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Introduction: Metal matrix composites reinforced with ceramic and carbon nanotubes (CNTs) are considered recently as new materials for thermal managements and heat sink applications of electronic components.Method: Cu nanocomposites reinforced with CNTs and different content of Si3N4 up to 5 wt.% (CNTs-xSi3N4/Cu) are synthesized by electroless Cu deposition process. The produced (CNTs-xSi3N4/Cu) nanocomposites powder were divided into two groups of samples. The first group were consolidated by two steps of cold pressing at 600 MPa compaction pressure followed by sintered under Ar atmosphere at 850°C for 90 min. However, the second group of powders are spark plasma sintered (SPS) under vacuum by simultaneously applying compaction pressure of 50 MPa at sintering temperature of 850°C for one min. The microstructure and the chemical composition of the investigated CNTs and the produced CNTs-xSi3N4/Cu powders as well as the CNTs-xSi3N4/Cu sintered nanocomposites were investigated by FTIR, SEM, TEM, EDX, X-ray mapping and XRD. The sinterability of the produced CNTs-xSi3N4/Cu nanocomposites is evaluated by measuring the Archimedes’ density and the coefficient of thermal expansion (CTE).Results and discussion: The electroless coating process enhancing the homogeneous distribution of CNTs and Si3N4 reinforced particles in the Cu matrix by preventing the formation of the agglomerations and segregations in the Cu matrix and retaining the nanostructure. The density and the CTE of the obtained CNTs-xSi3N4/Cu nanocomposites were improved by consolidation with SPS. The CNTs-xSi3N4/Cu nanocomposites sintered by SPS process have higher relative density approaches 100 % and lower CTE of 1.8 × 10−5°C-1–1.6 × 10−5°C-1 than, the density of the CNTs-xSi3N4/Cu nanocomposites sintered by conventional powder metallurgy technique with relative sintered density approaches 85 % and CTE of 2.6 × 10−5°C-1–1.9 × 10−5°C-1. Our findings owing that; the produced CNTs-Si3N4/Cu nanocomposites are expected as suitable candidate materials for thermal managements and heat sink packaging materials of electronic components.Keywords: carbon nanotube, silicon nitride, copper composites, heat sink, powder metallurgy, spark plasma sintering, coefficient of thermal expansion
1 INTRODUCTION
Metal matrix nanocomposites reinforced by novel carbon materials such as carbon fibers, graphene, and diamond are developed to fabricate thermal management and heat sink materials due to their low coefficient of thermal expansion (CTE) and good thermal conductivity (Balandin, 2011). Metal matrix composites containing carbon nanotubes (CNTs) have attracted increasing attention for different thermal applications due to their low or negative CTE, ranging from −2.5 to 0 ppm/K (Alamusi et al., 2012; Lindsay et al., 2013; Schebling and Keblinski, 2003; Berber et al., 2000; Kim et al., 2001). Few research studies on the thermal properties of metal matrix composites reinforced by CNTs are reported in the literature (Duan et al., 2017). It was mentioned in a previous report that CNTs/Al metal matrix composites have lower CTE values than pure Al metal itself (Carvalho et al., 2013).
Challenges related to the dispersion of CNTs in metal matrices composed of Cu, Al, and Ni and their interfacial bonding require more extensive studies due to their significant impact on the physical and mechanical properties. The technical problems of the CNTs/metal matrix composites sintered by conventional powder metallurgy processes have not been completely solved and still have limited thermal management applications due to the poor wettability between the CNTs and several types of metals and CNT agglomeration in the metal matrix. There are four technical difficulties in preparing CNTs/Cu composites: interface between CNTs and the Cu matrix, dispersion of CNTs, densification of the CNTs/Cu composites, and orientation of CNTs in the Cu matrix (Huang et al., 2017). Thus, electroless plating of CNTs by Cu nanolayers is used to build up strong interactions between CNTs and Cu matrices, and this research provides novel ideas and technology for the distribution and directional alignment of CNTs in the Cu matrix. The particle coating process is developed, as reported in the literature, based on the electroless deposition of some metal nanoparticles on the graphitic surface of CNTs and carbon fibers (Daoush et al., 2020; Daoush et al., 2009). This coating process reduces agglomeration and segregation of the reinforcements within the Cu metal matrix. It was reported in a previous work that the hardness, strength, and abrasion resistance of Cu electrical contact materials were improved by aligning CNTs in Cu matrix composites through die-stretching, owing to their excellent mechanical properties and abrasion resistance (Huang et al., 2017).
Silicon nitride (Si3N4) is a promising engineering material due to its superior thermal properties, chemical stability, and oxidation resistance (Cheng et al., 2019). Si3N4 has unique wear resistance, corrosion resistance, and high-temperature mechanical properties. Moreover, Si3N4 has excellent thermal shock resistance due to its low CTE and high thermal conductivity (Li et al., 2020; Parsi et al., 2019; Wang et al., 2021). In addition, the strong covalent bonding between Si and N and the high grain boundary energy of Si3N4 result in a low driving force for the sintering process at high temperatures over prolonged periods, which prevents grain coarsening and structural shrinkage, thereby maintaining the nanostructure after sintering (Zhang Y. et al., 2021; Zhang X. et al., 2021).
Copper (Cu) is one of the most important metals used in electric and thermal applications. It is inexpensive and offers good formability, castability, and machinability. Compared with other common metals used in thermal applications, such as Al, Cu has higher thermal and electrical conductivities and a lower CTE value. These unique properties make Cu, its alloys, and its composites excellent candidate materials for thermal management applications, such as heat sinks and packaging of the electronic components, which helps dissipate the heat generated when electric current passes through the electronic components (Daoush et al., 2020; Daoush et al., 2009).
The influence of Si3N4 reinforcement addition on the mechanical behavior of Al–Si3N4 composites has been previously studied. The results obtained support the use of Si3N4 in enhancing the mechanical performance of aluminum-based metal matrix systems for structural applications (Raghavendra Rao and Mohan, 2020). Another research work involved the development of an aluminum alloy hybrid composite using Al6061 as the matrix and Si3N4 as hybrid reinforcement particles, fabricated through a dual-step stir casting method. The hybrid compositions reported an increase in hardness and ultimate tensile strength (Arya et al., 2023). Si3N4-reinforced Cu–Sn-based composites were also successfully prepared by the two-step stir casting technique. The addition of hard Si3N4 particles is found to increase the hardness and ultimate tensile strength of the composite (Hanumantharayappa et al., 2021). Recently, the effect of the addition of Si3N4 and synthesized graphene oxide (GO) on the physical, wear, and corrosive characteristics of the Cu matrix was also studied. The microhardness is increased with the GO and Si3N4 addition. The wear rate of the Cu matrix decreases with reinforcement addition due to the self-lubricating nature of GO and the hardness of the Si3N4 ceramic. The worn surface analysis confirms the transition from severe wear to mild wear with Si3N4 addition. The corrosion results suggest that the composite reinforced with 0.3% GO and 15% Si3N4 yielded better corrosion resistance than the other developed composites (Kalidas et al., 2025).
Electroless metal deposition is an autocatalytic process in which reduction with continuous deposition of metal ions and oxidation of a reducing agent simultaneously occur on catalytic or conductive surfaces. It can be deposited with uniform thickness over the surfaces of various substrate materials, regardless of their size, shape, and electrical conductivity (Daoush et al., 2009; Ejaz et al., 2022; Cui et al., 2015; Kilicarslan et al., 2012). Electroless plating with Cu is mostly used for the metallization of nonconductive surfaces in printed circuit boards, electronic devices, and jewelry plating. Traditional electroless Cu deposition uses formaldehyde as the reducing agent, as shown in the following redox chemical reaction (Daoush et al., 2009): Cu2+ + 2HCHO + 4OH− = Cu + 2HCOO− + 2H2O+ H2. It is known that the incorporation of hydrogen into the deposited Cu causes brittleness in the coating layer. This brittleness can be influenced by the deposition rate, temperature, and certain additives. However, a more direct way to avoid hydrogen embrittlement is to deposit the metal without hydrogen evolution or at least by reducing the amount of evolved gas. CNTs, as the material of interest, can trap the evolved hydrogen gas within their graphitic nanocage structure. The electroless Cu deposition process on nonconductive surfaces such as epoxy polymer was also studied (Uzunlar et al., 2013). The conditions of electroless Cu deposition are optimized in order to produce high-quality coating layers, as reported in the literature (Tian and Guo, 2010). Tartrate (Deckert, 1995) and ethylene diamine tetra acetic acid (EDTA) (Lowenheim, 1974; Nadiia et al., 2012) were also added as complexing agents in the electroless Cu bath to prevent the precipitation of Cu(OH)2 under the alkaline condition and improve the deposition rate and the bath stability for a short time. The autocatalytic mechanism, thermodynamics, and kinetic aspects of the Cu2+ ion reduction by formaldehyde were also reported in the literature (Mallory and Hajdu, 1990). The use of ionic surfactants such as sodium dodecyl sulfate and cetyltrimethylammonium bromide detergents in controlling the shape and size of Cu nanoparticles has also been reported in the literature (Lisiecki et al., 1996; Mustafa and İlkay, 2010). In this study, the NaBH4 reducing agent gets absorbed on the surface of PEEK/MWCNT, and in situ electroless Cu coating takes place. A dense Cu layer was deposited on the interconnected micro-pores through strong adhesion of Cu coating to the surface of the PEEK/MWCNT.
Spark plasma sintering (SPS) is an advanced sintering method used to consolidate various ceramic (Azarniya et al., 2017a) or metallic (Azarniya et al., 2017b) materials using lower sintering temperatures and shorter dwell times than those of the conventional sintering techniques. The SPS technique is similar to hot isostatic pressing (HIP); however, SPS uses a pulsed direct current with low voltage to heat the compacted powders during the process, enabling the production of fully densified, pore-free materials with outstanding sinterability and properties (Munir et al., 2011; Garay, 2010; Orru et al., 2009a). Previous studies have been conducted to develop the sintering process for metal matrix composite powders, such as CNTs/Cu (Daoush et al., 2009; Darabi et al., 2018) and Cu/W (Nicolicescu et al., 2023) powders, fabricated by electroless coating and subsequently consolidated using SPS. It was revealed that the improvements in the physical and mechanical properties of these materials are due to the combination of the electroless powder coating of the reinforcement particles, followed by sintering at a moderate temperature using SPS. SPS products are typically achieved in a short sintering time, resulting in fully densified net-shape materials by inhibiting grain growth and retaining the nanostructure, preventing the segregation and agglomeration of the reinforcement particles in the metal matrix after sintering (Zhu et al., 2022).
Materials used in the design and development of different heat sink components are employed for the thermal management of electronic system devices. The function of heat sinks is the thermal dissipation of heat from the electronic component at a relatively high temperature to an object with greater heat capacity. Recently, heat sinks have become essential in integrated circuits, microprocessors, and computer central processing units (CPUs). The ideal materials used for the development of the heat sink materials are obtained by designing new composites through the combination of different reinforced and matrix materials that possess high thermal conductivity and high heat capacity to absorb the generated thermal energy. Metals have a high thermal conductivity and are commonly used as heat sinks because they easily absorb and emit heat energy; however, they have low heat capacity. Therefore, in recent years, new heat sinks have been developed by combining metals with ceramic and carbon-based reinforcement materials to fabricate advanced composites. Metal matrix composites containing reinforced particles of the highest intrinsic thermal conductivity and CTEs could cover the requirements of the heat sink materials (Sotgiu et al., 2024; Singh and Gautam, 2019; Ahmed et al., 2016; Uddin et al., 2010).
In this work, a step-by-step process was developed to fabricate new composite materials composed of CNTs–xSi3N4/Cu reinforced with different Si3N4 contents by the combination of the electroless deposition technique and consolidation by conventional powder metallurgy or SPS processes to improve the homogeneity and distribution and prevent the agglomeration and segregation of the CNTs and Si3N4 ceramic-reinforced particles in the Cu matrix. The homogeneous dispersion of CNTs and the formation of strong metal–CNT interfacial bonding are the major challenges to the effective use of CNTs in metal matrix composites (Xia et al., 2021). CNTs are treated with heat and acid to functionalize their graphitic surfaces and improve their dispersion in an aqueous solution. The homogeneous dispersion of CNTs and Si3N4 particles can be improved by the electroless deposition coating of the CNTs and Si3N4 particles, followed by the SPS process in a short sintering time, which retains the nanostructure of the sintering composites. It was expected that the preparation of the CNTs–xSi3N4/Cu nanocomposite powders by the electroless Cu deposition technique would decrease the cost of the process compared with that of the other expensive processes, such as chemical vapor deposition (CVD), physical vapor deposition (PVD), or sputtering techniques. In addition, the combination of CNTs, Si3N4 reinforcement particles, and the Cu metal as a matrix is expected to improve the thermal management properties of the sintered Cu-based material for heat sink applications. Although several articles have reported on the electroless copper deposition process (Daoush et al., 2020; Daoush et al., 2009; Uzunlar et al., 2013; Tian and Guo, 2010; Deckert, 1995; Lowenheim, 1974; Nadiia et al., 2012; Mallory and Hajdu, 1990; Lisiecki et al., 1996; Mustafa and İlkay, 2010), to the best of our knowledge, this is the first study focused on the properties of CNTs, Si3N4, and Cu ternary-phase materials. The microstructure, density, and CTE of the obtained CNTs–xSi3N4/Cu nanocomposites are also investigated. The distribution of CNTs and Si3N4 reinforcements in the Cu matrix, along with its chemical composition, was also investigated using field emission scanning electron microscopy (FESEM) coupled with energy dispersive X-ray (EDX) spectroscopy, high-resolution transmission electron microscopy (HRTEM), and X-ray diffraction (XRD). The treated CNTs are investigated by Fourier transform infrared spectroscopy (FT-IR). The effect of the electroless coating process of the CNTs and Si3N4-reinforced particles and the SPS process on the sinterability, density, and CTE of the produced CNTs-xSi3N4/Cu nanocomposites was also studied to evaluate the performance of the produced CNTs-xSi3N4/Cu nanocomposites for thermal management and heat sink applications.
2 MATERIALS AND METHODS
2.1 Materials
Si3N4 powder with a particle size of 500–700 nm and multi-walled CNTs (MWCNTs) with a length of 10–50 µm, a diameter of 15–10 nm, and a surface area of ∼200 m2/g were purchased from Iljin Nanotech Co., Ltd. (Seoul, South Korea). High-purity analytical-grade HNO3, H2SO4, CuSO4.5H2O, and NaOH were used in the preparation of the electroless Cu deposition bath. Potassium–sodium tartrate was used as a complexing agent to prevent the deposition of Cu(OH)2. Formaldehyde solution (HCHO 38vol%) was used as a reducing agent of Cu ions to Cu metal.
2.2 Methods
The as-received MWCNTs underwent heat-treatment in an oven at 450°C for 30 min to remove any organic volatile impurities. The obtained powder was chemically treated with acetone to dissolve any remaining organic compounds, after heat-treatment. Then, the powder was acid-treated using 33 vol% conc. HCl for 15 min to dissolve any inorganic impurities. An acid mixture of HNO3 and H2SO4 was prepared to functionalize the surfaces of the graphitic structure of MWCNTs. Then, the obtained powder was repeatedly centrifuged at 3,000 rpm for 5 min, followed by washing several times with double-distilled water to remove any remaining acids (Daoush et al., 2009). The produced powders of the treated CNTs were characterized using an FT-IR analyzer, model Nicolet 6700.
Preliminary studies were conducted to determine the lower and upper limits of the Si3N4 and CNT reinforcement wt%. It was found that the addition of more than 5 wt% Si3N4 content and more than 0.1 wt% CNTs will deteriorate the properties due to the agglomeration of the Si3N4 ceramic reinforcement particles in the metal matrix (Darabi et al., 2018). Then, two groups of CNTs–xSi3N4/Cu nanoparticles were fabricated by an electroless coating process. Each group consists of six samples containing 0.0, 1.0, 2.0, 3.0, 4.0, and 5.0 wt% of Si3N4 particles and 0.1 wt% of MWCNTs coated with the Cu metal (see Table 1). Preliminary studies were developed according to previous research work for optimizing the electroless Cu deposition conditions on the surface of MWCNTs and Si3N4 particles (Daoush et al., 2020; Daoush et al., 2009). The calculated amounts of MWCNTs and Si3N4 particles were weighed using a four-digit electronic balance and then dispersed in an aqueous solution consisting of 70 g/L CuSO4.5H2O and 170 g/L potassium sodium tartrate (KNaC4H4O6.4H2O). The pH of the prepared solution was adjusted to 12.5 using 50 g/L of NaOH. An appropriate amount of 150–200 mL of HCHO (37 vol%) was added dropwise to the abovementioned solution and magnetically stirred at 500 RPM. By controlling the concentration, the pH value, and the temperature of the solution at room temperature, the autocatalytic electroless Cu coating process on the surface of functionalized MWCNTs and Si3N4 particles started spontaneously and completed within 30–40 min. Table 1 lists the electroless bath composition and conditions. The obtained Cu-coated/MWCNTs and Cu-coated/Si3N4 particles were repeatedly centrifuged at 3,000 RPM for 5 min, followed by decantation of the supernatant; then, they were washed with double-distilled water, centrifuged again, dried under vacuum at 60°C, and then stored for further investigations. The abovementioned process was repeated for fabricating all the samples with different compositions. The yield of Cu-coated MWCNTs and Si3N4 particles was estimated from the differences in the weight of MWCNTs and Si3N4 before and after the coating process.
TABLE 1 | Electroless Cu deposition bath composition and conditions.
[image: Table 1]The obtained CNTs–xSi3N4/Cu nanocomposites were divided into two groups for processing by consolidation with sintering, as listed in Table 2. The samples of the first group were cold-pressed at 600 MPa in a 12.50-mm diameter uniaxial die, followed by heating in a tube furnace under argon (Ar) gas at 850°C for 90 min, according to the heating cycle presented in Figure 1, based on preliminary findings reported in our previous studies (Daoush et al., 2020). In brief, the samples were first heated at 120°C for 30 min at a slow heating rate of 2°C/min to remove any water content trapped inside the samples. In the second stage, the dried samples were heated up to 425°C for 30 min at a heating rate of 2°C/min to degas any trapped gas in the pores inside the samples. The samples were then heated again in the third stage at a heating rate of 5°C/min to start the sintering process at 850°C for 90 min. After that, the sintered samples were cooled under an argon atmosphere. The second group of samples was spark plasma sintered in a cylindrical graphite die with an inner diameter of 15 mm using SPS equipment, model Dr. Sinter 515S SPS (SPS Syntex Inc., Kanagawa, Japan). A high pulsed electrical current was passed through the graphite die containing an appropriate amount of the CNTs–xSi3N4/Cu nanoparticle powder. Heat is thus generated, and the sintering process is started in few seconds. The powders of the CNTs–xSi3N4/Cu nanoparticle samples were sintered at 850°C, with a pulse duration of 2.8 m, a pulse on–off sequence of 12:2, a holding time of 1 min, heating profiles ranging from 50/min to 250/min, and a compaction pressure of 50 MPa simultaneously with heating (Daoush et al., 2009). Figure 2 illustrates a schematic diagram of the SPS apparatus.
TABLE 2 | CNTs–xSi3N4/Cu sintered sample composition.
[image: Table 2][image: Figure 1]FIGURE 1 | Heating cycle of the powder metallurgy sintering process of CNTs–xSi3N4/Cu nanocomposites.
[image: Figure 2]FIGURE 2 | Schematic diagram of the SPS apparatus used in the fabrication of CNTs–xSi3N4/Cu nanocomposites.
The dimensions of the compacts were measured after sintering to evaluate the sintering process by calculating the shrinkage. To assess the sintering process, we used a dial gauge micrometer of 10−3 mm sensitivity to measure the changes in the dimensions of each sample.
The obtained specimens were mounted and grounded using SiC papers with grit sizes of 1,200, 2,000, 3,000, and 4,000, followed by polishing with 0.3 µm diamond paste. The microstructure was then examined using a scanning electron microscope, model Quanta 450 FEG, and a field emission scanning electron microscope, model JEOL JSM-7600F, equipped with an EDX analysis unit. A transmission electron microscope, model JEOL JEM-145 1011, operated at an acceleration voltage of 300 kV, was used to determine the size, shape, and surface morphology of the investigated MWCNTs and Cu-coated MWCNTs. The volume fractions of the reinforcement particles and the metal matrix were calculated from two-dimensional cross-sections by averaging the reinforcement content and metal matrix volume fraction across five micrographs for each polished sample, using an image analysis program (Matrox Inspector 2.1). In addition, crystalline phase identification of the investigated samples was performed using the Bruker D8 discover XRD model.
The theoretical densities of the sintered samples were calculated using the rule of mixtures (ROM) as represented in Equation 1
[image: image]
where ρ Si3N4, ρ m, and ρ CNTs are the densities of the Cu matrix, Si3N4, and CNT dispersed phases, respectively; and VCu, VSi3N4, and VCNTs are the volume fraction of the Cu matrix, Si3N4, and CNT dispersed phases, respectively.
The densities of the obtained sintered samples were determined by measuring Archimedes’ densities according to the ASTM B962-23 standard test using double-distilled water as a floating liquid and applying Equation 2
[image: image]
where Wair and Wwater are the weights of the specimen in air and water, respectively.
The relative densities of the sintered samples were calculated by determining the ratio of the actual density ρr, obtained using the Archimedes’ method, to the theoretical density ρth, using Equation 2
[image: image]
The CTE was determined by the thermomechanical analysis technique, according to the ASTM E831-19 standard test, by measuring the change in the transverse dimensions of the specimen as a function of the change in temperature. The experiment was conducted by heating the specimen continuously up to 200°C, the change in the dimension was measured using a digital micrometer, and the CTE was calculated using Equation 4
[image: image]
where α is the CTE; ΔT is the temperature interval, equal to T − To; and To is the room temperature (∼295 K). ε = ΔL/Lo is the relative change in the dimension of the specimen under investigation, where ΔL is the expansion of the specimen due to heating during the test. ΔL = L- Lo, where Lo is the original length.
The effect of the addition of the CNTs and Si3N4 contents in the theoretical values on the CTEs can be calculated by the ROM using Equation 5
[image: image]
where α CNT, α Si3N4, and α Cu are the CTE of CNTs, Si3N4, and Cu, respectively, and V CNT, V Si3N4, and VCu are the volume fractions of the CNTs, Si3N4, and Cu, respectively.
3 RESULTS AND DISCUSSION
3.1 FT-IR spectroscopy of acid-functionalized CNTs
The CNTs under investigation were heat-treated, followed by chemical treatments with the (HNO3/H2SO4) acid mixture to introduce active functional groups on the inert graphitic surfaces. The FT-IR spectrum of the heat treatment, followed by chemical treatment of CNTs by acid functionalization, is represented in Figure 3. It was revealed that the infrared spectrum indicates the predominated characteristic bands of different chemical bonds of its graphitic structure. The first one appears as a broad band (at 3,400 cm-1) due to the intermolecular hydrogen bonding of O–H in alcohols and carboxylic acids. The second type of bonding is the C–H bond in the aldehyde CHO group, which appeared at 2,910 and 2,840 cm-1. The third one is the vibration band of the carboxylic group, which was detected as a weak band of C=O stretching mode at 1,750 cm-1. The fourth functional group is the C=C bond, which was detected as a stretching band at 1,650 cm-1; however, the fifth type of band is the stretching bands of the N–O group at 1,550 cm-1 and 1,310 cm-1, indicating the presence of the nitro (NO2) group due to the functionalization process by the (HNO3/H2SO4 acid oxidation mixture) graphitic backbone of the carbon skeleton of the CNTs. In addition, the band (at 1,410 cm-1) is assigned to the bonds of the functional group C–O–C. The C–O group of phenols was present at 1,100 cm-1. The phenyl rings are also detected by two bands (at 924 cm-1 and 822 cm-1) (Tadjine et al., 2022; Ribeiro et al., 2022; Chevallier et al., 2022; Dai et al., 2007; Geeth et al., 2022; Daoush and Imae, 2015; Daoush and Imae, 2012). It was mentioned in the literature that the main surface oxidation of the graphene structure occurred at the de-capped ends of the CNT segments introducing carboxylic groups. However, the aldehydic, ketonic, and phenolic groups were introduced at the sidewall of CNTs due to the oxidation of the conjugated double bonds and the aromatic rings in the graphene chain. This is a characteristic feature of MWCNTs and serves as the backbone structure for CNTs. In addition, the substitution of a hydrogen atom in the hydrocarbon chain of CNTs with a hydroxyl group is reflected in the FT-IR spectrum as absorption bands corresponding to O–H and C–O stretching vibrations (Tadjine et al., 2022; Omori, 2000). The incorporation of oxide-bearing functional groups, such as hydroxide, carboxylic, and ketonic groups, onto the graphitic structure of CNTs is key to enhancing the formation of a uniform coating layer on their surface, providing good results in terms of the growth of nanoparticles on the graphitic surface (Daoush et al., 2009; Chevallier et al., 2022; Dai et al., 2007; Geeth et al., 2022; Daoush and Imae, 2015; Daoush and Imae, 2012).
[image: Figure 3]FIGURE 3 | FT-IR chart of the acid-functionalized CNTs.
3.2 Synthesis and characterization of Cu and CNTs–xSi3N4/Cu nanoparticles
Figures 4a,b show high-resolution SEM images at high magnifications of the as-received CNTs and the CNTs after being coated with electroless copper deposition. It was observed from the results that the investigated CNTs have an inner diameter of 4–5 nm and an outer diameter of 19–20 nm. Figure 4c represents a high-resolution TEM image of the CNTs after functionalization and coating with electroless Cu deposition. It was observed from the results that CNTs were decorated with the deposited Cu nanoparticles. Figures 4d–f show high-resolution SEM images of the uncoated and coated Si3N4 particles by Cu, where the Si3N4 particles have a cubic shape with a particle size of 300–700 nm. Si3N4 particles were completely encapsulated with the Cu nanoparticles, as shown in Figure 4f. By coating CNTs and Si3N4 particles using the electroless deposition technique, ultrafine copper particles were deposited onto their surfaces. The deposited copper nanoparticles adhered well to the surface of CNTs and Si3N4 particles, resulting in a uniformly coated copper layer, which can be observed.
[image: Figure 4]FIGURE 4 | High-resolution FESEM and HRTEM images; the EDS compositional analysis of the investigated nanoparticles: (a) uncoated CNTs, (b) Cu-coated CNTs, (c) TEM image of Cu-coated CNTs, (d) uncoated Si3N4 particles, (e) (f) Cu-coated Si3N4, and (g) the pure Cu nanoparticles; (h) EDS analysis of Cu nanoparticles; and (i) EDS analysis of Cu-coated CNTs by the electroless chemical reduction method (platinum is the background of the coated layer by sputtering).
Pure Cu nanoparticles were successfully synthesized by electroless chemical reduction in aqueous media as a reference sample of the prepared CNTs–xSi3N4/Cu nanocomposites. It was observed from the results presented in Figure 4g that the deposited Cu nanoparticles have a spherical shape with a particle size range of 50–200; however, some large Cu nanoparticles were also observed, resulting from the agglomeration of fine Cu nanoparticles due to their high surface area-to-volume ratio. In addition, the EDX compositional analysis indicated two types of peaks of the deposited Cu nanoparticles (see Figure 4H); the main high-intensity peak indicated the presence of Cu, while a low-intensity peak represented the presence of a small amount of oxygen, which appeared due to the combination of oxygen with Cu in the aqueous media of the electroless deposition bath. This oxygen content can be removed during the sintering process under a controlled atmosphere. Figure 4i represents the EDX elemental compositional analysis of the Cu-coated CNTs by electrodeposition. It was revealed that the high-intensity peak represents the deposited Cu element, and the low-intensity peak represents the carbon element of the CNTs.
3.3 Microstructure investigations
Figure 5a shows photographic images of the prepared CNTs–xSi3N4/Cu nanocomposites by powder metallurgy and spark plasma sintering processes. It was observed from the results that the samples with low Si3N4 content, prepared by the powder metallurgy technique at 850°C, exhibited less swelling and porosity due to their good sinterability. However, by increasing the Si3N4 content in the CNTs–xSi3N4/Cu nanocomposites, the porosity and the swelling regions are increased, especially in the sample containing 4 wt% and 5 wt% of Si3N4, as shown in the SEM images of the microstructure presented in Figure 5c which is discussed later. The formation of the swelling and porosity content in the samples containing high Si3N4 content may be due to the low wettability between the Si3N4 ceramic particles and CNTs and the Cu metal matrix. This limited wettability can enhance the formation of de-binding regions and agglomeration of some Si3N4 particles and/or CNTs in the interface between the Si3N4 ceramic particles and/or CNTs with the Cu metal matrix (see Figures 5a,c). On the other hand, it was observed from Figure 5b that the CNTs–xSi3N4/Cu nanocomposites samples prepared by spark plasma sintering have higher sinterability and low dimensional shrinkage than the CNTs–xSi3N4/Cu nanocomposites samples prepared by the powder metallurgy technique. The good sinterability of the SPS samples is due to the simultaneous pressing and heating in a short time, which consolidated the samples quickly, retained the fine grains of the nanostructure, and inhibited the grain growth.
[image: Figure 5]FIGURE 5 | Photographical images of the fabricated CNTs–xSi3N4/Cu nanocomposites by (a) powder metallurgy and (b) spark plasma sintering processes.
Figure 6 shows the SEM images and BSE mode with low and high magnifications of the microstructure for the prepared CNTs–xSi3N4/Cu sintered at 850°C by the powder metallurgy technique. It was observed from the microstructure that Si3N4 and CNT reinforcements are mainly distributed in the Cu matrix. However, some agglomerated regions of Si3N4 and CNTs and pore areas are also observed in the Cu matrix. It may be due to the low wettability of Si3N4 and CNTs with the Cu matrix and the contribution of the high-volume fraction of the ultrafine Si3N4 particles and CNTs in the Cu matrix. On the other hand, Figure 7 shows the SEM microstructural images and BSE mode with low and high magnifications of the prepared CNTs–xSi3N4/Cu nanocomposites sintered by spark plasma process under 50 Mpa at 850°C for 1 min. It was observed that Si3N4 and CNT reinforcements are homogeneously distributed in the Cu matrix, and the microstructure is better than that of the CNTs–xSi3N4/Cu sintered samples prepared by the conventional powder metallurgy technique. It may be due to the optimization of the sintering conditions of spark plasma sintering in a short sintering time of 1 min, which retains the nanostructure of the prepared CNTs–xSi3N4/Cu nanocomposites. Figures 6c, d represent the dispersion and homogeneous distribution of the CNTs in the Cu matrix. In addition, the microstructure of the sintered composites fabricated by SPS represents a better homogeneous distribution of CNTs in the Cu matrix than those fabricated by the conventional powder metallurgy process. This is because the prolonged sintering time in the powder metallurgy process allows the formation of agglomerations and grain growth. However, the short sintering time of the SPS process retains the nanostructure and prevents the CNT agglomeration and grain growth. In addition, it inhibits any carbide formation or CNT dissociation that can be expected to form during the 90-min prolonged time of sintering via the powder metallurgy technique. The long sintering time allows for enhanced CNT dissociation due to carbide formation between the silicon component of Si3N4 with carbon component of CNTs, which, in turn, affects the physical properties of the CNTs–xSi3N4/Cu nanocomposites. Figures 8a, b show the optical micrographs of the produced CNTs–4%Si3N4/Cu composites fabricated using conventional powder metallurgy and SPS techniques. It was observed from the microstructure that the reinforcement particles are homogeneously distributed in the Cu matrix; however, some agglomerated areas and pore regions are observed, which are expected to affect the physical and thermal properties. Figures 8c, d show optical micrographs of different regions in the sintered CNTs–xSi3N4/Cu nanocomposites by SPS. It was observed from the results that Cu-rich zones appeared due to the sintering at high direct current during the consolidation process. The high pulsed electric current density applied at 2.8 m through the powder sample during the SPS process generates the required quantity of heat at 850°C, which intrinsically influences the sintering kinetics and the densification mechanisms of the CNTs–xSi3N4/Cu powder (Daoush et al., 2009; Dong et al., 2021; Orru et al., 2009b; Munir et al., 2006; Tokita, 1999). As reported in the literature, the high electric current density applied to the powdered sample is the main driving force of heat generation during the SPS process. Four types of heating sources can be generated: the first type is formed due to the dielectric breakdown of the oxide layers on the surface of the Cu nanoparticles. The second one is formed based on the plasma generation between the Cu and CNTs and Si3N4 reinforcement particles. The third is formed due to overheating caused by an increase in the current density at the contact between CNTs, Si3N4, and Cu particles. Finally, the fourth is the activation of electromigration and electroplasticity through the sample (Daoush et al., 2009; Tokita, 1999; Omori, 2000; Okazaki, 2000; Groza and Zavaliangos, 2000; Ye et al., 2006; Yanagisawa et al., 2003). A previous work reported that as a result of the SPS process of the Si3N4/Cu composite, diffusion of Si atoms in Si3N4 facilitated the formation of the copper silicide (CuSi) interface between the two constituents during sintering, creating strong chemical bonding and improving sinterability and conductivity (Wu et al., 2024).However, according to the Cu–C phase diagram, the solubility of C in Cu is less than 0.04%, and this value is achieved only at a high temperature of 1,084°C. This means that the sintering of a mixture of Cu powder and carbon-based reinforcements such as CNTs will give rise to a composite with pure interfaces between the matrix and reinforcements, especially at a sintering temperature less than 1,000°C (Veillere et al., 2020).
[image: Figure 6]FIGURE 6 | FESEM/BSE mode microstructure images with low and high magnifications of the fabricated CNTs–4 wt.%Si3N4/Cu sintered at 850°C by the powder metallurgy technique: (a) BSE mode; (b), (c), and (d) SE mode.
[image: Figure 7]FIGURE 7 | FESEM/BSE mode microstructure images with low and high magnifications of the produced CNTs–3 wt.%Si3N4/Cu sintered by the spark plasma sintering technique: (a), (b), (c) BSE mode; (d) SE mode.
[image: Figure 8]FIGURE 8 | Optical micrograph of the sintered CNTs–4wt.%Si3N4/Cu nanocomposites (a) by conventional powder metallurgy and (b) SPS; (c) and (d) the sintered CNTs–5wt.%Si3N4/Cu by SPS. Arrows represent the copper-rich zone during sintering at high direct current during the process.
Figures 9, 10 show mapping, the secondary electron scanning images (FESEM/SE mode), and the energy dispersive X-ray spectroscopy (EDX) elemental compositional analysis of the fabricated CNTs–xSi3N4/Cu nanocomposites sintered by powder metallurgy and SPS, respectively. It was observed from the results that there is a homogeneous distribution of the elements composed of the Si3N4 particles and the CNTs in the Cu metal matrix. In addition, the reinforced CNTs and Si3N4 particles are dispersed in the Cu matrix without the formation of any segregations or agglomerations, and no foreign elements are detected apart from Si, N, C, and Cu, which emphasizes the high purity of the raw materials used to prepare CNTs–Si3N4/Cu nanocomposites and the optimization of the conditions during the sintering processes (Daoush et al., 2020). It was observed from the mapping that elemental silicon is dispersed in the Cu matrix. This result is matched with previous reports that mentioned that silicon is diffused in the Cu matrix by forming copper silicide (CuSi) and can enhance the interfacial bonding between Si3N4 reinforcement particles and the Cu matrix (Wu et al., 2024). It was also observed from the results that some voids and pores are formed in the samples prepared by the powder metallurgy technique (see FESEM/SE mode image in Figure 9). The reason behind that is the pulling out of some CNTs and Si3N4-reinforced particles from the surface of the Cu matrix during the grinding and polishing technique, which indicates the poor adhesion between the Cu matrix and CNTs and Si3N4-reinforced particles for the samples prepared by the conventional powder metallurgy technique. On the other hand, the ground and polished samples prepared by the SPS technique did not exhibit any voids or porosity, which revealed the strong adhesion between CNTs and Si3N4-reinforced particles. These adhesion forces affect the physical properties, such as density and CTE, as discussed in the next section.
[image: Figure 9]FIGURE 9 | Mapping, FESEM/SE mode, and EDX compositional analysis of the fabricated CNTs–3wt.%Si3N4/Cu sintered by the powder metallurgy technique for 90 min at 850°C.
[image: Figure 10]FIGURE 10 | Mapping, FESEM/SE mode, and EDX compositional analysis of the fabricated CNTs–4wt.%Si3N4/Cu by spark plasma sintering at 850°C for 1 min.
3.4 XRD phase identifications
Figure 11a shows the XRD pattern of the investigated CNTs. The diffraction peaks were identified at angles of 26°, 43°, 53°, and 79°, corresponding to 002, 100, 004, and 110 crystalline planes, respectively, as per JCPDS No. 96-101-1061. Figure 11b shows the XRD pattern of the as-prepared pure reference Cu nanoparticle sample by the electroless deposition process and the sintered sample by the powder metallurgy technique. It was revealed from the results that the observed peaks are due to the presence of the face-centered cubic (FCC) structure of the deposited Cu nanoparticles, corresponding to (111), (200), and (220) crystalline planes, in accordance with JCPDS No. 04-0836. The Scherrer crystallite size of the produced copper nanoparticles, calculated by the X-ray line broadening method using the mathematical formula of Scherrer’s equation (D = 0.9 λ/B cos θ), is estimated at 1.8 × 102 Å (Daoush et al., 2020). In addition, a very low-intensity peak is observed at a diffraction angle of 26.3o, which is due to the presence of the crystalline planes (002) of the reinforced CNTs, as identified by JCPDS No. 65-6212. In addition, a low-intensity peak of the (111) crystalline plane at 2 θ value of 37o corresponds to Cu2O, as identified by JCPDS No. 65-3288. Cu2O may be formed due to the presence of a small amount of trapped oxygen in the nanoparticles fabricated by the electroless deposition process in the aqueous solution, which can interact with the Cu nanoparticles and form Cu2O. This peak of Cu2O disappeared as a result of the sintering process of Cu nanoparticles. It was reported in the literature that by decorating the surface of CNTs with CuO nanoparticles and taking advantage of the strong wettability between CuO and the Cu matrix, CuO nanoparticles on the surface of CNTs are reduced to Cu. High-density interfacial dislocations and interfacial disordered areas are formed between the Cu matrix and CNTs, thus forming a strong interfacial bond (Xia et al., 2021).
[image: Figure 11]FIGURE 11 | XRD pattern of the investigated (a) CNTs, (b) deposited Cu nanoparticles, (c) CNTs–3wt.% Si3N4/Cu sintered by the powder metallurgy technique, and (d) CNTs-4 wt.% Si3N4/Cu sintered by the spark plasma technique.
Figures 11c,d show the XRD pattern of CNTs–xSi3N4/Cu samples sintered by powder metallurgy and spark plasma sintering processes. It was observed from the results that the samples fabricated by both methods are mainly composed of CNTs, Cu, and Si3N4 crystalline phases. It was also observed that no foreign phases were detected in both sintered samples (Daoush et al., 2009; Singh and Gautam, 2019; Ahmed et al., 2016; Uddin et al., 2010).
3.5 Sintering and density
Figure 12a shows the relationship between the volume fractions of the Si3N4 dispersed phase in the Cu matrix, which is determined by image analysis of the microstructures of the two-dimensional cross-section for the prepared CNTs–xSi3N4/Cu nanocomposite samples and their weight percent. It was observed from the results that by increasing the weight percent of Si3N4 particles, the volume fraction is linearly increased. The volume fractions, obtained from the image analysis of the microstructure for each composition, were used to calculate the expected theoretical density and CTE of the corresponding compositions. This was achieved by applying the ROM to evaluate the correlation between the physical properties and the addition of CNTs and Si3N4 reinforcement particles in the Cu matrix of the produced CNTs–xSi3N4/Cu sintered nanocomposites (Singh and Gautam, 2019; Ahmed et al., 2016; Uddin et al., 2010).
[image: Figure 12]FIGURE 12 | (a) Relationship between the weight and the volume percentages of the Si3N4 dispersed phase in the Cu matrix, depending on the microstructure investigation by image analysis, (b) relative sintered density, and (c) theoretical and measured CTE values of the produced CNTs–xSi3N4/Cu nanocomposites by powder metallurgy and SPS processes.
Figure 12b shows the relative sintered densities of the prepared CNTs–xSi3N4/Cu nanocomposites by the powder metallurgy technique and the SPS process correlated with the addition of different weight percentages of Si3N4. It was observed from the results that the reference pure Cu compacts, prepared by the powder metallurgy process at 850°C, exhibited a relative sintering density of 94%, which was higher than that of the reinforced CNTs–xSi3N4/Cu nanocomposites. By increasing the Si3N4 content, the sintered density decreased to reach 85% in the case of CNTs–1wt% Si3N4/Cu nanocomposites and 81% in the case of CNTs–5wt% Si3N4/Cu nanocomposites. The reason behind the low values of the relative sintered density for the produced CNTs–xSi3N4/Cu nanocomposites by the powder metallurgy technique is that the sintering process at 850°C is not sufficient to reach the optimum sinterability conditions of the compacts. It was also revealed that by increasing the Si3N4 reinforcement particle content, the density of the CNTs–xSi3N4/Cu nanocomposites can be decreased (Daoush et al., 2009; Singh and Gautam, 2019; Ahmed et al., 2016; Uddin et al., 2010). It may be due to the low density of Si3N4 (3.44 g/cm3) and CNTs ((1.7 g/cm3) reinforced particles than the Cu matrix itself (8.9 g/cm3). On the other hand, it was observed from the obtained data of the reference pure Cu sample and CNTs–xSi3N4/Cu nanocomposite samples prepared by SPS that the sintered density approaches the theoretical value, and the relative sintered density reaches 100%. It is because the solid-state sintering mechanism enhances the binding and high sinterability of the CNTs-–/Cu nanocomposite powder at a temperature of 850°C and a pressure of 5 MPa during the sintering process. The SPS process achieves full densification of the material in just 1 min, even with a shorter sintering time (Singh and Gautam, 2019; Ahmed et al., 2016; Uddin et al., 2010; Yin et al., 2023).
3.6 Coefficient of thermal expansion
Figure 12c shows the effect of the addition of CNTs and Si3N4 contents on the theoretical values of the CTEs, which were calculated by the ROM according to Equation 5. It was observed from the results that the ROM model predicts a decrease in the CTEs of the CNTs–xSi3N4/Cu nanocomposites with an increase in the Si3N4 content. This directly relates to the lower CTE values of Si3N4 and CNT reinforcement particles compared to the Cu matrix. Additionally, the inclusion of the porosity in the samples after sintering contributes to this effect. It was observed from the obtained data of the calculated values of CTEs by ROM that the CTE decreased linearly with an increase in the content of Si3N4 reinforcement particles up to 5 wt% and CNTs of 0.1 wt%. The reason behind that is the contribution of Si3N4 reinforcement particles in CNTs–xSi3N4/Cu nanocomposites, which have one-fourth of the CTE value of the Cu metal matrix itself (Yin et al., 2023; Massalski et al., 1995; Lee and Rainforth, 1994). In addition, CNTs have become a popular additive material for reducing CTEs of CNTs–xSi3N4/Cu nanocomposites (Bakshi et al., 2010; Tjong, 2013; Uddi et al., 2009; Deng et al., 2008; Liu et al., 2012; Liu et al., 2014; Shin et al., 2016; Sharma and Sharma, 2016; Yang et al., 2016) because of the very low or even negative CTE value of CNTs, in the range of -2x10-5–0.5 × 10−5 K−1, which depends on the characteristics and the properties of the CNTs used in the fabrication process (Shirasu et al., 2017).
Figure 12c also shows the measured CTE values of the CNTs–xSi3N4/Cu nanocomposites prepared by powder metallurgy and SPS processes. It was observed from the results that CNTs–xSi3N4/Cu nanocomposite samples prepared by the SPS process have lower CTE values, approaching the theoretical values predicted by the ROM. The decrease in the CTE values is due to the good sinterability of the samples, which were obtained by optimizing SPS conditions with a shorter sintering time of 1 min than that of the powder metallurgy process of 90 min. Decreasing the sintering temperature time can control and retain the fine grains of the nanostructure by inhibiting the nanoparticle coalescence of the obtained CNTs–xSi3N4/Cu nanocomposite samples, which improves their physical and thermal properties (Yoo et al., 2023; German, 2023).
4 CONCLUSION
CNTs–Si3N4/Cu reinforced with different silicon nitride contents of 1, 2, 3, 4, and 5 wt% are fabricated by electroless copper deposition, followed by consolidation with powder technology and spark plasma sintering processes. The graphitic surfaces of CNTs are treated by acid-functionalization to improve their dispersion during the electroless deposition technique. The FT-IR analysis indicated that some functional groups were introduced on the functionalized CNTs, such as carboxylic, ketonic, and hydroxyl groups. The microstructure, density, and CTE of the obtained (CNTs–xSi3N4/Cu) sintered samples were investigated to evaluate their physical properties. The distribution of CNTs and Si3N4 reinforcement particles in the Cu matrix was improved via the electroless coating and sintering process by SPS. For Cu matrix composites reinforced by CNTs and Si3N4, the homogeneous dispersion of CNTs or Si3N4 and efficient Cu–CNTs and Cu–Si3N4 interfacial bonding are the major challenges for the efficient use of CNTs and Si3N4 in the Cu matrix. By decorating the surface of CNTs and Si3N4 with Cu nanoparticles and taking advantage of strong wettability between Cu-coated CNTs and Cu-coated Si3N4 with the Cu matrix, uniform dispersion of CNTs and Si3N4 is realized through particle coating by electroless deposition. It was expected that high-density interfacial dislocations and interfacial disordered areas are formed between the Cu matrix and CNTs and Si3N4 reinforcement particles, thus forming strong interfacial bonding, and interfacial shear stress between the Cu matrix and CNTs or Si3N4 reinforcement particles is improved due to the extrusion effect of Cu nanoparticles on the surface of CNTS or Si3N4. Consequently, the Cu matrix composites simultaneously improve the physical and mechanical properties. By using the acid functionalization of CNTs and the electroless coating of CNTs and Si3N4 reinforcement particles, the particles are encapsulated by Cu nanolayers, which help in the distribution of the CNTs and Si3N4 in the matrix and decrease the (CNT–CNT or Si3N4–Si3N4 or CNT–Si3N4) particle–particle interactions, thus decreasing the segregation and agglomeration of the reinforcement particles in the Cu metal matrix. The sintering process of powder metallurgy takes a prolonged time (90 min) to start the different steps of the sintering mechanism (surface diffusion, neck growth, pore elimination, and bulk diffusion) between the constituents of the compacted powders. However, the consolidation of the powder by SPS takes a shorter time (1 min) than that of the powder metallurgy technique, which helps in retaining the nanostructure of the sintered materials and, as a result, improves physical properties, such as density and the coefficient of thermal expansion. The microstructure investigation of the CNTs–xSi3N4/Cu nanocomposites, which were prepared by the powder metallurgy technique, shows high porosity content due to the low sintering temperature of 850°C, which may lead to partial sintering, voids, and swelling formation in the sample after sintering. On the other hand, CNTs–XSi3N4/C nanocomposites prepared by the SPS process have very low porosity content with high relative density that approaches 100%. In addition, the relative sintering density of the CNTs–xSi3N4/Cu nanocomposites prepared by the powder metallurgy technique decreases with an increase in the Si3N4 reinforcement particle content in the Cu matrix. However, the CNTs–xSi3N4/Cu nanocomposite samples with different Si3N4 reinforcement particle content prepared by the SPS at 850°C are fully sintered, with the relative sintered density approaching 100%. The CTE values of both CNTs–xSi3N4/Cu nanocomposite groups prepared by powder metallurgy and SPS were decreased by increasing the Si3N4 reinforcement particle content. In addition, the CNTs–xSi3N4/Cu nanocomposites prepared by the SPS have CTE values approaching the theoretical values predicted by the ROM, especially the samples that contain higher wt% of Si3N4 reinforcement particles. Our work introduces a new nanocomposite as an appropriate candidate material for thermal management and heat sink applications.
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