[image: image1]The Effect of the Milling Vial Shape on the In-Situ Consolidation of a Nanocrystalline Al-Li-GNPs Nanocomposite Synthesized by Room Temperature Ball-Milling

		ORIGINAL RESEARCH
published: 23 February 2022
doi: 10.3389/fmats.2022.804075


[image: image2]
The Effect of the Milling Vial Shape on the In-Situ Consolidation of a Nanocrystalline Al-Li-GNPs Nanocomposite Synthesized by Room Temperature Ball-Milling
Sara I. Ahmad and Khaled M. Youssef*
Materials Science and Technology Graduate Program, College of Arts and Sciences, Qatar University, Doha, Qatar
Edited by:
Qudong Wang, Shanghai Jiao Tong University, China
Reviewed by:
Rajkumar Kaliyamoorthy, SSN College of Engineering, India
Shokouh Attarilar, Shanghai Jiao Tong University, China
* Correspondence: Khaled M. Youssef, kyoussef@qu.edu.qa
Specialty section: This article was submitted to Mechanics of Materials, a section of the journal Frontiers in Materials
Received: 28 October 2021
Accepted: 24 January 2022
Published: 23 February 2022
Citation: Ahmad SI and Youssef KM (2022) The Effect of the Milling Vial Shape on the In-Situ Consolidation of a Nanocrystalline Al-Li-GNPs Nanocomposite Synthesized by Room Temperature Ball-Milling. Front. Mater. 9:804075. doi: 10.3389/fmats.2022.804075

Several studies investigating the ball-milling of ductile face-centered cubic metals have reported a so-called in-situ consolidation phenomenon where the milled powder is also consolidated during the milling process. Thus, instead of refined powders or agglomerated particles, the formation of spherical bulk particles of the milled material is reported using a combination of cryomilling and room temperature milling processes. In this study, we studied the effect of the milling vial shape on the in-situ consolidation of a graphene nanoplatelets (GNPs) reinforced aluminum-lithium (Al-Li) matrix nanocomposite for the first time. An in-situ consolidated nanometric Al-Li-GNPs nanocomposite with an average grain size of 48 nm and high hardness of 1.48 GPa was attained after only 8 h of room-temperature milling. The results presented suggest that dense nanostructured composites can be prepared by in-situ consolidation during a one-step milling process and subsequently investigated in order to analyze their mechanical behavior. This allows for the intrinsic mechanical behavior of the synthesized material to be examined without the interference of subsequent high-temperature consolidation processes, thus avoiding unwanted structural changes such as grain growth and second phase formations.
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1 INTRODUCTION
The synthesis of graphene reinforced aluminum (Al) matrix composites (GRAMCs) has witnessed an exponential uprise since the beginning of the last decade (Ahmad et al., 2020a), with successfully reported enhancements in Al’s mechanical strength (Shin and Bae, 2015; Zhang et al., 2016), thermal conductivity (Chen and Huang, 2013; Pradhan et al., 2020), and electrical properties (Chyada et al., 2017; Wang et al., 2019). Ball-milling is the most widely used technique for the synthesis of graphene reinforced Al matrix composites, owing to its efficient exfoliation, mixing, and distribution of the graphene nanoplatelets in the metal matrices (Ahmad et al., 2020a). However, the main issue with powder metallurgy processing techniques including the ball-milling of powders, is that an indispensable powder consolidation process must follow to attain bulk materials for reliable and reproducible mechanical testing (Koch et al., 2008). The ultimate goal is to achieve the maximum theoretical density by facilitating a complete inter-particle bonding which is essentially achieved by the incorporation of both pressure and high temperature (Koch et al., 2008; El-Danaf et al., 2013).
Different consolidation techniques result in different degrees of densification and several advanced consolidation techniques have been utilized for the synthesis of graphene reinforced MMCs including hot extrusion (El-Ghazaly et al., 2017), hot pressing (Kwon et al., 2017), microwave sintering (Rajkumar and Aravindan, 2009; Ghasali et al., 2018), hot rolling (Shin et al., 2015), and spark plasma sintering (Bisht et al., 2017; Ram Prakash et al., 2021) for mechanical properties testing. However, powder consolidation is not a trivial process and requires the optimization of the process parameters to achieve maximum densification (Awotunde et al., 2019; Attarilar et al., 2021a), without causing significant coarsening of the consolidated microstructure or introducing unwanted phases (Koch et al., 2008).
Gürbüz et al. (2017) studied the effect of sintering time on the consolidation of Al-0.1 wt% graphene nanoplatelets (GNPs). They reported that the density of the green pressed composite increased up to a sintering time of 180 min, after which the density dropped. Saheb (2013) noted that the sintering temperatures significantly influenced the densification of spark plasma sintered (SPS) A2124 and A6061 alloys. Their results showed that an increase in the sintering temperature from 450 to 550°C reduced porosity dramatically and enhanced densification. Bisht et al. (2017) reported a poor sinterability of the GNPs/Al composite at higher volume fraction addition of GNPs regardless of the sintering temperature. This is attributed to the agglomeration tendency of GNPs at higher GNPs content, which reduces the contact area between the Al particles, and prevents their rearrangement during pressing.
The quality of the consolidated bulk specimens and their densification play a key role in determining the mechanical behavior during testing. Thus, failure to achieve full densification will result in early sample failure which does not necessarily represent the material’s intrinsic mechanical behavior, but rather its compacted microstructure (Koch et al., 2008). This explains the discrepancies in the mechanical performance reported for the same material synthesized by various research groups and hinders the understanding and interpretation of the synthesized intrinsic mechanical performance.
In this regard, several studies investigating the ball-milling of face-centered cubic (FCC) metals have reported a so-called in-situ consolidation phenomenon where the milled powder is also consolidated during the milling process (SamadiKhoshkhoo et al., 2015; Hegedűs et al., 2017; Abaza et al., 2019; Ahmed et al., 2020; Ahmad et al., 2020b). Thus, instead of refined powders or agglomerated particles, the formation of relatively large spherical bulk particles of the milled material is reported using a combination of cryomilling and room temperature milling processes. It was explained that using cryomilling resulted in the formation of small spherical agglomerates with nanoscale grain sizes, while the heat generated during room temperature milling allowed for the consolidation of the already spherical agglomerates into densified spheres with smooth surfaces (Ahmad et al., 2020b). In-situ consolidation is of particular advantage for the synthesis of nano-crystalline materials. It eliminates the need for consecutive high-temperature compaction processes; thus avoiding any structural changes such as grain growth and second phase formations (Koch et al., 2008). This allows for the intrinsic mechanical behavior of the synthesized material to be examined. Koch et al. reviewed the mechanical properties of ball-milled in-situ consolidated nanocrystalline metals (Koch et al., 2008). Zhu et al. (2003) reported the synthesis of in-situ consolidated Zn spheres with 5–10 mm diameters using a combination of cryomilling and room temperature milling processes. Youssef et al. utilized a similar procedure to synthesize artifact-free in-situ consolidated Al-Mg (Youssef et al., 2006) and Cu (Youssef et al., 2004) spheres with enhanced mechanical properties.
The ball-milling technique has been investigated vigorously in the field of graphene reinforced metal composite. The effect of the milling time on the morphology and structure of GRAMCs (Pérez-Bustamante et al., 2014a; Bastwros et al., 2014; Jiang et al., 2018), the effect of the GNPs content on the mechanical performance of GRAMCs (Ashwath and Xavior, 2014; Zhang et al., 2016; Tiwari et al., 2020), and the effect of the milling temperature on the ball-milling of GRAMCs (Li et al., 2015) have been investigated. In addition, other reports studied the effect of the milling balls’ size (Zhang et al., 2016) and the effect of the milling speed (Zhang et al., 2016; Jiang et al., 2018) on the structural integrity of graphene in GRAMCs. In this paper, the effect of the ball-milling vial and its shape on the in-situ consolidation of a nanocrystalline Al-Li alloy reinforced with GNPs by room temperature ball-milling is investigated for the first time. For comparison, the same nanocomposite composition was milled using the conventional cylindrical milling vial under the same conditions.
2 MATERIALS AND METHODS
Al powder with a 99.97% purity purchased from Alfa Aesar was ball-milled with 2.0 at% Li granules of 99.0% purity and 1.0 wt% GNPs purchased from Sigma-Aldrich. The 2.0 at% content of Li added was based on previous studies, which showed a complete solid solubility of Li in ball-milled Al at an atomic content less than 4.0% (Ahmad et al., 2020b). Based on literature data, 1.0 wt% content of GNPs is enough to reinforce Al-based composites mechanically (Pérez-Bustamante et al., 2014a; Li et al., 2015; Tabandeh-Khorshid et al., 2016). Ball-milling was performed using a SPEX 8000 shaker mill under argon to prevent the formation of oxides during milling. No process control agents (PCA) were used as it has been proven to interfere with the in-situ consolidation during the milling process. Instead, the expected excessive Al welding was mitigated by the GNPs and its self-lubricating nature, which renders its presence as a PCA during milling. In addition to the conventional cylindrical milling vial, a specially designed concaved milling vial was used to investigate the effect of the milling vial shape on the in-situ consolidation of Al, see Figure 1. Both balls used for the milling and the milling vials were made from the same type of steel (Stainless steel 440C). A total of 32 milling balls were used (16 balls with 1/4″ diameter and 16 balls with 5/16″ diameter) with a total ball-to-powder ratio of 17:1. To maximize the sphericality of the specifically designed milling vial, the concaved milling vial consisted of two parts, see Figure 1B, each consisting of half a sphere with a diameter of 44.8 mm and an inner length of 32.7 mm. A portion of the mechanically milled powder was extracted after every hour of milling to observe and investigate the effect of milling and determine the optimum milling time for the Al-Li-1.0 wt% GNPs nanocomposite.
[image: Figure 1]FIGURE 1 | (A) Conventional cylindrical milling vial, and (B) specially designed vial with a round concaved circular interior wall.
Scanning electron microscopy images (SEM) images of the as-milled particles were taken using a FEI Nova NanoSEM 450 operated at an accelerating voltage of 5 kV and a working distance of 5 mm. Structural analysis was conducted using X-ray diffraction (XRD). A PANalytical Empyrean Diffractometer with a CuKa (λ = 0.1542 nm) radiation was used at a 45 kV, 40 mA, and 25°C with scanning range from 20° to 100°, a step size of 0.013°, and a scan rate of 0.044° s−1. Transmission electron microscope (TEM) analysis on the synthesized Al-Li-GNPs nanocomposites was performed using a Thermo Scientific TalosF200X TEM operating at 200 keV. The TEM samples were prepared by electrojet polishing using a Fischione double-jet electropolisher in an ethanol solution with 10°vol% perchloric acid at 0°C. A Thermo fisher scientific DXR Raman spectroscopy with a laser wavelength of 532 nm was used to examine the structural integrity of the GNPs after milling. Optical microscopy images were recorded using an OLYMPUS BX53M light microscope. Vickers microhardness measurements were carried out using a Future-Tech Microhardness Tester FM-800. The automated loading system was used with a 5 s dwell time and a 25 g load. A total of eight indentations on each sample were taken to obtain an average and calculate the standard deviation.
3 RESULTS AND DISCUSSION
The two different vials utilized in the ball-milling of the Al-Li-GNPs samples are shown in Figure 1. A conventional milling vial that exhibits a cylindrical-shaped inner wall with a flat top and bottom facets is shown in Figure 1A. The second milling vial is specially designed to induce in-situ consolidation during milling and exhibits a concaved circular inner wall, see Figure 1B.
3.1 Conventional Milling Vial
The SEM images in Figure 2 show the morphology of the as-received Al and the Al-Li-GNPs powder extracted after different milling times. The initial as-received gas-atomized Al powder appears to be round, equiaxed particles with an average particle size of 15 μm, see Figure 2A. Compared to the as-received Al (see the scale bar), it is visibly clear from the SEM images in Figure 2 that the particle size of the Al-Li-GNPs increased significantly after milling. It is well-known that the ball-milling process can cause a considerable change to the morphology of the milled powder (Hajalilou et al., 2018) and effectively distribute and disperse the nano-reinforcement (Jiang et al., 2018). Furthermore, the ball-milling process is characterized by the competition between the cold welding of the milled powder and its fracture (Hajalilou et al., 2018; Jiang et al., 2018).
[image: Figure 2]FIGURE 2 | SEM images showing the morphology of the (A) as received Al, and the as-milled Al-Li-GNPs powder after milling in the conventional milling vial for (B) 2 h, (C) 4 h, (D) 6 h, and (E) 8 h. (F) Particle size of as-milled samples vs milling time.
The collision force between the milling balls and the powder being milled is defined by the act of two forces, a radial compressive force, and a tangential shearing force. Powder deformation, including cold welding, flattening, and fracturing, is determined by the radial compressional force coming from the direct high energy impacts. The distribution and dispersion of the GNPs, however, is achieved by the tangential shearing force as a result of the side impacts, high-speed rotation, and the friction of the balls (Jiang et al., 2018). In order to achieve effective milling and in-situ consolidation of a GRAMC, enough milling time is required to achieve both matrix grain refinement and reinforcement distribution, as well as particle agglomeration and consolidation.
During the early stages of milling, the cold-welding mechanism dominated the milling process. The high ductility of Al and the heat generated during milling due to the high impact collision forces between the balls and the Al powders resulted in Al agglomeration. As a result, welding became more dominant than fracturing (Suryanarayana, 2019; Wu et al., 2018). The significant increase in the average particle size of the initial fine powders from 15 μm to 0.45 mm after 2 h of milling, indicated that cold welding of the Al particles was clearly activated, see Figure 2B. During high energy ball-milling of GNPs, the high shear force and high rotation energy exerted during milling are known to induce further exfoliation and uniform distribution of the GNPs in the metal matrix (Rashad et al., 2015a; Yue et al., 2017; Jiang et al., 2018; Yu et al., 2019). Thus, at this stage of milling, the exfoliated and dispersed GNPs were embedded and entrapped in between the cold-welded Al-matrix particles (El-Ghazaly et al., 2017; Pérez-Bustamante et al., 2014a; Li et al., 2019). In addition, apparent flattening of the surface of the Al particles was observed. This is due to the continuous compressional deformation induced by the increased number of collisions with milling time. The average particle size decreased to 0.39 mm after 4 h of milling, indicating that the particles were hardened, deformed, and fractured at this stage (Toozandehjani et al., 2017), and then increased again to 0.41 mm after 6 h of milling, see Figures 2C–F. These competing events of cold welding and fracturing repeatedly continue throughout the milling period until a steady-state stage is reached (Suryanarayana, 2019). At this steady state, a homogenous microstructure was achieved as is indicated by the refined particle size, and as will be discussed in Section 3.3, by the homogenous composition, and the uniform grain size throughout the sample (Attarilar et al., 2021b). After 8 h of milling, the majority of the sample attained a noticeably smaller, finer, flake-like structure with an average particle size of 0.35 mm. Nonetheless, the size of the milled powders/particles after any stage of milling is larger than the size of the original Al powder. This is expected, as explained, due to the ductility of Al and the heat generated during milling, especially in the case of milling without the use of a PCA.
It is significant to note that in addition to the flat particles, the formation of spheres was observed after 8 h of milling, see Figure 3A. These small spheres started to form after 5 h of milling. With increased milling time, the spheres started to agglomerate onto each other randomly to form larger irregularly shaped spheres after 8 h. With the increased milling time, deformation and fracturing, accompanied by the continuous flattening of the composite powders and a decrease in the powder size, became prominent (Li et al., 2019). Yet, at the same time, the heat generated due to the high-energy milling generated with longer milling times allowed for particles to recover and bond favoring the welding process again, which explains the presence of the agglomerated spheres (Pérez-Bustamante et al., 2014a).
[image: Figure 3]FIGURE 3 | The evolution of the Al-Li-GNPs particle morphology milled in the conventional milling vial with milling time. (A) 8 h, (B) 10 h, (C) 13 h, and (D) 16 h, 33 h, and 40 h.
In order to investigate the effect of extreme milling time on the morphology of the as-milled Al-Li-GNPs powder using the conventional milling vial, milling was continued for 40 h. It is generally known that longer milling times of ductile metals favor the welding of the milled particles (Pérez-Bustamante et al., 2014a), and can lead to the amorphization of the crystal lattice (Sakher et al., 2018). The evolution of the Al-Li-GNPs particle morphology milled in the conventional milling vial with milling time can be seen in Figure 3. Initially, the entire sample started agglomerating into small-sized spheres that weld together with continued milling time, see Figure 3B. With longer milling time, the agglomerated irregularly shaped spheres formed round-shaped spheres with uniform surfaces, see Figure 3C. At around 16–18 h of milling, those spheres flattened and welded on the milling balls, forming a layer due to the continuous bombardment and flattening by the high impact balls, see yellow arrow in Figure 3D. At this stage, the spheres took the shape of a thin curved bowl, mimicking the ball’s surface. These bowl-like particles peeled off of the ball’s surface after 33 h of milling; see purple arrow in Figure 3D. With continued milling, the edges of these bowl-like particles started to convolve, and after 40 h of milling, the bowl-shaped particles evolved into doughnut-like particles, see red arrow in Figure 3D. The synthesis of doughnut-like morphologies as a result of milling has been reported by Huang et al. (1995) and Hegedűs et al. (2017) for Cu and Pd particles, respectively. Hegedűs et al. (2017) suggested that further ball-milling resulted in closing of the hollow middle part of the particles, which led to the formation of hollow spheres.
3.2 Concaved Milling Vial
In-situ consolidation of bulk Al-Li-GNPs spheres was not achieved even with longer milling times using the conventional milling vial. A specially designed vial with circular concaved interior walls was used to investigate the effect of the milling vial shape on the in-situ consolidation of Al, see Figure 1B. The milling process was performed by utilizing the exact same composition and parameters used before in the conventional vial. Regardless of the exact mechanism for in-situ consolidation during milling, the cold-welding of the milled powder is a primary requirement. Al is a ductile metal, and the deformation of the particles due to the impact between the balls and the powder will be affected by where the impact is taking place.
The initial morphology observations for the sample milled in the concaved milling vial were similar to those observed for the Al-Li-GNPs sample milled in the conventional milling vial. A competition between welding and fracturing and collisions between the milling balls and milled powder resulted in the formation of flat flake-like particles. However, the small spheres started developing earlier during milling using the concaved vial, which later agglomerated onto each other randomly to form larger irregularly shaped spheres after the fourth hour, see Figures 4A–E.
[image: Figure 4]FIGURE 4 | (A–E) The evolution of the particle morphology of the Al-Li-GNPs sample milled in the concaved milling vial with milling time. (D) The formation of 2–3 mm diameter spheres with uniform smooth surfaces after 8 h of milling, and (E) welding of the Al-Li-GNPs spheres on the balls and wall of the milling vial after 10 h of milling.
After 6 h of milling, the particles increased in size, more spheres formed, and the tendency of agglomeration of the small spheres to form irregularly shaped spheres increased. This is attributed to the fact that at this stage, the heat generated due to high-energy milling allowed for the sample particles to recover and bond, favoring the welding process. By the end of the eighth hour, in-situ consolidation took place where the entire sample turned into 2–3 mm diameter spheres with uniform smooth surfaces, see Figure 4D. The uniformity of the particles in the entire sample after this time of milling suggested that what is known as a steady-state equilibrium stage was reached between the rate of welding and the rate of fracturing (Zhao et al., 2010; Najimi and Shahverdi, 2017). Further milling up to 10 h resulted in the welding of a large number of spheres onto the milling balls due to the continuous high-frequency bombardment of the steel balls with the Al spheres, resulting in a lower material yield, see Figure 4E.
It is clear that the circular walls of the concaved vial used facilitated the formation of the initially small spheres. Thus, the in-situ consolidation required significantly shorter times than those reported in the literature for room temperature in-situ consolidation studies (Harris et al., 1993; Huang et al., 1995; Gupta et al., 2015; Hegedűs et al., 2017). The exact mechanism of in-situ consolidation using ball-milling is not well understood yet, as evidenced by the few publications reported in the literature (Huang et al., 1995; SamadiKhoshkhoo et al., 2015; Hegedűs et al., 2017). Nonetheless, several mechanisms have been suggested based on the morphological observations of the in-situ consolidated spheres.
To gain a deeper insight into the interior morphology of the spheres and the level of consolidation, several in-situ consolidated Al-Li-GNPs spheres milled for 8 h were covered in epoxy and polished across their diameters to investigate their densification using optical microscopy, see Figure 5.
[image: Figure 5]FIGURE 5 | (A–I) Optical microscopy images of three in-situ consolidated Al-Li-GNPs spheres milled for 8 h at several stages of polishing.
All the spheres appeared to be solid bulk spheres from the outside but with different features on the inside, as observed in Figures 5A–I. The sphere shown in Figure 5A was polished slightly to reach a flat surface, where it appeared to be fully densified. At first sight, the optical image of the sphere suggested full densification due to the absence of any major cracks or porosities. However, further polishing to reach the middle of the sphere proved that despite the in-situ consolidation, several curved crack-like areas appeared across the polished surface of the spheres. The nature of cracks and interfaces present is related to the cold-welding, and several formation mechanisms of the spheres have been suggested (Meyers and Taylor Aimone, 1983; Harris et al., 1993; Hegedűs et al., 2017).
From the morphological observations in Figures 4, 5, it is suggested that initial ball-ball and ball-vial collisions with the milled powder produced thin flakes, which later concaved to form small spheres. With milling time, the heat generated due to the high frequency and high energy collisions during milling, along with the continuous circular high energy vessel movement, and the concaved circular walls of the milling vial, facilitated the formation of either small spheres that later agglomerated together and deformed to form larger ones (sphere-to-sphere), or resulted in the formation of spherically bent particles that attached to the surfaces of the already formed spheres (flake-to-sphere). The presence of curved voids inside the spheres is attributed to the incomplete flake-to-sphere and sphere-to-sphere welding during milling. Similar in-situ formation mechanisms have been reported by Huang et al. (1995) and Harris et al. (1993). Other spheres polished to varying degrees, see Figure 5, showed different interior structures, but with a common feature where the outside areas of the spheres showed better consolidation than the inner parts of the spheres. When the initially small spheres weld together, their combined inner interfaces along with any other gaps in between them merge and result in the formation of elongated cracks near the surface. With continuous milling, the heat generated in the milling vial due to the repeated collisions will cause further bonding and diffusion to take place, and the atoms will diffuse from the surface of the sphere where the temperature is highest to the interior of the spheres, pushing the incomplete interface inside. This will continue until either the interface almost disappears or until the heat generated outside can no longer affect the diffusion of the interface, leaving smaller inner interfaces or voids in the middle of the sphere. Thus, it is expected that inducing a temperature rise during the last stages of milling can facilitate further diffusion and inter-particle bonding, thus help in achieving fully densified spheres. A schematic of the consolidation steps is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Schematic of the in-situ consolidation process.
It is also interesting to note that Hegedűs et al. (2017) investigated the effect of oxidation on the formation of in-situ consolidated spheres during ball-milling by milling in an inert argon atmosphere and in air. They concluded that unlike milling under argon, similar to our conditions, the presence of oxygen and impurities in the milled sample delayed or prevented the formation of in-situ consolidated spheres and resulted in the formation of flaky-like particles. Thus, they suggested that the presence of surface oxides hinders the cold welding of metals and that in-situ consolidation is an indication of the purity of the sample and a confirmation of the oxygen-free environment.
3.3 Crystal Structure, Grain Size, and Hardness
The effect of milling on the crystal structure, phase formation, and grain size of the Al-Li-GNPs ball-milled using both conventional and concaved milling vials was investigated by XRD, see Figure 7A. For comparison, the XRD pattern of the starting Al powder is included in Figure 7 as well.
[image: Figure 7]FIGURE 7 | (A) XRD patterns of starting the Al powder, and the Al-Li-GNPs nanocomposites, (B) Raman Spectra of the starting GNPs, and the Al-Li-GNPs nanocomposites, (C) Microhardness measuremnets of the Al-Li-GNPs nanocomposites ball-milled for 8 h in both the conventional and concaved milling vials, and (D) Vickers microhardness variation across the diameter of an in-situ consolidated Al-Li-GNPs sphere.
As indexed on the XRD patterns, the Al-Li-GNPs milled using both vials showed only a face-centered cubic (FCC) Al phase. No peaks were observed for the body-centered cubic (BCC) Li or any Al-Li second phases in the XRD pattern. This is attributed to the complete solubility of Li in Al, resulting in the formation of an FCC solid solution during ball-milling. The absence of any peaks for the GNPs could be attributed to the low content of GNPs (1.0 wt%) used (Bhadauria et al., 2019) and the lower scattering limit of C compared to metals (Bhadauria et al., 2019). In addition, no peaks were observed for Al4C3, Al2O3, or any second phases, indicating the minimal contamination of the prepared samples during milling. The formation of Al4C3 is highly investigated in GRAMC studies (Li et al., 2015; Zhang et al., 2016; Li and Xiong, 2017; Prashantha Kumar and Anthony Xavior, 2017). The formation of the brittle Al4C3 phase has been mainly attributed to the exposure to high temperatures during subsequent powder consolidation processes (Ahmad et al., 2020a), and was reported to be detrimental to the mechanical properties of GNPs/Al composites.
Grain size refinement and the introduction of lattice strain during the milling process can be interpreted by the XRD pattern with a larger broadening of the peaks [98]. As observed in Figure 7, the broadening of the peaks increased after milling for the Al-Li-GNPs samples as compared to the starting Al peaks. During the milling process, a substantial amount of energy is transferred from the milling balls to the powder being milled by the impact of collisions. This energy is stored in the milled powder in the form of severe plastic deformation occurring at high strain rates. This leads to the formation of high defect density including dislocations, vacancies, stacking faults, and a substantial increase in the grain boundary density (Mohammad Sharifi et al., 2012; Rane et al., 2013; Ebrahimi et al., 2019). The XRD line broadening was used to calculate the average grain size and lattice strain of nc Al using the integral breadth analysis and the Averbach formula (Klug and Alexander, 1974), see Table 1:
[image: image]
TABLE 1 | Properties of the ball-milled Al-Li-GNPs nanocomposites.
[image: Table 1]Where β is the measured full-width half-maximum (FWHM) of the peak, θ0 is the peak’s diffraction angle, λ is the x-ray wavelength of 0.154 nm, d is the average grain size, and e is the lattice strain. The grain size was calculated to be 38 and 48 nm, for the Al-Li-GNPs milled using the conventional and concaved milling vials, respectively. These values indicate successful grain refinement down to the nano regime (<100 nm) (Kumar et al., 2003; Attarilar et al., 2020), which is expected to significantly enhance the strength of the Al-based nanocomposite as predicted by the Hall–Petch relationship (Weertman, 1993).
The existence of the GNPs within the Al-Li matrix was first confirmed using Raman spectroscopy. In addition, Raman spectroscopy is generally used to investigate the effect of ball-milling on the structural integrity of the GNPs. The Raman spectra of the starting GNPs, and the Al-Li-GNPs nanocomposite milled using both milling vials can be seen in Figure 7B. The Raman spectra of all samples present the characteristic graphene peaks at around 1,350, 1,580, and 2,700 cm−1, corresponding to the D, G, and 2D peaks, respectively (Ferrari et al., 2006). The introduction of structural defects in the GNPs after milling is inevitable due to the intensive nature of the high-energy ball-milling technique. The intensity ratio of the D-band to the G-band (ID/IG) is usually used to assess the degree of structural defects or disorders in sp2-based carbon structures and was found to increase from 0.14 for pure GNPs to 1.06 and 0.96 for the samples milled in the conventional and concaved milling vials, respectively. The lower ID/IG ratio measured for the in-situ consolidated Al-Li-GNPs is attributed to the formation of spheres and the material welding that took place early during milling, suggesting that the ductile Al matrix provided protection for the GNPs against the constant collision by the milling balls. This value is lower than the usually larger than 1.0 ID/IG ratios reported for ball-milled Al-Li-GNPs nanocomposites (Ahmad et al., 2020a). Another observation from Figure 7B is the positive shift and the broadening of the Raman bands. It has been reported that a shift in the peak position of the Raman bands is associated with residual stress accumulated in graphene (Aboulkhair et al., 2019). This is because the interatomic distances in the graphene sheet change when graphene is strained, thus the vibration frequency changes and results in a wavenumber shift (Bastwros et al., 2014). Similar to the ID/IG ratio, the shift in the Raman bands confirm the introduction of defects and associated stresses during milling.
Vickers microhardness was used to investigate the mechanical properties of the ball-milled Al-Li-GNPs nanocomposite. To measure the hardness, the in-situ consolidated spheres milled in the concaved vial were polished into half, while the particles milled in the conventional milling vial were green pressed at 1 GPa into disks with 3 mm diameter and 1 mm thickness. The hardness of the Al-Li-GNPs in-situ consolidated spheres was measured to be 1.48 ± 0.02 GPa, slightly lower than the 1.52 ± 0.03 GPa measured for the Al-Li-GNPs sample milled in the conventional milling vial, see Figure 7C. The calculated grain size and measured microhardness values are expected since in-situ consolidation of the entire sample did not occur in the conventional vial, suggesting that fracturing, and thus grain refinement, was still dominant over welding for longer milling times when the conventional milling vial was used. Nonetheless, significant strengthening is achieved as compared to the starting Al, for which the microhardness was measured to be 0.4 ± 0.02 GPa. For each hardness value reported in Figures 7C, 8 hardness measurements were taken from different points for each sample, and no variation in hardness was observed (see insignificant error bars in Figure 7C.). In addition, hardness measurements were taken across the diameter the polished surfaces of the in-situ consolidated sphere, see Figure 7D. The uniformity of the hardness measurements is an indication of the homogeneity of the as-milled microstructures in terms of a uniform grain size and GNPs distribution. Otherwise, microhardness measurements variation is an indication of a bimodal grain size microstructure or the agglomeration, and thus, the inhomogeneous distribution of the GNPs across the sample (Hu et al., 2018). This behavior was observed by Hu et al. (2018) in their GRAMC synthesized by ball-milling and 3D-printing. An increase in the error bars of the average hardness values was observed with increasing GNPs content. They attributed the scattered hardness values to the agglomeration of the graphene with larger GNPs additions. Thus, the uniformity of the hardness measurements throughout the cross-section as indicated by Figure 7D, confirms the uniformity of the prepared sample and the homogeneity of its microstructure, and thus the applicability of the consolidation technique for mechanical properties testing. The strengthening mechanisms in ball-milled GRAMCs have been attributed to grain refinement (Shin et al., 2015; Li and Xiong, 2017; Yue et al., 2017), load transfer between the GNPs reinforcement and the Al-based matrix (Pérez-Bustamante et al., 2014b; Shin et al., 2016; Li et al., 2018), the difference in the coefficient of thermal expansion (CTE) (Rashad et al., 2015b; Li and Xiong, 2017; Yue et al., 2017), and Orowan looping (Rashad et al., 2015c; Asgharzadeh and Sedigh, 2017; Yang et al., 2017).
[image: Figure 8]FIGURE 8 | (A) SEM and EDX mapping of an in-situ consolidated Al-Li-GNPs sphere. (B,C) BFTEM images and SAED patterns for the Al-Li-GNPs nanocomposites milled for 8 h by the conventional and concaved milling vials, respectively.
The homogeneity of the in-situ consolidated Al-Li-GNPs nanocomposites was also confirmed by SEM-EDX mapping, see Figure 8A. The homogenous distribution of the GNPs within the in-situ consolidated Al-Li-GNPs sphere can be clearly indicated by the homogenous distribution of C as indicated by EDX in Figure 8A. Bright field TEM (BFTEM) images and the corresponding SAED patterns of the as milled Al-Li-GNPs milled using both conventional and concaved milling vials are shown in Figures 8B,C, respectively. The grains in all samples appear to be equiaxed with a random distribution within the structure with no evidence for abnormal grains. In a concept similar to that of an XRD pattern, TEM SAED patterns give structural information and allow for secondary phase identification. In this regard, the indexed SAED ring patterns of the as-milled samples, see inset images in Figure 8B, confirm the XRD results of the presence of an FCC Al structure with nano grains and eliminates the presence of contamination from impurities, oxides, or the formation of second intermetallic phases. These results confirm the formation of the nanocrystalline Al-Li-GNPs nanocomposite within the in-situ consolidated spheres.
Thus far, studies have focused on the effect of temperature and/or process control agents on the in-situ consolidation of FCC milled powders (Zhang et al., 2002; Zhang et al., 2004; Youssef et al., 2006; Gupta et al., 2015; SamadiKhoshkhoo et al., 2015; Ahmad et al., 2020b). Broseghini et al. (2016) investigated the effect of the milling vial shape on the milling efficiency of high-energy planetary ball-mills. They redesigned the conventional milling vial to have a flat side wall resulting in a half moon cross-section. Compared to the conventional cylindrical milling vial, the new geometry resulted in a larger number of high-velocity collisions, leading to a faster reduction of crystallite size compared to that using the standard cylindrical vial design. In a similar concept, the deformation of ductile particles due to the impact between the milling balls and the milled powder is affected by where the impact is taking place. By taking advantage of this information, a specially designed vial with a fully spherical interior was designed to initiate in-situ consolidation of ductile Al. Despite not achieving 100% densification, the results of this study prove that in-situ consolidation could be achieved without using a complicated 2-step cryomillling and room temperature ball-milling procedures. Instead, the results suggest that in-situ consolidation can occur at room temperature at much shorter times than in conventional milling vials by introducing another variable which was not previously considered in the ball-milling process: the shape of the milling vial. Introducing these observations to the research community is the first step to further the investigations using different milling vials and different geometries to further investigate the in-situ consolidation possibilities and further enhance the powder densification. In addition, investigating the kinetics of ball impact in ball-milling vials with different geometries through modeling is required for an enhanced understanding of the observed phenomenon and for an efficient design of the optimized milling vial.
4 CONCLUSION
In this study, the possibility of achieving in-situ consolidation of a graphene reinforced Al-Li matrix composite using a simple room temperature ball-milling process was investigated by changing the shape of the conventionally used milling vial. For comparison, the ball-milling of Al-Li-1.0 wt% GNPs nanocomposite was conducted using both the conventional milling vial and a specially designed concaved milling vial. Results showed that the formation of in-situ consolidated uniform spheres with a nanometric grain size of 48 nm and high hardness of 1.48 ± 0.02 GPa was achieved after 8 h of milling using the concaved milling vial. Milling the same composition for 8 h in the conventional milling vial resulted in the formation of small particles with a grain size of 38 nm and a hardness of 1.52 ± 0.03. Milling for longer hours in the conventional milling vial (up to 40 h) resulted in the formation of larger curved flakes and did not result in the in-situ consolidation of particles into spheres. Ball-milling has long been the most widely used lab technique for the synthesis of GRAMCs for mechanical properties testing, yet results have been hindered by the subsequent high temperature consolidation processes. The observations reported in this study shed light on a new possibility in the synthesis field of graphene-reinforced metal matrix composites and is a step forward for achieving full densification of nanocrystalline materials synthesized by powder metallurgy techniques for reliable and reproducible mechanical strength testing.
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