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Abstract:



This article provides an overview of research efforts with an emphasis on the fabrication of metal matrix nanocomposites (MMNCs) reinforced by graphene nanoplatelets (GNPs). Particular attention is devoted to finding the challenges in the production of MMNCs through the powder metallurgy techniques. The main technical challenges can be listed as: (I) reinforcement selection; (II) dispersion of reinforcement within the matrix; (III) reactivity between the reinforcement and matrix; (IV) interfacial bonding; (V) preferred orientation of reinforcement. It is found that some of these difficulties can be attributed to the nature of the materials involved, while the others are related to the preparation routes. It is reported that the challenges related to the process can often be addressed by changing the production process or by using post-processing techniques. More challenging issues instead are related to the composition of the matrix and reinforcement, their reactivity and the dispersion of reinforcement. These topics still bring significant challenges to the materials scientists, and it would be worth mentioning that the fabrication of MMNCs with a uniform dispersion of reinforcement, strong interfacial bonding, without detrimental reactions and improved isotropic properties is still a puzzling issue.
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1. Introduction


The last two decades have seen a growing trend towards the development of new materials to fulfil new criteria of working conditions and broaden their applications in various industries such as automotive, aerospace and electronic packaging [1,2,3,4,5,6,7]. This growing trend is forced by the progress of technology and consequently by the critical requirements for the working conditions of new devices [8]. The precise requirements for the most suitable type of matrix and reinforcement, and of the processing and post-processing techniques, are however not completely defined [9]. In particular, continuous development of new materials, especially in the nano-size range, always offers new possibilities to the field of metal matrix nanocomposites. For this reason, the relationship between the properties, constituents (matrix, reinforcement, interphases) and the production technique is vital and should be investigated carefully [10,11]. This is one of the most interesting topics in the field of metal matrix composites, and this article aims to give its contribution, by reviewing the different materials and preparation techniques, always keeping in mind the relationship between the materials, preparation, microstructure and properties.



Among the metal matrix composites, aluminum and magnesium matrix composites are therefore becoming interesting candidates in transportation and aeronautic applications owing to their attractive characteristics such as low density and rather high mechanical strength [4,12,13,14]. Moreover, aluminum and copper composites are also the main interesting metallic composites in electronic packaging and heat sink applications owing to their simultaneous high thermal and electrical conductivity and proper specific strength [15,16,17].



On the other hand, graphene, which is a one atom-thick planar sheet of sp2-bonded carbon atoms, has attracted tremendous attention in recent years [18,19,20,21,22]. With respect to the carbon nanotube, which is one-dimensional reinforced graphene, it is much easier to control and disperse in the metal matrix. In recent research, it has been employed mainly as a 2D reinforcement in polymer matrix composites due to its extraordinary characteristics such as high thermal and electrical conductivity, low density and very high specific strength. Nonetheless, up to now, far too little attention has been paid to the use of graphene as an ideal reinforcing material in metal matrix composites. Thus, another target of this work is to review the effect of graphene nanoplatelets on the electrical conductivity and mechanical performance of metal matrix composites, in particular aluminum, magnesium and copper matrix composites.



Weight and specific strength are two critical design parameters in automotive and aerospace industries, and they should essentially be taken into account in the design of new composite materials [23,24,25,26]. In fact, transportation industries (automotive and aerospace) are faced with new challenges about the reduction of fuel consumption. Hence, magnesium and aluminum alloys and their composites have received considerable attention in research institutes and industries to satisfy these new challenges [27,28]. The main merits of magnesium and aluminum are their low density, availability and machinability. Thus, there is a growing body of literature on the fabrication and characterization of magnesium-based and aluminum-based composites with a high specific strength to be used at moderate temperatures.



Apart from the development of new composite materials, it has been proven that the strengthening of an alloy can be achieved through the heat treatment processes [11,29]. However, it is reported that the heat treatment processes cannot be a proper way of strengthening for alloys working at moderate and high temperatures.



In addition to the structural applications, electronic packaging industries need new materials with high thermal conductivity, a tailored coefficient of thermal expansion and proper mechanical strength to satisfy the common issues in this field and increase the efficiency of devices. Copper, because of its very high thermal and electrical conductivity, is one of the interesting candidates that can be used in this area. However, its high coefficient of thermal expansion and moderate mechanical strength limited its applications in electronic packaging and heat sink applications. Therefore, this paper seeks to review the possible solutions that will help to address these challenges and fabricate a new copper composite material with desirable properties.



Apart from the positive effects of graphene nanoplatelets (GNPs) on the mechanical and thermophysical properties of metal matrix nanocomposites such as aluminum matrix nanocomposites, GNPs can also improve the tribological behavior of MMNCs. Traditionally, two approaches have been used to improve the tribological performance of aluminum alloys: using liquid or grease lubricants or applying solid lubricant coatings. However, these traditional techniques have some drawbacks that limit the application of aluminum alloys in abrasive environments. Thus, MMNCs reinforced by GNPs have been developed to overcome the drawbacks and consequently improve the wear resistance and tribological behavior of MMNCs [7,9].



Overall, based on theoretical considerations, it can be concluded that the introduction of GNPs into a metal matrix can simultaneously improve its mechanical characteristics, thermal and electrical conductivities and reduce its coefficients of friction and thermal expansion. Nevertheless, the fabrication of metal matrix composites is faced with several technical challenges, which should be addressed prior to or during the fabrication process to be successful in taking advantage of the superior features of the reinforcement within the metal matrix. The main technical challenges can be listed as follows: (I) reinforcement selection; (II) dispersion of reinforcement within the matrix; (III) reactivity between the reinforcement and matrix; (IV) interfacial bonding; (V) preferred orientation of reinforcement (Table 1). Indeed, a great deal of previous research and review papers have focused on the application of GNPs in the MMNCs and studied the effect of GNPs on the properties of the MMNCs [7,9,30].


Table 1. The technical challenges in the fabrication of metal matrix nanocomposites (MMNCs) reinforced with graphene nanoplatelets (GNPs).


	Challenge
	Source
	Role
	Solution(s)





	Selection of high-quality GNPs
	Lack of data from suppliers
	Defects play key roles in the reactivity and also the final mechanical properties
	Characterizing as-received GNPs in terms of residual defects and morphology



	Uniform dispersion of GNPs
	A van der Waals force between the platelets
	Agglomerates of GNPs leave some porosities and are deleterious for all the properties
	Using a novel wet mixing technique for mixing and the powder metallurgy method for production



	Reactivity with matrix
	Residual defects in GNPs and the molten state of the matrix
	Carbide formation in Al/GNPs system is deleterious for the final properties
	Using a novel wet mixing method for dispersion, using GNPs with the lowest level of defects, employing powder metallurgy techniques for production



	Interfacial bonding between metal/GNPs
	Poor adhesion/wettability between metal matrix and GNPs
	Poor interfacial bonding results in poor mechanical and thermophysical properties
	Coating of GNPs or using post-processing techniques to remove the voids from the interface of metal/GNPs



	Alignment/orientation of GNPs
	High aspect ratio of GNPs (1:10–1:100)
	The preferred orientation of GNPs results in anisotropy properties
	Using hot isostatic pressing instead of unidirectional consolidation









However, far too little attention has been paid to the main challenges in the fabrication of GNP-reinforced MMNCs, and so in this paper, several efforts that have been undertaken to produce new metal matrix nanocomposites with the aim of not only meeting these challenges, but also increasing the performance of composites have been reviewed.




2. Metal Matrix Nanocomposites


Composites, which are new materials that can be fabricated from more than two constituents with various chemical, physical and mechanical properties, have superior properties in comparison with a monolithic metal matrix [31,32]. In fact, through the fabrication of composites, it would be possible to reduce the specific gravity, improve the mechanical properties and in some cases, depending on the reinforcement, enhance the thermal and electrical conductivities with respect to the traditional materials [33,34].



In principle, based on the matrix, composite materials can be categorized into three main groups; metal matrix composites (MMC), ceramic matrix composites (CMC) and polymer matrix composites (PMC) [31]. Generally speaking, metal matrix composites exhibit better properties in comparison with ceramic and polymer-based composites. In fact, MMCs have a lower coefficient of thermal expansion and higher thermal and mechanical properties with respect to PMCs. On the other hand, their mechanical properties (i.e., toughness, plastic deformation) are not comparable to CMCs [32,35,36].



In structural applications, the matrix usually is a light metal like aluminum, magnesium or titanium, which is reinforced by dispersed ceramic particles or fibers, while in electronic applications, copper and copper alloys are common [31].



The presence of reinforcement within a metal matrix not only affects the mechanical properties, but also changes the physical properties of composites such as wear resistance, thermal conductivity or the friction coefficient [37]. Regarding the type of reinforcement, it should be noticed that the reinforcement could be either continuous or discontinuous. MMCs with discontinuous reinforcement being isotropic materials, can be processed with the common metalworking techniques such as forging, rolling or extrusion. Continuous reinforcements are mostly fibers, for instance carbon fiber, which can be used in metal matrix nanocomposites to fabricate an anisotropic MMC due to the specific alignment of fibers [37].



To fabricate a metal matrix composite, a reinforcement is dispersed within a metal matrix to gain a significant improvement in its properties with respect to the monolithic metal matrix. In some cases, for instance in Al composite reinforced with a carbonic material, before fabrication of the composite, the carbonic reinforcement is coated to prevent any deleterious chemical reaction between the matrix and the reinforcement [38].



As mentioned earlier, several metal matrices have been used for the fabrication of MMNCs. In particular, Al [39,40,41,42] and Mg [13,43,44] matrix nanocomposites have attracted more attention in the field of structural applications thanks to their weight and strength to weight characteristic, while copper [45,46,47] matrix nanocomposites exhibit promising properties for being used in the field of electronic packaging applications.



According to the literature, aluminum matrix nanocomposites (AMNCs) consist of aluminum or its alloys as a matrix together with ceramic particles or some fibers as dispersed reinforcement. In fact, aluminum matrix nanocomposites are very interesting because of their comparative advantages such as good mechanical properties, good processability and low price [48]. The typical properties of Al matrix nanocomposites can be defined as high strength, high stiffness, low density, high thermal and electrical conductivities [32]. Over the last decade, the development of new lighter and high-performance metal matrix nanocomposites has been of great interest and has led to the rapid development of AMNCs [9].



Copper matrix nanocomposites thanks to their higher thermal conductivity, lower coefficient of thermal expansion and higher mechanical properties with respect to the other conductive MMNCs can satisfy the electrical packaging requirements [49,50].



Another interesting metal matrix is magnesium, which is the lightest metal with a density of 1.74 g/cm3. It is used as an ideal matrix to produce the light Mg-based nanocomposites with improved mechanical properties to be used in automotive and aerospace applications [51,52].



To sum up, it can be concluded that MMNCs can be produced through the combination of a soft metal matrix with a strong reinforcement to obtain the following properties:

	
Higher mechanical properties



	
Lower specific gravity



	
Improved elevated temperature properties



	
Better thermal expansion coefficient



	
Higher thermal conductivity



	
Higher wear resistance



	
Improved damping capabilities








Apart from the final properties, the main drawbacks of MMNCs are the relatively high cost of production and reinforcement. Thus, cost-effective processes such as conventional powder metallurgy need to be developed.




3. Reinforcement (First Challenge)


Different types of reinforcements with different features are available to be employed in MMNCs, in particular in aluminum-, copper- and magnesium-based composites. Basically, the selection of reinforcement is carried out depending on the metal matrix, fabrication process and desired properties.



The main required characteristics of reinforcement based on the application of the composite can be a combination of some of the following properties; comparatively low specific gravity, high Young’s modulus, high strength, chemical and mechanical compatibility with the matrix, high thermal and electrical conductivity and low coefficient of thermal expansion [53]. In principle, as discussed earlier, aluminum is rather light, and its modulus is somewhat low, while its strength is not high enough. Moreover, its coefficient of thermal expansion is rather high, while its electrical and thermal properties are medium. Therefore, to develop a new aluminum-based composite with higher mechanical and physical properties and a desirable low coefficient of thermal expansion, high strength and high modulus, at least a proper reinforcement is essentially required. So as to widen the application of aluminum and copper in electronic packaging industries and fulfil the criteria in this field, using very high thermal conductive reinforcements with a low thermal expansion coefficient is essential. Meanwhile, the selected reinforcement should be light enough to keep the composite as light as possible. In the case of magnesium alloys, as discussed earlier, the main drawback is their mechanical properties, in particular at elevated temperatures. Thus, these characteristics should be improved. Under these circumstances, inorganic ceramic particles or carbon-based reinforcing materials can be used as reinforcements to develop new composite materials with superior mechanical, physical and thermal properties.



Table 2 compares the characteristics of the different reinforcements that can be used in MMNCs. By considering the high strength, high hardness, high thermal and electrical conductivity and rather low density, graphene nanoplatelets (GNPs) have been chosen as the reinforcement in several recent studies.


Table 2. The characteristics of common reinforcements, data from [54,55,56,57,58].


	Material
	Density (g/cm3)
	Thermal Conductivity (W/m·K)
	Thermal Expansion Coefficient (106/K)
	Melting Point (°C)
	Vickers Hardness (HV)
	Elastic Modulus (GPa)





	α-Al2O3
	3.95–3.98
	35–39
	7.1–8.4
	2054–2072
	1800–3000
	365–393



	AlN
	3.05–3.26
	130–180
	2.5–5.3
	2200–2230
	1170–1530
	308–346



	α-SiC
	3.15
	42.5–270
	4.3–5.8
	2093–2400
	2400–2500
	386–476



	β-SiC
	3.16
	135
	4.5
	2093 decom.
	2700
	262–468



	Diamond
	3.52
	2400
	-
	3550
	8000
	930



	Graphite
	2.25
	25–470
	0.6–4.3
	-
	-
	4.8–27



	SWCNTs
	1.8
	Up to 2900
	Negligible
	-
	-
	1000



	GNPs
	1.8–2.2
	5300
	−0.8–0.7
	-
	-
	1000







Notes: “decom.” represents decomposes.








Graphene Nanoplatelets


A single layer of graphene, which is a single 2D layer of carbon atoms with a strong sp2 band in a honeycomb lattice, was created in 2004 [59]. Figure 1 shows various allotropes of nanoscale graphitic materials consisting of graphite, graphene, nanotubes and fullerene.


Figure 1. Different allotropes of carbon: 3D graphite, 2D graphene, 1D carbon nanotubes and 0D carbon fullerenes.
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The remarkable characteristics of graphene such as an elastic modulus of 1 TPa, a strength of 130 GPa, a thermal conductivity of 5300 W/m·K, an electrical conductivity of 6000 S/cm and an ultra-high surface area make it a very interesting material to be used in different applications [60]. In fact, these fabulous properties persuade researchers to consider this material as an ideal reinforcement in MMNCs to develop new composite materials with extraordinary properties. This means that through the addition of graphene to a metal matrix, it can be possible to achieve superior properties that could be exploited in various industries such as aerospace, automotive, electronics, energy, structural and mechanical, environmental.



Since 2004, several papers have been published on graphene and graphene composites, and as can be seen in Figure 2, the number of publications on graphene in Science-Direct increased exponentially to several thousands of papers (more than 65,000). Thus, by increasing the application of graphene, several research works have focused on its production. In general, graphene can be produced by two different approaches; top-down and bottom-up. Epitaxial growth techniques [61], chemical vapor deposition (CVD) [62] and unzipping of carbon nanotubes [63] are the bottom-up techniques, whereas exfoliation of graphite is the top-down method [64]. As a matter of fact, graphene nanoplatelets with a platelet morphology include some graphene sheets that are bonded to each other by interatomic van der Walls force. Generally speaking, it is shown that the characteristics of graphene nanoplatelets in the van der Walls bonding direction are remarkably different from those displayed inside the graphitic planes [65].


Figure 2. Publication trend in graphene chorology between 2004 and 2017 in Science-Direct (this graph is plotted based on the simple searching of “graphene” at: www.sciencedirect.com).
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The production of graphene nanoplatelets like the production of single-layer graphene is categorized into two approaches; top-down and bottom-up. In the top-down approach, GNPs are produced by an incomplete exfoliation process whereas, in the bottom-up approach, they can be produced by bonding the single layers of graphene on top of each other [64]. Some advantages such as higher stability, lower production cost, ease of handling and more versatility in size and aspect ratio of GNPs with respect to the single layer of graphene make them very desirable fillers in MMNCs. As a matter of fact, the high aspect ratio graphene nanoplatelets within a matrix can form a 3D network and anisotropic properties, even at rather low content [66,67], and as a consequence, the thermal and electrical conductivities can be improved, as well as the mechanical properties. However, because of the presence of a huge number of GNP suppliers on the market for the production of GNPs, from small enterprises to international companies, the selection of a proper supplier and its GNPs is somewhat difficult. Moreover, because of the size of graphene with a typical diameter from some nanometers (single-layer graphene) to some hundred nanometers in multilayer graphene, it is somewhat difficult to have precise datasheets of graphene from suppliers. In fact, due to these difficulties, direct access to the real properties of graphene is very difficult. Thus, it is recommended to characterize the raw graphene to determine the real characteristics of graphene. However, traditional analytic equipment has insufficient resolution to determine the mechanical, electrical and thermal properties of nanometric graphene. Therefore, some advanced characterizations are required for any raw graphene nanoplatelets to know their real properties. However, even in the case of advanced characterizations, in spite of using scanning electron microscopy (SEM), X-ray diffraction (XRD) and Raman analysis to determinate the average aspect ratio, amorphous carbon phases, residual defects and numbers of graphene layers, the mechanical, electrical and thermal properties’ evaluation of raw graphene is rather difficult.





4. Preparation of MMNCs Reinforced by GNPs


Along with the development of MMNCs, several endeavors have been carried out on the development of innovative fabrication techniques to elaborate MMNCs. Thus, it would be possible to find several fabrication processes to produce the metal matrix nanocomposites. The choice of fabrication technique depends on the final shape of MMNCs, the reinforcement content and distribution, the envisaged application and finally the fabrication expenses. Generally speaking, these techniques are divided into two main categories: liquid processes and solid processes. Previously published works have shown that poor wettability between the molten metal and reinforcing particles is a key challenge in the fabrication of MMNCs, and it limits the liquid-based processes. Therefore, to address this problem, solid-state processing has been developed to elaborate the MMNCs. Since this approach is based on the processing of metallic powder, this category of fabrication of MMNCs is also known as powder metallurgy (PM) methods. The PM process starts from the mixing of starting powders (matrix and reinforcing particles), then continues with the consolidation of powder mixtures and finally involves the sintering of the compacted components.



4.1. Dispersion of GNPs (Second Challenge)


Dispersion of GNPs within the metallic matrices is challenging owing to the presence of a van der Waals force between the platelets [11]. Therefore, in the literature, dispersion of graphene within the different metal matrices has been carried out by several strategies such as mechanical dispersion, molecular-level mixing, advanced mixing based on coated reinforcement and dispersion in solvents with ultrasonic supports. Bartolucci et al. have used ball milling as the mixing method to disperse graphene within the aluminum matrix [68]. In fact, in their work, Al-GNP composite powder was blended and after that milled by means of a high energy attritor. It is found that by using high energy ball milling, not only a homogenous dispersion of GNPs within the composite can be achieved, but also the nascent oxide layer forms on the surface of aluminum particles. Prez-Bustamante et al. have also reported that it is possible to obtain a homogeneous distribution of GNPs within the aluminum matrix using a high energy ball milling [5]. Moreover, it is found that by increasing the milling time, the graphene nanoplatelets are embedded inside the aluminum particles and accordingly postpone the formation of an amorphous structure in graphene.



Rashad et al. have introduced a novel wet mixing technique to disperse the GNPs within the Mg-Al alloy (Figure 3) [1]. This novel mixing method consists of ultrasonication of powder and GNPs separately followed by dropwise addition of GNPs solution into the powder slurry, mechanical agitation of the mixture and finally vacuum drying overnight at 70 °C.


Figure 3. Flowchart of the semi-powder method.
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They have found that GNPs are homogeneously dispersed within the matrix. Saboori et al. have compared the dispersion of GNPs within the copper matrix, which is achieved by the wet mixing method and ball milling techniques [69]. They have found that despite the uniform dispersion of GNPs within the matrix, two undesirable phenomena, the introduction of defects into the carbon lattice and crystal size reduction of GNPs, have taken place during the ball milling. On the other hand, their Raman spectroscopy analysis (Table 3) together with the microstructural evaluations show that by using the wet mixing method, apart from a uniform dispersion of GNPs that can be achieved, the structure of GNPs can remain unchanged in comparison with the starting GNPs.



Table 3. Raman data of GNPs before and after wet mixing and ball milling, data from [69].



	
Composition (Cu-GNPs)

	
ID/IG

	
I2D/IG




	
Ball Milled

	
Wet Mixed

	
Ball Milled

	
Wet Mixed






	
Before mixing

	
0.112

	
0.112

	
0.511

	
0.511




	
After mixing

	
0.893

	
0.127

	
0.584

	
0.525










In another work, Saboori et al. have used the wet mixing technique to disperse the graphene nanoplatelets within the aluminum matrix [70]. It is found that the wet mixing method, even in this case, has a great capacity to be employed for dispersing the GNPs. Figure 4 shows the homogeneous distribution of graphene nanoplatelet within the aluminum matrix.


Figure 4. Energy- dispersive X-ray spectroscopy (EDS) maps of Al-1 wt. % GNP composite after mixing by the wet mixing technique, reproduced from [70], with permission from Springer Nature, 2017.
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Chen et al. analyzed the microstructure of Cu/GNPs nanocomposite produced by the combination of the molecular-level mixing technique and the spark plasma sintering (SPS) process [17]. In the evaluation of the graphene structure before and after mixing, they have found that neither ID/IG nor I2D/IG were altered after the composite preparation, which indicates that during the fabrication process, there was no defect introduced into the structure of GNPs.



Hwang et al. have proposed a molecular-level mixing method to achieve a uniform dispersion of graphene within a metal matrix [71]. Indeed, this method is suggested to avoid the issues of distribution and thermal damage of graphene flakes during the synthesis of MMNCs reinforced by graphene. In this work, it is claimed that during the molecular level mixing process, strong adhesion energy between graphene and copper is formed. It is found that the functional groups such as hydroxyl, epoxide, carbonyl and carboxyl, which are present in reduced graphene oxide (RGO), can improve the bonding between graphene and metals by covalent oxygen bonds. The schematic diagram of their fabrication method is shown in Figure 5.


Figure 5. Schematic of the preparation method of RGO/Cu nanocomposite: (a) pristine graphite; (b) graphene oxide by the Hummers method; (c) dispersion of copper salt in graphene oxide solution; (d) oxidation of copper ions to copper-oxide on graphene oxide; (e) reduction of copper-oxide and graphene oxide; (f) sintered RGO/Cu nanocomposite powders, reproduced from [71], with permission from from John Wiley and Sons, 2013.
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Apart from the aforementioned techniques of dispersion, an advanced dispersion process based on coated reinforcement is developed that resulted in a good dispersion of GNPs within the matrix. In addition, this advanced process avoids severe mixing and milling processes. Generally speaking, this coating process includes surface modification of the reinforcement and the increment of active surface sites to improve the adhesion between the matrix and the reinforcement. This coating process can be performed by electroless methods [72,73,74], CVD [75,76] and PVD [77,78] methods. However, it should be noted that the coating of the reinforcement introduces additional impurities and oxides into the final consolidated materials.



All in all, the research findings show that despite all the potentials of ball milling and advanced dispersion process on the basis of coated reinforcement in a uniform dispersion of ceramic particles within the metallic matrices, these methods are not the proper techniques for the dispersion of GNPs. The novel wet mixing method shows great potential to be used as an appropriate method of mixing. In fact, a large amount of research has shown that a uniform dispersion of GNPs without introducing any structural defect can be achieved through the wet mixing method [79,80,81].




4.2. Consolidation and Sintering (Third Challenge)


Based on the state of the matrix during the production, the fabrication techniques are divided into two groups; liquid state and solid state techniques. However, due to the poor wettability of GNPs with molten metals, which results in a non-uniform dispersion of GNPs, the liquid state methods have not been employed to fabricate the MMNCs reinforced with GNPs. Therefore, in the following section, the main challenges related to the fabrication of metal/GNPs nanocomposites produced by powder metallurgy techniques are described.



Basically, in the production of MMNCs using PM techniques, the reinforcement and matrix are mixed together and then consolidated in a die. The literature describes that press-sintering process is only a feasible technique if a low GNPs content is used in the composite. Otherwise, consolidation during sintering will be challenging [82,83]. For MMNCs with GNP content higher than 4 vol %, to reach full densification, an external pressure assisted method should be used. Previous research has established that hot pressing is a well-known technique to fabricate fully-dense MMNCs with high GNP content. Nevertheless, one of the main advantages of the press-sintering process is the possibility to fabricate a net shaped or near net shaped component without any post-machining. Thus, in this category of MMNC production, one of the key steps that can affect the final characteristics of composites is compaction. Therefore, studying the compaction behavior of composites reinforced by nano-reinforcing materials is of great interest. Several attempts have been made to find the compaction equations to estimate the relative density at a specific applied pressure. Balshin and Mettalprom [84], Heckel [85], Walker [86], Copper-Eaton [87], Kawakita [88], Panelli and Ambrosio Filho [89] and Ge [90] introduced the most famous compaction equations that have been reported in the previous works to study the compressibility of composites. Moreover, the compaction of the composite powder mixture has been investigated by some theoretical and analytical models [91,92]. Hesabi et al. have investigated the consolidation behavior of aluminum powder in the presence of 5 vol % nano alumina during the uniaxial compaction [93]. They have shown that the load portioning effect of nanoparticles reduces the densification rate of the composite powder mixture, leading to a lower density with respect to the pure aluminum. It is also found that mechanical milling remarkably affects the compaction behavior of both pure aluminum and the composite powder mixture. As a matter of fact, the morphological changes of particles during the milling process enhance the contribution of particle rearrangement in densification, whereas the plastic deformation mechanism is noticeably retarded as a consequence of the work hardening effect. Saboori et al. have studied the effect of graphene nanoplatelets on the compressibility of Al nanocomposites consolidated by unidirectional die compaction [94]. They have evaluated the relative density of Al/GNPs nanocomposites as a function of compaction pressure and graphene content. Their outcomes show that the mechanism of densification at low (<500 MPa) and high (>700 MPa) compaction pressures are particle rearrangement and plastic deformation of particles (Figure 6), respectively. Furthermore, their compressibility studies, which have been carried out by using the Ge, Heckel and Panelli and Ambrozio Filho compaction equations, indicate that the plastic deformation capacity of aluminum particles is reduced as the graphene content increases as a consequence of the load partitioning effect.


Figure 6. Compaction behavior of Al-x wt. % GNP (x = 0, 0.5, 1.0, 1.5, 2.0) nanocomposites, reproduced from [94], with permission from Springer Nature, 2018.
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Apart from the effect of GNPs on the compressibility of MMNCs, it is found that owing to the high aspect ratio of graphene nanoplatelets, the preferred orientation of GNPs could take place during the consolidation by uniaxial compaction (mainly perpendicular to the pressing direction). Fan et al. have evaluated the effect of graphene content on the microstructure and properties of copper matrix composite prepared by the molecular level mixing process followed by spark plasma sintering [17]. They have found two different types of graphene distributions within the matrix; a random distribution at low graphene content (<0.8 vol %) and a preferred orientation of graphene perpendicular to the compaction direction at high graphene content (>2 vol %). It is reported that the strengthening effects of graphene were firstly increased and thereafter decreased by increasing the graphene content. Similarly, Saboori et al. have found that by increasing the GNP content (>2 vol %), some agglomerates started to form, and this agglomerates adversely affects the final characteristics of the nanocomposite (Figure 7) [69]. In addition, it is reported that during the consolidation of composite powder, the GNPs oriented preferentially (perpendicular to the force direction), consequently leading to the anisotropic properties of the composite. Rashad et al. have studied the effect of graphene nanoplatelets on the strength and ductility of a Mg-Al alloy produced by the semi-powder metallurgy method [95]. In this work, the wet mixing method was used as the dispersion method, and the final specimens have been produced by the combination of conventional powder metallurgy and hot extrusion techniques. Their microstructural investigations have shown that GNPs were dispersed homogeneously into the magnesium matrix, resulting in the improvement mechanical properties (Figure 8). The graphene orientation cannot only be revealed from SEM images, but is also revealed in the anisotropic properties of the fabricated composites. Indeed, this preferred orientation of graphene can be a great advantage for some specific applications, but in most applications, isotropic material behavior is essential.


Figure 7. Scanning electron microscopy images of sintered: (a) Cu-4 vol % GNPs; (b) Cu-8 vol % GNPs parallel to the consolidation direction; and (c) Cu-8 vol % GNPs perpendicular to the consolidation direction [96].
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Figure 8. X-ray maps of: (a) Mg-1.0 wt. % Al-0.018 wt. % GNP composite; (b) Mg; (c) Al; (d) carbon, reproduced from [95], with permission from Elsevier, 2015.
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4.3. Reactivity and Interface Design (Fourth and Fifth Challenge)


One of the most important issues, when changing from micron size reinforcement to nano-sized reinforcement, is the proper design of the matrix/reinforcement interface. However, a considerable amount of literature has reported that the reaction between the reinforcement and metallic matrices is an important issue that should be considered in the fabrication of MMNCs reinforced with GNPs. Different theories exist in the literature regarding the reaction between Al and carbon-based reinforcement resulting in Al4C3 formation. Saboori et al. have studied the possible Al4C3 formation, in the Al/GNP system and set the framework to avoid this undesirable reaction [97]. In their research, the consolidated powders were heated from 30 °C–700 °C in an alumina crucible with a heating rate of 20 °C/min. Figure 9 shows the differential scanning calorimetry curves of Al and Al-2.0 wt. % GNPs up to 700 °C. In the DSC curves, it is revealed that in both pure Al and Al/GNP nanocomposites, there is an endothermic peak at the melting point of aluminum (~660 °C). However, in the Al/GNP nanocomposite curve, it seems that the endothermic peak could overlap the exothermic peak. To verify this theory, the peak enthalpy has been measured, and it resulted in being lower than pure Al. The fact that an exothermic phenomenon occurs simultaneously with an endothermic one related to the melting of Al, it shows that the reaction between aluminum and graphene has taken place and resulted in the formation of Al4C3 [97]. This formation of Al4C3 during the heating has been proven by the X-ray diffraction patterns. It is found from the thermodynamic aspect that, as soon as aluminum melts, it reacts with graphene, and Al4C3 forms as a consequence.


Figure 9. (a) Differential scanning calorimetry curves of pure Al and Al-2.0 wt. % GNPs; (b) X-ray diffraction pattern of Al-2.0 wt. % GNPs after the thermal analysis, reproduced from [97], with permission from from Springer Nature, 2017.
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Aluminum carbide is the most energetically favorable stoichiometry of Al4C3 to form at the temperatures of interest in the fabrication of aluminum matrix nanocomposites reinforced with graphene [98]. This carbide formation has been reported also in MMCs reinforced by carbon fibers and graphene, and it is shown that this Al4C3 deteriorates the final mechanical strength of composites [68,94]. It is shown that the highly stable defect-free graphitic planes of the CNTs or graphene do not react with aluminum to form Al4C3 even at elevated temperatures when the aluminum is liquid [99]. Defects in the graphitic planes of graphene, tube ends and amorphous carbon coating at temperatures below the aluminum melting point are the favorable places for Al4C3 formation [68,99]. Due to the effect of several parameters on the Al4C3 formation in the Al/C system, some authors have reported this formation [99,100,101,102], while others have not detected it [103,104,105]. Bartolucci et al. have studied the reactivity in the Al/GNPs system [68]. In their research, the materials have been hot isostatic presses (HIPed) at ∼375 °C for 20 min and then preheated at ∼550 °C for 4 h before the extrusion process. A temperature increment can be anticipated during extrusion as a consequence of generated heat due to deformation and friction during the process, but it is likely to be lower than ∼50 °C and only happens for a short period. They have found that the presence of Al4C3 in the composite was detected in the composites that had been processed at temperatures above 500 °C. Deng et al. did not detect Al4C3 in the composite after the extrusion at ∼460 °C, but they have revealed it in differential scanning calorimetry (DSC) tests above ∼672 °C [102]. Kwon et al. have evaluated the carbide formation in specimens heat treated at ∼500 °C for 2 h followed by the SPS process at temperatures between 480 and 600 °C [106]. Their results confirm the formation of Al4C3 even at these low temperatures. Ci et al. report the formation of aluminum carbide in CVD MWNT sputtered Al composites after annealing at 500 °C and above [99]. Their XRD analysis did not show any evidence of Al4C3 formation in the samples annealed at 400 °C. Moreover, it is found that thermal reduction of GO, which is one of the techniques of graphene production, results in the production of graphene with a wrinkled morphology and defects on the graphitic basal plane [107,108]. This can be observed in the transmission electron microscopy (TEM) micrograph in Figure 10a. The abundance of defect sites is also verified by Raman spectroscopy. Raman analysis (Figure 10b) of the graphene powder shows an intense D band and a significant broadening of both the D and G bands, indicating a high degree of disorder. This high density of defects is an artefact of the oxidation of graphite and the thermal shock technique that was used to exfoliate graphite oxide to GNPs. The abundant amount of prism planes at the GNP edges could also become the favorable sites of reaction. This could lead to significant amounts of Al4C3 when compared to the total volume fraction of graphene since the graphene sheets are only on the order of a few atomic layers thick.


Figure 10. (a) Transmission electron microscopy (TEM) image of GNP with the wrinkled morphology; (b) Raman analysis of as-received GNPs, SAD (selected area diffraction), reproduced from [68], with permission from Elsevier, 2011.
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In another research work, Rashad et al. have evaluated the phase composition of Mg/GNP nanocomposites after sintering at 630 °C for 110 min followed by hot extrusion at 350 °C [15]. It is reported that the fabrication of Mg/GNPs at these temperatures does not result in the reaction between the matrix and the reinforcement. The X-ray diffraction (XRD) pattern of GNPs, monolithic magnesium and Mg-xAl-0.18 GNP (x = 0.5, 1.0, 1.5) nanocomposites produced in the aforementioned research are shown in Figure 11.


Figure 11. X-ray diffraction patterns of GNP, pure Mg and Mg-xAl-0.18 GNP composites (x = 0.5; 1.0; 1.5), reproduced from [95], with permission from Elsevier, 2015.
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Another critical challenge in MMNCs reinforced with GNPs is the appropriate design of the interface between the metal matrix and GNPs. In particular, in this kind of nanocomposite, due to the significantly increased surface/volume ratio, the interface area increases noticeably, and thus, its design is vital. This interface design becomes very important especially when the thermal and mechanical characteristics of GNPs are of interest and a perfect mechanical bond and low thermal resistance are required. In general, the mechanical and thermal interface can be improved by surface modification such as roughening and using an interlayer by either deposition of an interlayer or addition of alloying elements to facilitate dome interfacial reactions and create a reaction bonding. However, as discussed earlier, in some cases like Al/GNP nanocomposites, this interfacial reaction should be considered and controlled.





5. Properties of MMNCs Reinforced by GNPs


5.1. Density and Vickers Hardness


Metal matrix nanocomposites reinforced by nanoparticles could have attracted more attention in recent years because of their promising properties with respect to unreinforced matrices. The nano-scale particles that are used these days in the MMNCs as reinforcement play a key role in the improvement of the properties of composites. Hence, to understand the relevant mechanism of improvement and predict the effect of reinforcement on the matrix for the sake of materials’ design, several theoretical and experimental approaches have been proposed, which are described further.



The ratio between total mass and the total volume is known as the density of a composite material. By using the rule of mixture, it would be possible to calculate the density variations of the composite as a function of reinforcement content regardless of reinforcement distribution. Thus, the following equation can be used to calculate the density of a composite consisting of two different constituents [109]:


ρc = ρpVp + ρmVm



(1)




where ρ is the density, V is the volume fraction and the subscripts “c”, “p” and “m” denote the composite, particle and matrix, respectively. Table 4 presents the effect of GNP addition on the density of different metal matrix nanocomposites.



Table 4. Theoretical and sintered density of MMNCs reinforced with graphene nanoplatelets.



	
Matrix

	
Graphene Content (wt. %)

	
Fabrication Techniques

	
Theoretical Density (g/cm3)

	
Sintered Density (g/cm3)

	
Ref.






	
Mg

	
0

	
Semi-PM

	
1.740

	
1.738

	
[95]




	
0.18

	
Semi-PM

	
1.743

	
1.733

	
[95]




	
Al

	
0

	
Conventional PM

	
2.700

	
2.646

	
[110]




	
0.5

	
Conventional PM

	
2.695

	
2.628

	
[110]




	
1.0

	
Conventional PM

	
2.690

	
2.556

	
[110]




	
Al

	
0

	
Hot rolling

	
2.700

	
2.557

	
[70]




	
0.5

	
Hot rolling

	
2.695

	
2.526

	
[70]




	
1.0

	
Hot rolling

	
2.690

	
2.441

	
[70]




	
Cu

	
0

	
Conventional PM

	
8.961

	
8.781

	
[111]




	
1.0

	
Conventional PM

	
8.661

	
8.532

	
[111]




	
2.0

	
Conventional PM

	
8.391

	
8.143

	
[111]




	
Cu

	
0

	
Conventional PM + Repressed + annealed

	
8.960

	
8.821

	
[8]




	
1.0

	
Conventional PM+ Repressed + annealed

	
8.660

	
8.562

	
[8]




	
2.0

	
Conventional PM + Repressed + annealed

	
8.390

	
8.231

	
[8]




	
Cu

	
0

	
Conventional PM + HIP

	
8.960

	
8.951

	
[8]




	
1.0

	
Conventional PM + HIP

	
8.660

	
8.652

	
[8]




	
2.0

	
Conventional PM + HIP

	
8.390

	
8.371

	
[8]




	
Al

	
0

	
Hot extrusion

	
2.700

	
2.699

	
[79]




	
0.25

	
Hot extrusion

	
2.699

	
2.698

	
[79]




	
0.5

	
Hot extrusion

	
2.697

	
2.696

	
[79]




	
1.0

	
Hot extrusion

	
2.694

	
2.691

	
[79]










Two common trends are present in all the reported densities: (i) reduction of the sintered density of the nanocomposites with respect to the monolithic metal or alloy; (ii) porosity increment by increasing the graphene content. It has been reported that the reduction in the theoretical density of nanocomposites as a function of GNPs is because of the low density of graphene (2.1 g/cm3) [8,79].



Saboori et al. have studied the effect of post-processing on the density of the Cu/GNP nanocomposites [8]. The most interesting finding was that by increasing the graphene content apart from the location of GNPs at the grain boundaries, the graphene nanoplatelets tend to form agglomerates. Moreover, it should be noted that a weak interfacial bonding between the graphene and copper after pressureless sintering results in a low density. This interfacial bonding is improved as a consequence of porosity eliminations by using some post-processing techniques like the repressing and annealing process, as well as hot isostatic pressing (Figure 12).


Figure 12. Field emission scanning electron microscopy (FESEM) images of the Cu/GNPs interfacial bonding for the: (a) as-sintered; (b) as-sintered followed by the HIPing process, reproduced from [8], with permission from Springer Nature, 2018.
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The Vickers hardness of pure metals and metal/GNPs is presented in Table 5. As can be seen, in general, the addition of reinforcement particles (GNPs) to monolithic metals increases the hardness. Up to now, several studies have investigated this increment, and it has been suggested that the increase of hardness of nanocomposites can be attributed to the uniform distribution of the strong reinforcement and high durability of the metal matrix versus the deformation during the loading [79,94,96,112].



Table 5. Vickers hardness of different metals and their metal matrix nanocomposites reinforced with GNPs.



	
Matrix

	
Graphene Content (wt. %)

	
Fabrication Techniques

	
Vickers Hardness (HV)

	
Ref.






	
Al

	
0

	
Hot extrusion

	
76 ± 4.0

	
[79]




	
0.25

	
Hot extrusion

	
80 ± 5.0

	
[79]




	
0.5

	
Hot extrusion

	
85 ± 4.0

	
[79]




	
1.0

	
Hot extrusion

	
90 ± 4.0

	
[79]




	
Al

	
0

	
Conventional PM

	
44 ± 2.1

	
[110]




	
0.5

	
Conventional PM

	
51 ± 1.4

	
[110]




	
1.0

	
Conventional PM

	
57 ± 4.2

	
[110]




	
Al

	
0

	
Hot rolling

	
42 ± 1.1

	
[70]




	
0.5

	
Hot rolling

	
43 ± 1.5

	
[70]




	
1.0

	
Hot rolling

	
42 ± 2.3

	
[70]




	
Cu

	
0

	
Conventional PM

	
42.3 ± 2.1

	
[111]




	
1.0

	
Conventional PM

	
45.1 ± 3.2

	
[111]




	
2.0

	
Conventional PM

	
48.6 ± 5.0

	
[111]




	
Cu

	
0

	
Conventional PM + Repressed + annealed

	
45.2 ± 1.5

	
[8]




	
1.0

	
Conventional PM + Repressed + annealed

	
51.6 ± 2.2

	
[8]




	
2.0

	
Conventional PM + Repressed + annealed

	
55.8 ± 3.6

	
[8]




	
Cu

	
0

	
Conventional PM + HIP

	
50.4 ± 0.9

	
[8]




	
1.0

	
Conventional PM + HIP

	
57.5 ± 1.6

	
[8]




	
2.0

	
Conventional PM + HIP

	
62.3 ± 1.2

	
[8]




	
Mg

	
0

	
Semi-PM

	
41 ± 4.0

	
[95]




	
0.18

	
Semi-PM

	
55 ± 2.0

	
[95]










In general, it is reported that reinforcement in metal matrix nanocomposites can improve the mechanical strength of the matrix by: (i) the load partitioning effect; (ii) hindering the plastic deformation of the matrix [112,113]. Moreover, two vital factors to specify the strengthening efficiency of reinforcing the material, other than intrinsic mechanical characteristics and volume fraction, are (I) the amount of load that can be effectively transferred from the matrix to the reinforcement and (II) the amount of stress distribution that can be changed by the reinforcement. The effect of these two important factors implies that the matrix/reinforcement interfacial bonding, morphology/surface area and dispersion of the reinforcement is very critical [114,115].



Because of the complex behavior of graphene within the metal matrices either as a consequence of the production process or its nature, different research has attributed its strengthening effect on different MMNCs to various reasons. For instance, Rashad et al. have studied the effect of GNPs on the mechanical strength of Mg-1Al-1Sn alloy [1]. In their work, the strengthening effect of graphene is attributed to dislocation generation as a result of a significant mismatch between the coefficient of thermal expansion and the elastic modulus. Moreover, it was reported that owing to the presence of strong interfacial bonding between the graphene and matrix, the load transfer mechanism plays a great role in the strengthening of the composite. In another study, Saboori et al. investigated the effect of graphene content and post-processing techniques on the interfacial bonding and hardness of Cu/GNP nanocomposites [8]. The strengthening effect of graphene in this work is correlated with the Hall-Petch strengthening effect, which is a result of grain refinement. Furthermore, it is revealed that by using the hot isostatic pressing as a post-processing technique, the hardness of both monolithic copper and Cu/GNPs nanocomposites is increased by more than 25%. In fact, this improvement is correlated with the porosity elimination during the HIPing process, which resulted in the formation of stronger Cu/GNP interfacial bonding.




5.2. Electrical Conductivity


In recent years, there has been an increasing amount of literature on the effect of GNPs on the electrical conductivity of graphene [8,69]. For instance, Figure 13 shows the electrical conductivity of pure Cu and its composites after sintering followed by HIPing [8]. It is reported that the electrical conductivity measurements have been carried out perpendicular to the compacting direction. From the graph, it is clear that the electrical conductivity of pure Cu and copper composites is higher in the case of HIPed samples regarding the sintered ones. This discrepancy can be attributed to the higher density, lower porosity and the existence of stronger interfacial bonding between Cu and graphene after HIPing. In fact, the high amount of the isolating elements such as voids and poor interfaces can prevent the continuity of electron pathways in the matrix [30,116]. Apart from the effect of post-processing, it can be seen that by increasing the GNP content, the electrical conductivity decreased from 78% IACS (International Annealed Copper Standard) to 67% IACS.


Figure 13. The electrical conductivity of pure Cu and Cu-GNPs nanocomposites vs. vol % of GNPs for as-sintered and hot isostatic presses (HIPed) specimens, reproduced from [8], with permission from Springer Nature, 2018. IACS, International Annealed Copper Standard.
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It is suggested that the reduction in the electrical conductivity with increasing of the GNP content could be due to different reasons such as decreasing the mean free path of electrons as a result of grain refinement and higher dislocation density at higher GNP content [17]; porosities that can interrupt the electrons motions [117]. As is shown, the negative variation of electrical conductivity was less than 20% in the case of 8.0 vol % graphene addition, whereas the addition of graphene up to 2.0 vol % did not change the electrical conductivity of copper. This implies that the addition of a low content of graphene will not deteriorate the electrical conductivity of copper composite remarkably. However, this effect has been reported in the literature, as shown in Table 6.



Table 6. A summary of the electrical conductivity of copper composites reinforced with different types and vol % of reinforcements. SPS, spark plasma sintering.



	
Reinforcement

	
Content

	
Electrical Conductivity (% IACS)

	
Fabrication Method

	
Ref.






	
CNTs

	
0.5 vol %

	
91.2

	
SPS + wire drawing

	
[118]




	
GNPs

	
0.6 vol %

	
88

	
Molecular level mixing + SPS

	
[17]




	
Graphite

	
8.0 wt %

	
55

	
Cu coating of graphene + sintering

	
[119,120]




	
Graphite

	
0.1 vol %

	
90

	
Roll bonding

	
[121]




	
-

	
-

	
52.3

	
Sintering + Forging

	
[122]




	
SWCNTs

	
5.0 vol %

	
44.5

	
Sintering + Forging




	
-

	
-

	
78

	
Sintering + HIPing

	
[8]




	
GNPs

	
2.0 vol %

	
77

	
Sintering + HIPing

	
[8]




	
GNPs

	
4.0 vol %

	
72.5

	
Sintering + HIPing

	
[8]




	
GNPs

	
8.0 vol %

	
67.5

	
Sintering + HIPing

	
[8]










Saboori et al. have found that, apart from the effect of graphene, the electrical conductivity of pure copper after hot isostatic pressing was only ~78% IACS. After that, they have explained that the electrical conductivity of reference copper is the electrical conductivity of the oxygen free and annealed copper with very high purity, while in their research, the starting copper contained a few impurities that significantly affected the electrical conductivities. As a matter of fact, this impurity in the matrix disturbs the conductance by either decreasing the mean free path of electrons or increasing the scattering surface for conduction electrons [123]. Nadkarani et al. [124] reported a similar value for electrical conductivity, 78% IACS, for partially-oxidized copper containing 0.2 vol % Al2O3.




5.3. Tribological Performance


Within the relative movement of two surfaces, various kinds of wear mechanisms such as adherence wear, abrasive wear, and so on, may take place. Therefore, the tribological behavior and wear resistance of metallic materials, in particular aluminum and aluminum alloys, are key features that should be considered in the design of new materials. One of the interesting methods to reduce the friction and improve the wear resistance of the material under wear conditions is using GNPs as reinforcement within the MMNCs [7,9,125]. Tanabande-Khorshid et al. have studied the role of GNPs in the tribological performance of aluminum matrix nanocomposites [7]. In their research, the pin-on-disk method has been chosen to study the wear behavior of pure aluminum and its nanocomposites reinforced with GNPs. Their outcomes have shown that although the wear rate of AMNCs is increased with increasing normal load, the coefficient of friction (COF) of Al-1 wt. % GNPs reduced by increasing normal load. Their surface analysis shows that the AMNCs reinforced with GNPs have superior wear resistance with respect to those that are unreinforced.





6. Conclusions


As discussed in the Introduction, over several years, several studies have established that GNP-reinforced MMNCs have great potential in different sectors. However, several lines of evidence reported that the fabrication of these interesting MMNCs faces several challenges. This review is carried out to study some of the technical challenges that are faced during the fabrication of MMNCs reinforced with GNPs in order to take advantage of the superior features of reinforcement within the metallic matrix. The main technical challenges are: (I) reinforcement selection; (II) dispersion of reinforcement within the matrix; (III) reactivity between the reinforcement and matrix; (IV) interfacial bonding; (V) preferred orientation of reinforcement. In particular, some of these difficulties can be attributed to the nature of the materials involved, while some of them are related to the preparation technique. It seems that this latter one can often be solved by changing the production process or by using post-processing techniques. More challenging, instead, are the problems related to the composition of matrix and reinforcement, their reactivity and the dispersion of particles, in particular if nano-sized. These topics still bring a significant challenge to the materials scientists, and it would be worth mentioning that the fabrication of MMNCs with a uniform dispersion of graphene nanoplatelets, strong interfacial bonding, without detrimental reactions and improved isotropic properties is still a puzzling issue.
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