it is almost the same for both routes. All these data confirm that the degradation of MWCNTs is reduced by the strategy in which these reinforcements are incorporated into previously hardened matrix powders through a low-energy milling stage.



Finally, the spectra of both 7075-1 wt.% MWCNT composites (Figure 15a) show two small peaks at 488 cm−1 and 840 cm−1, as previously reported by Xu et al. [57], corresponding to Al4C3. As previously mentioned, partial damage to the walls of MWCNTs during milling generates regions for the reaction of Al and C that facilitate the formation of Al4C3. The slight shift of several cm−1 between the reported values and those measured in this work can be attributed to crystal defects of the Al4C3 grown over the damaged MWCNTs. This verifies the formation of this carbide, although XRD spectra do not detect the presence of aluminium carbide, probably because the amount is too small to be detected, given the resolution of this technique.




3.5. Nanoindentation Results


The interaction between the Al matrix and CNTs and the dispersion of CNTs themselves are the main issues directly related to the mechanical properties of the composite. In our study, the formation of covalent bonds (Al4C3) at the interface between the Al matrix and CNTs was confirmed for 7075-1 wt.% MWCNTs obtained via both routes. The most relevant aspects related to the effect of MWCNTs on the mechanical resistance of composites are their proportion, their adequate dispersion and the interaction between the matrix and the nanotubes. Although data confirmed the formation of covalent bonds (Al4C3) at the Al-C interface in composites containing 1 wt.% MWCNTs, their presence is considered very limited, so an analysis of the results shown below was performed based on the % and distribution of the reinforcements.



Table 5 presents the hardness (H) and elastic modulus (E) values obtained through nanoindentation tests of powder composites obtained by different milling routes and for the two concentrations of nanotubes. These values can be compared with the results obtained for the AA7075 pre-alloyed powders milled under high energy without nanotubes. The indentation depth was established at 500 nm to ensure that the indented area was much smaller than the tested powder particles.



The nanoindentation results show that whereas the hardness values remain very similar in all samples, the addition of 0.5 wt.% MWCNTs to the composites obtained through the two milling strategies produces a clear increase in the value of E. However, this increase is not as significant in the composites with 1 wt.% MWCNTs, especially in the case of the H + LEBM route, in which a decrease in the modulus of elasticity is measured.



There is a lack of literature data on elastic modulus because most research has focused on improving the yield/tensile strength. There is a large scatter in the Ecomposite/Emetal-matrix ratio, especially at low CNT volume fractions [58,59,60]. For example, Gowda and Girish [61] performed nanoindentation characterization to measure the hardness and elastic modulus properties of Al reinforced with B4C particulates and carbon nanotubes (CNT) synthesized by powder metallurgy. Their results clearly reveal that Young’s modulus decreases with the addition of B4C to the aluminium matrix but increased with the addition of CNT up to 1%, beyond which point it decreased. Similar results were obtained by U. Abdullahi et al. [62] when studying the influence of different percentages of nanotubes (1, 1.5, 2.0 and 2.5 wt.% CNT) on aluminium nanocomposites (Al-CNT). Their results obtained using nanoindentation and Vickers microhardness techniques show that hardness increased with the increased CNT percentage up to 2 wt.%.



Esawi et al. observed a similar trend [32] (p. 4) in their study using the Vickers test to evaluate microhardness and nanoindentation measurements for determination of Young´s module on aluminium matrix nanocomposites with 0.5, 1, 2 and 5 wt.% CNTs. The maximum hardness value was observed at 0.5 wt.% CNTs, and the maximum value of Young’s modulus was measured in composites with 2 wt.% CNTs. They attributed these results to the tendency of CNTs to agglomerate at high-volume fractions due to the large aspect ratio of the CNTs used in their study.



In previous studies, it was verified that with a certain percentage of CNTs, it is difficult to achieve their adequate dispersion in the matrix. When the CNT clusters are not well-infiltrated with the metal matrix, load transfer to CNT clusters is very small, and an elastic response dominates the matrix. Therefore, a descent in mechanical properties is observed.



These observations are in agreement with our results, wherein the lower value corresponds to a condition where a higher concentration of nanotubes is milled for only two hours under low energy. This may also be the cause of the low E values obtained in the 1wt.% MWCNT composite samples manufactured by the H + LEBM route, in which nanotubes are mixed for only two hours under low-speed milling. These conditions of energy seem to be insufficient to achieve a complete dispersion and integration of nanotubes in the matrix, leading to a less rigid composite.





4. Conclusions


In the search for an efficient and economical process that can be implemented in industry for the manufacture of profiles of AA7075 matrix composites reinforced with MWCNTs, a powder metallurgical process was developed with a mechanical milling stage followed by a hot extrusion stage.



In this paper, we presented the results obtained in a study of three mechanical ball milling strategies proposed with the aim of achieving effective dispersion of 0.5 wt.% and 1 wt.% MWCNTs in the matrix powders.



	-

	
The high-energy ball milling route (HEBM) strategy achieves good dispersion and integration of the nanotubes in the AA7075 particles for the two percentages of reinforcements tested after 4 h of milling. Therefore, the cyclic variation of the speed (1 min cycles with a 48 s stage at 1300 rpm and a 12 s stage at 1000 rpm) allows for a reduction in the milling time, obtaining average particle sizes of 72 µm for 0.5 wt.% and 54 µm for 1 wt.% MWCNTs.




	-

	
The low-energy ball milling route (LEBM) does not effectively disaggregate the MWCNT bundles and does not achieve adequate dispersion and incorporation into the AA7075 particles in the considered milling time (4 h in 1 min cycles varying rotation speed from 300 rpm for 48 s to 200 rpm for 12 s). These processes could be improved by notably increasing the milling time, but this would make its industrial implementation difficult. Thus, this strategy was discarded.




	-

	
The high + low-energy (H + LEBM) strategy (4 h HEBM of AA7075 powders with no nanotubes + 2 h LEBM with MWCNTs) allowed for the adequate dispersion of the nanotubes, achieving their integration on the surface of the powders. In subsequent work, we will tested whether this “core-shell” structure can lead, after extrusion, to composites with heterogeneous microstructures and improved properties. The average particle size obtained via this route is 66 µm with 0.5 wt.% and 52 µm with 1 wt.% MWCNTs.




	-

	
The nanoindentation technique makes it possible to verify that the highest E and H values are achieved in the samples with 0.5 wt.% MWCNTs produced by the H + LEBM milling route.




	-

	
In the characterization carried out through Raman spectroscopy, the values of the ID/IG ratio determined form the spectra indicate that there is no significant difference in the damage induced in the MWCNTs in the two milling routes analysed. This is consistent with the fact that the stage that the two routes have in common is initial high-energy milling for 4 h, in which the maximum deformation of the powders and reinforcements occurs. It is significant to note that the difference in distortion detected in the MWCNTs in the as-received state is not relevant.




	-

	
Moreover, the presence of a small amount of Al4C3 is detected in composites obtained from both routes due to the reaction of C with Al from the matrix.




	-

	
After the performed XRD study, the average crystallite size obtained at the end of both HEBM and H + LEBM is similar (approximately 30 nm), representing a reduction of ~40% with respect to the as-received AA7075 powders. The most important crystallite size reduction takes place in the first two hours of milling, and the presence of nanotubes, at least in the proportions considered, seems to be irrelevant.




	-

	
Based on the obtained results, especially those with respect to mechanical properties, it seems that the best option is to use 0.5% MWCNTs, regardless of the route followed.
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Figure 1. Secondary electron (SE) images of as-received atomized AA7075 powders: (a) morphology of the powders; (b) detailed image of the topology of the surface. 
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Figure 2. SEM images of the fine solidification microstructure of AA7075 pre-alloyed powders: (a) cross section of the powder particle after etching with NaOH; (b) detailed image (a) showing the dimensions of the dendrites. 
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Figure 3. EDS analysis of AA7075 particles along grain boundaries. The image on the left allows for determination of the position where the scan line was performed (pink line). The image on the right shows the elemental profiles from the scan. 






Figure 3. EDS analysis of AA7075 particles along grain boundaries. The image on the left allows for determination of the position where the scan line was performed (pink line). The image on the right shows the elemental profiles from the scan.



[image: Metals 12 01020 g003]







[image: Metals 12 01020 g004 550] 





Figure 4. HRTEM images showing: (a) clusters of MWCNTs; (b) an individual MWCNT. 
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Figure 5. SEM morphological evolution of MWCNT composite powders after 2 h and 4 h of HEBM. 
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Figure 6. Particle size distribution histograms determined from SEM measurements of AA7075-MWCNT composite particles after 2 h and 4 h of HEBM: (a) 0.5 wt.% MWCNTs; (b) 1 wt.% MWCNTs. 
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Figure 7. SEM micrographs of AA7075-MWCNT composite particles obtained after 4 h of HEBM showing the good integration of MWCNs into the 7075 matrix: (a,b) 0.5 wt.% MWCNTs; (c,d) 1 wt.% MWCNTs. 
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Figure 8. SEM micrographs of AA7075 + 1%-MWCNTs mixed with the LEBM method after different mill times: (a,b) 2 h; (c,d) 4 h. 
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Figure 9. SEM micrographs of AA7075 powders after milling in the first stage of the H + LEBM route with the corresponding particle size distribution: (a) 2 h of milling; (b) 4 h of HEBM without addition of MWCNTs. 
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Figure 10. SEM micrographs of AA7075-MWCNT composites after completing the H + LEBM route (6 h total milling): (a) 1 wt.% MWCNTs; (b) 0.5 wt.% MWCNTs; (c) particle size distribution for both MWCNT content levels. 
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Figure 11. SEM micrographs of 7075-MWCNT composite powders after the completion of the H + LEBM strategy: (a,b) 0.5 wt.% MWCNTs; (c,d) 1 wt.% MWCNTs. 
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Figure 12. XRD diffractograms of AA7075-MWCNT composite powders with different MWCNT percentages milled through different routes compared to as-received AA7075 powders. 
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Figure 13. XRD patterns for AA7075-MWCNT powders with different MWCNT percentages milled following different routes. Broadening and shift in the Al (111) peak is shown for: (a) H + LEBM and 0.5 wt.% MWCNTs; (b) H + LEBM and 1 wt.% MWCNTs; (c) HEBM and 0.5 wt.% MWCNTs; (d) HEBM and 1 wt.% MWCNTs. 
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Figure 14. Variation in crystallite size and lattice strain in composite powders as a function of time for different milling routes. 
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Figure 15. Raman spectra of as-received MWCNTs and the AA7075-1 wt.% MWCNT composite obtained by H + LEBM and HEBM routes. (a) Frequency range from 30 to 3500 cm−1, 20 scans and exposure time of 15 s; (b) frequency range from 1000 to 2000 cm−1, 10 scans to 10 and exposure time of 5 s. 
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Table 1. Route of ball milling.
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Ball Milling

	
MWCNTs

	
Time (h)

	
Cycles per 1 min (rpm)

	
Total Time (h)






	
Low Energy

(LEBM)

	
Yes

	
2

	
300/200

	
4




	
Yes

	
4

	
300/200




	
High Energy

(HEBM)

	
Yes

	
2

	
1300/1000

	
4




	
Yes

	
4

	
1300/1000




	
High + Low Energy

(H + LEBM)

	
No

	
2

	
1300/1000

	
6




	
No

	
4

	
1300/1000




	
Yes

	
2

	
300/200
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Table 2. Particle size distribution of the as-received atomized AA7075 powders.
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	Particle Size (µm)
	0–15
	15–30
	30–45
	45–60
	60–75



	Frequency (%)
	2
	35
	41
	20
	2
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Table 3. Average particle size (in μm) of the powders milled through different routes and with different MWCNT percentages.
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0.5 wt.% MWCNT Composite

	
1 wt.% MWCNT Composite




	
Milling Time

	
HEBM

	
H + LEBM

	
HEBM

	
H + LEBM






	
0 h

	
36

	
36

	
36

	
36




	
2 h

	
83

	
100

	
63

	
100




	
4 h

	
72

	
185

	
54

	
185




	
6 h

	
-

	
66

	
-

	
52
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Table 4. D-band and G-band peaks, as well as ID/IG ratio, for as-received MWCNTs and 7075-1 wt.% MWCNT composites obtained by the two proposed milling routes.
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Peak Position (cm−1)

	
ID/IG

Ratio




	
D Band

	
G Band






	
MWCNT

	
1327

	
1576

	
1.8




	
7075-1 wt.% MWCNT

HEBM

	
1328

	
1607

	
2.0




	
7075-1 wt.% MWCNT

H + LEBM

	
1328

	
1578

	
2.1
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Table 5. Hardness and Young’s modulus values.
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	Sample
	MODULUS

E (GPa)
	Standard

Deviation
	HARDNESS

H (GPa)
	Standard

Deviation
	RATIO

E/H





	AA7075 + 0 wt.% MWCNT

HEBM-4h
	71.21
	7.0
	3.37
	0.09
	21.13



	AA7075 +0.5wt.% MWCNT

HEBM-4h
	78.26
	7.4
	3.73
	0.28
	21.00



	AA7075 +0.5wt.% MWCNT

H+LEBM-6h
	78.62
	6.8
	3.30
	0.45
	23.75



	AA7075 + 1 wt.% MWCNT

HEBM-4h
	73.64
	5.3
	3.51
	0.21
	20.98



	AA7075 + 1 wt.% MWCNT

H+LEBM-6h
	61.35
	6.3
	3.37
	0.09
	18.22
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