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Abstract

:

The problem of preparing a ternary powder mixture, which was meant to fabricate sintered heterophase composite, and consisted of micro- and two nanosized powders, was analyzed. The microsized powder was a pure magnesium, and as nanocomponents, a silicon powder (nSi) and carbon nanotubes (CNTs) with 2% and 1% volume fractions, respectively, were applied. The powder mixtures were prepared using ultrasonic and mechanical mixing in technological fluid, and four mixing variants were applied. The morphology of the powder mixtures was characterized with scanning electron microscopy (SEM), and then, composite sinters were fabricated in a vacuum with hot temperature pressing at 580 °C under 15 MPa pressure, using a Degussa press. The reaction between the nSi and the Mg matrix, which caused the creation of the Mg2Si phase in the fabricated Mg-Mg2Si-CNT composite, was confirmed with X-ray diffraction (XRD). The porosity and hardness of the composite sinters were examined, and optical microscopy (OM) and quantitative image analyses were carried out to characterize the microstructure of the composites. In the manufacturing process of the Mg-nSi-CNT mixtures, the best results were the following: first separate de-agglomeration of nanocomponents, then their common mixing, and finally, the deposition of nanocomponents at the surface of the microsized magnesium powder. The applied procedure ensured the uniform layer formation of de-agglomerated nanocomponents on the Mg powder, without re-agglomerated nSi and CNTs. Moreover, this type of powder mixture morphology allows to obtain sinters with lower porosity and higher hardness, which is accompanied by precipitation of a finer Mg2Si phase. In the Mg-Mg2Si-CNT composite, the carbon phase was present, and it was located in the magnesium matrix and in silicide.
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1. Introduction


Development in the fabrication of nanopowder materials, and their increased availability, is gaining momentum around the world. Nanopowder materials, such as carbon nanotubes (CNTs) [1,2,3,4,5], graphene [5,6,7], and nanosilver [8,9], due to their extraordinary properties, are applied as reinforcing components in composites with polymer [10,11,12], metal [13,14,15,16,17], and ceramic matrices [18,19]. Research focused on the use of nanocomponents concerns composites with the magnesium matrix, due to the low density of this metal [20,21,22]. However, proper use of the unique properties of nanocomponents is limited, due to the components’ high tendency to agglomerate, which means that the consolidation of agglomerated nanofibers or nanoparticles with the matrix component can cause a decrease in, for example, mechanical properties, as well as thermal or electric conductivity. In the case of metal matrix composites manufactured with powder metallurgy methods, powder mixtures with 0.5–4.0 vol.% of nanocomponents are usually applied, and much attention has focused on the formation of homogenous mixtures. Mixing in the ball mills is a method well-known in the literature for preparing powder mixtures, but this method can cause a loss of nanocomponents, the generation of internal defects and their re-agglomeration. Another solution, which has been applied to Mg-CNTs [23,24,25] and Mg-nSiO2 [26,27] mixtures, is ultrasonic mixing in technological fluids.



In the present work, ultrasonic mixing was applied to develop a beneficial procedure for preparing ternary mixtures, for a system that included a microsized powder and two nanopowders. That issue is crucial in the design of a new multiphase material technology. In the experiments, carbon nanotubes and silicon nanopowder (nSi) were used. During sintering, the silicon reacts with magnesium, and an intermetallic Mg2Si phase is formed [28,29,30,31,32]. Thus, from the Mg-nSi-CNT powder mixture, a composite with Mg2Si particles and nanotubes will be created. Due to the mechanical properties, magnesium silicide is often used as a reinforcement phase in ex situ and in situ composites with aluminum [33,34,35,36] and the magnesium [26,27,28,29,30] matrix. The intermetallic phase also exhibits good thermoelectric properties, and many studies have focused on that aspect of application [29,30]. However, the structural effect of the formation of Mg2Si in an environment enriched with CNTs is not known in the literature. Some movement of CNTs induced by synthesis reaction can be expected in the composite. The thermodynamic data indicate the reaction 2Mg + Si→ Mg2Si, and Gibbs free energy ΔG at 580 °C (the calculations were carried out using HSC Chemistry 4) reaches the value of −71.76 kJ. However, transformation of the CNTs into SiC is also possible, because ΔG for the reaction Si + C→SiC is also negative, and equals −64.96 kJ.



In the here presented studies, during the preparation of the ternary powder mixtures, it was assumed that de-agglomeration of the main nanocomponents would occur due to the ultrasound action in technological liquid (alcohol) [37] supported by mechanical mixing. The issue that requires detailed experiments and analyses is the correct order of the mixing steps which may limit uncontrolled re-agglomeration of the nanocomponents. Four variants of the mixing procedure were applied, and the effectiveness of the de-agglomeration was evaluated based on the powder mixture morphology. The porosity, hardness and microstructure of the composite sinters were also examined. Special attention was paid to Mg2Si phase dispersion, because the presence of nSi clusters in a ternary powder mixture induces relatively massive silicides in the composite, and on this basis, the effectiveness of the de-agglomeration of the nanocomponents can be characterized. The work concerns the general problem as the simultaneous use of fibrous and particulate nanocomponents in the conventional powder metallurgy processes, where a microsized powder is the main ingredient. This issue will occur in materials design regardless of the components chemical and phase composition. The powder ultrasonic mixing used in technological procedure allows to de-agglomerate primary nanofibers and nanoparticles agglomerates, and then their mixture with microsized component formation. The morphology of the mixture is controlled by interaction processes occurring in systems: nanofiber-microparticle, nanoparticle-microparticle, and nanofiber-nanoparticle. This type of powder mixture can be potentially applied to fabricate sintered composites or semi-products, in form of cold-pressed or hot-pressed moulds. In the literature, an application of multiphase moulds obtained by powder metallurgy was proposed for metal matrix composite fabrication with the different methods of plastic working processes [38,39,40,41,42,43,44] or casting methods [45,46,47]. The goal of such technological solutions is an increase of the reinforcing phases homogeneity, and its dispersion, in the case of in situ formed phases.




2. Materials and Methods


As a raw material in the experiments, magnesium powder (63–250 µm, Sigma Aldrich, 13112, Saint Louis, MO, USA), silicon nanopowder (average particle size 50 nm, Sigma Aldrich, Saint Louis, MO, USA) and carbon nanotubes (diameter 50–85 nm, length 10–15 µm, Multi-Walled Carbon Nanotube Powder, GRAPHENE SUPERMARKET, Ronkonkoma, State NY, US) were applied. Micrographs of the fabricated Mg, nSi and CNT powders observed with a scanning electron microscope (SEM) are presented in Figure 1, Figure 2 and Figure 3. The surface of the magnesium granules (Figure 1) is irregular, which might be a beneficial feature during the mixing process and the deposition of the nanocomposites on a single granule. The SEM micrographs of nSi (Figure 2) and the CNTs (Figure 3) (raw materials) revealed a few or dozen micrometer-sized clusters, and that disadvantage indicates the necessity of de-agglomeration in processing ternary powder mixtures. Otherwise, correct exploitation of unique nanoaddition properties will be ineffective, due to the submicro- and nanopores between single particles or fibers consolidated with the metal matrix, independent of the technology.



In the experiments, the same composition of the powder mixture, 97% Mg; 2% nSi; 1% CNT (vol.%), was chosen. Based on previous experiences regarding preparation of mixtures with nanocomponents [26,27,33], four variants of mixture processing consisting of ultrasonic and mechanical mixing in alcohol were applied (Table 1). The main differences were in the sequence of de-agglomeration of the nanocomponents and then mixing with the microsized powder. When the mixing procedure was completed, the liquid alcohol was removed from the suspension, and then the powder mixture was dried for 18 h at 60 °C.



The microstructure of the ternary powder mixtures was examined with a field emission (FE)SEM (FE Hitachi S-4200, Hitachi Group, Tokyo, Japan), and the distribution of the components was analyzed. Then the Mg-nSi-CNT powder mixtures and pure Mg powder as a reference material were sintered in a Degussa press, in a vacuum atmosphere, at 580 °C under 15 MPa pressure. Sinters 20 mm in diameter and 10 mm high were obtained.



The porosity measurements of the fabricated composite samples were carried out with the Archimedes method, and Vickers hardness HV0.2 was determined with the Zwick 110 hardness tester (Zwick, Ulm, Germany). For the phase composition examination of the sinters, X-ray diffraction (XRD) was applied (X’Pert 3 Powder X- ray diffractometer, Malvern Panalytical Ltd., Royston, UK). For microstructure characterization, polished samples without additional etching were prepared. The observations were carried out with an optical microscope (OM; GX71 Olympus, Tokyo, Japan) and scanning electron microscope (SEM, Hitachi 3400N, Tokyo, Japan) equipped with wavelength-dispersive X-ray spectroscope (WDS Thermo Scientific Magna Ray, Waltham, Massachusetts, US). By WDS method, the elemental mapping of magnesium (TAP crystal), silicon (TAP crystal), carbon (NiC80 crystal), and oxygen (NiC80 crystal) were obtained. The quantitative metallography examinations were focused on Mg2Si phase characterization, the volume fraction evaluated with the area fraction and dispersion evaluated with the particle cross-section area. The examinations were performed using Met-Ilo software (J. Szala, Silesian University of Technology, Katowice, Poland), to analyze the influence of the morphology of the Mg-nSi-CNT powder mixture on the microstructure of the composite sinter. The stereological parameters were determined using OM images, although the resolution of method excludes identification of a single CNT, and allows observation only of bigger objects, due to the characteristic blue of the Mg2Si phase, identifying this silicide was very simple, in contrast to the SEM observation. The size of the Mg2Si phase particles and the quantity were measured, and then the particles divided into five size classes (left closed intervals: 10–100, 100–1000, 1000–10,000, 10,000–100,000 and > 100,000 µm2). The measurement procedure was conducted in a relatively large area (15 different areas were chosen for investigation, and they were conducted at 50X magnification). The image analyses allowed to indicate the most effective mixing method for preventing the re-agglomeration phenomenon. In the case of this phenomenon, the methodology is more accurate in comparison with thin foils, for example, where only a small area of the material can be analyzed. Additionally, the silicide particles detected with the OM, and characterized with quantitative metallography, were only a portion of the nSi and Mg reaction product. The other particles were smaller, even nanosized, and more difficult to distinguish.




3. Results


3.1. Characterization of the Powder Mixtures


Examinations of the Mg-nSi-CNT powder mixtures with SEM revealed that the main effect of the mixing procedure was the deposition of the nanopowders on the Mg powder. This phenomenon is known from the literature for a binary mixture of microsized and nanosized components and occurs due to adhesion forces [23,24,25,26,27,28]. Moreover, the macroscopic observations of the mixtures did not reveal a significant residue of nanocomponents on the mixer walls after mixing, and generally, the metallic color of the magnesium granules disappeared. Additionally, the technological liquid was transparent after the process.



The microscopic examination of the dried ternary powder mixtures (Figure 4, Figure 5, Figure 6 and Figure 7) showed differences in the distribution of the CNTs and nSi, which was related to the mixing procedure. Magnesium powder was coated with nanocomponents, but an unfavorable phenomenon was observed in the case of the (Mg + nSiD) + CNTD and (Mg + CNTD) + nSiD samples (Figure 6a and Figure 7a). Agglomerates of CNTs and nSi, a few micrometers and larger, were detected, and they were poorly connected to the Mg grains, and even separate from the metallic granules. This effect was more intense for the (Mg + nSi)D + CNTD mixture, but in general, the tendency to re-agglomeration of two different nanocomponents in the ultrasonic mixed suspension was noticed. It occurred when the microsized component (Mg) was not mixed at the same time with the two previously de-agglomerated nanocomponents. The main reason for that type of re-agglomeration likely is the fibrous morphology of the CNTs. In the procedure for mixing the (Mg + nSiD) + CNTD powder, the nSi particles initially deposited at magnesium were caught by the de-agglomerated fibers, while in the processes for preparing (Mg + CNTD) + nSiD, the nSi accumulated around the CNTs.



Moreover, the microstructure observations indicated that in the proposed mixing procedures, for one micro- and two nanosized components, selective deposition of previously de-agglomerated nanocomponents could not be expected. This means that the formation of a layered structure, where first, nSi covers the Mg particles, and then the CNTs create another layer, or vice versa, cannot be achieved. That excludes formation of the CNT nanozone at the Mg-nSi interface, and limits further de-agglomeration of the fibrous component, induced in conditions where the silicide forms not by reactive diffusion, but by self-propagating high-temperature synthesis (SHS).



In comparison with the powder mixtures described previously, the results of the FE-SEM examinations for the two other mixtures, Mg + (nSi + CNT)D and Mg + (nSiD + CNTD), revealed some differences in the microstructure. Generally, the Mg surface was coated with distinctly separate CNT and nSi grains, and the layer of nanocomponents was uniform and relatively thin (Figure 4b). However, when the CNT and nSi were de-agglomerated together before being introduced in the Mg-alcohol suspension (the Mg + (nSi + CNT)D mixture), the agglomerates of CNT + nSi at the Mg surface were revealed. That effect may confirm a tendency of CNTs and nSi to mutual agglomeration, induced by the fibrous component.




3.2. Characterization of Composite Sinters


An example of the XRD pattern obtained for the composites is shown in Figure 8, and it confirms the presence of αMg and a new Mg2Si phase, formed in situ as a result of the nSi reaction with the Mg matrix. A weak signal coming from MgO phase was identified as well. The presence of a carbon component, or SiC, was not detected due to the low carbon component content and insufficient method sensitivity. Therefore, in a future investigation, the identification of nanostructural phases in composite will be performed, and the high-resolution transmission electron microscopy and selective area electron diffraction methods will be conducted.



Results of composite microstructure examinations with the OM without additional etching are shown in Figure 9, Figure 10, Figure 11 and Figure 12. Two main structural elements were revealed: rounded magnesium areas (light) with characteristic MgO boundaries derived from the initial magnesium powder, and an irregular dark blue phase of similar or greater size (Figure 9a, Figure 10a, Figure 11a and Figure 12a). At higher magnification (Figure 9b, Figure 10b, Figure 11b and Figure 12b), it is visible that the irregular dark blue phase contains very fine black and elongated phases, and this suggests that the particles are a mixture of Mg2Si and CNTs. Similar black elongated phases were detected in the initial magnesium powder grains except the oxides (beige), and inside the Mg grains as well. Within the Mg grains, light blue, irregular and very fine precipitations of Mg2Si can be observed, and that suggests the SHS reaction. Moreover, that explains the movement of CNTs, previously deposited on the microsized Mg powder, in the magnesium matrix. The comparison of the microstructure of all composites indicates that in the material obtained from the Mg + (nSiD + CNTD) mixture, the Mg2Si phase is the finest (Figure 9), and more beneficial conditions for matrix reinforcement formation are created.



Results of composite microstructure examinations with the SEM and WDS are presented in Figure 13. The results revealed distribution of Mg, Si, O and C. The overlapping areas, enriched in Mg and Si, confirmed in situ formation of Mg2Si particles in the composite. Moreover, in the regions containing Mg2Si particles, an increase of carbon concentration was observed on the carbon elemental mapping (Figure 13e), which may suggest the presence of CNT’s. Furthermore, the microareas with higher concentration of oxygen were found in the magnesium matrix. The oxygen distribution indicates oxides presence originating from the initial Mg powder surface. Obtained WDS elemental mapping results are consistent with the OM and XRD results.



Results for the porosity and microhardness measurements are presented in Table 2, and the differences depending on the mixing procedure and the effectiveness of the de-agglomeration of the nanocomponents are demonstrated. The lower porosity of the composite obtained from the initial powder mixture with the uniform nanocomponents distribution, that is, Mg + (nSiD + CNTD), indicated that this type of powder mixture morphology is the most effective in material compaction, and it influences the composite microhardness, which is a little bit higher for a sinter obtained from this mixture. The highest porosity was obtained for the reference Mg sinter, in comparison with the composites obtained. This result can be explained by the impact of an exothermal reaction between Mg and nSi, which induced a local increase in the temperature in the composite sinter, and better compaction under the same pressure applied.



An example of the image transformation procedure applied for the quantitative metallography examination of the Mg2Si phase with Met-Ilo software is presented in Figure 14. For each sample, 15 areas were measured, and the results are presented in Table 3 and in Figure 15.



Differences in Mg2Si synthesis depending on the preparation of the powder mixture were revealed. The main difference was in the value of the silicide area fraction AA, which is two times lower for the composites obtained from Mg + (nSi + CNT)D and Mg + (nSiD + CNTD) mixtures in comparison to (Mg + nSiD) + CNTD and (Mg + CNTD) + nSiD. That effect was obtained for the same initial powder composition and sintering parameters, which suggests that very fine Mg2Si particles smaller than 10 µm2 were formed, and many below the OM resolution. The analysis of the detected number of particles in size classes also exhibited an evident difference for the composites from the (Mg + nSiD) + CNTD and (Mg + CNTD) + nSiD mixtures. For those composites, the number of particles was greater compared to the two other samples. This effect was directly connected to the morphology of the mixture of the initial powders, and it can be explained as a result of the Mg reaction with few micrometer-sized nSi/CNT agglomerates, located either on the Mg microsized powder surface or separately from the metallic particles (Figure 6 and Figure 7).



The preliminary research on the hybrid composite obtained with powder metallurgy showed that the parameters applied for Mg-nSi-CNT sintering and the mixture composition required optimization.



From the literature [13,14,21,22,23] it is known, that due to CNT’s tendency for agglomeration, an application of more than 1 vol.% of CNT’s may cause a decrease of mechanical and electrical properties in metal matrix composite. Thus, in the present work, the highest effective reinforcing amount of fibrous carbon nanocomponent was used. In our previous experiments, the procedure of Mg-nSi-CNT mixture preparing with proposed method was successfully examined to volume fraction less than 2% of nSi and 1% of CNT. However, the effects related with Mg2Si formation can be useful in CNT de-agglomeration processes. Therefore, in further experiments two main aspects should be considered. The first aspect is the ratio of nanosilicon to CNT in the powder mixture, and the maximum number of nanocomponents, which can introduced into the Mg-base powder mixture. The second important issue is the adjustment of sintering parameters such as heating speed, sintering temperature and pressure.



Generally, the experiment revealed the possibilities of a design for micro- and nanopowder mixture morphology, and its influence on the final product microstructure and properties, including ex situ and in situ nano-reinforcement in composites.





4. Conclusions


A novel approach for processing ternary powder mixtures intended for fabricating hybrid composites, which consisted of a microsized component and two nanosized components, was presented in this work. The main conclusions are drawn as follows:




	
The fabrication of the microsized powder, nanopowder and nanotube mixture was successfully tested for the Mg-nSi-CNT system, and the ultrasonic method for de-agglomerating the nanocomponents in liquid base suspension proved to be useful if the appropriate order of technological procedures has been preserved.



	
The final ternary powder mixture consisted of a microsized powder coated with two nanocomponents, and the components were uniformly distributed when the nanocomponents were first de-agglomerated separately, and then mixed together and deposited at the microsized powder surface.



	
Differences in the microstructure of the Mg-Mg2Si-CNT composite depending on the initial morphology of the powder mixture were observed. The most noticeable changes were in the size of the Mg2Si particles, where the values could be very high (a few dozen micrometers in diameter), when nSi re-agglomeration occurred. Simultaneously, the size of the CNT agglomerates, detected in the composite, often surrounded by the Mg2Si phase, was also greater.



	
The procedure for preparing the Mg-nSi-CNT mixture, which was proposed as the most effective, ensured the lowest porosity and the highest hardness of the Mg-Mg2Si-CNT composite obtained by sintering under pressure.












Author Contributions


Conceptualization, A.O.-M.; methodology, A.O.-M. and H.M.; validation, H.M., P.W. and M.G.; formal analysis, A.O.-M. and P.W.; investigation, H.M., P.W. and M.G.; resources, D.K.; data curation, H.M., P.W., M.G. and D.K.; writing—original draft preparation, A.O.-M.; writing—review and editing, A.O.-M., H.M. and P.W.; visualization, P.W.; supervision, A.O.-M.




Funding


The study was carried out as a part of statutory research of the Institute of Materials Science at the Silesian University of Technology for 2019 (BK-205/ RM0/2019).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tiwari, S.K.; Kumar, V.; Huczko, A.; Oraon, R.; Adhikari, A.D.; Nayak, G.C. Magical Allotropes of Carbon: Prospects and Applications. Crit. Rev. Solid State Mater. Sci. 2016, 41, 257–317. [Google Scholar] [CrossRef]

	



De Volder, F.L.M.; Tawfick, S.H.; Baughman, R.H.; Hart, A.J. Carbon Nanotubes: Present and Future Commercial Applications. Science 2013, 399, 535–539. [Google Scholar] [CrossRef] [PubMed]

	



Begtrup, G.E.; Ray, K.G.; Kessler, B.M.; Yuzvinsky, T.D.; Garcia, H.; Zettl, A. Extreme thermal stability of carbon nanotubes. Phys. Status Solidi 2007, 11, 3960–3963. [Google Scholar] [CrossRef]

	



Mahajan, A.; Kingon, A.; Kukovecz, A.; Konya, Z.; Vilarinho, P. Studies on the thermal decomposition ofmultiwall carbon nanotubes under different atmospheres. Mater. Lett. 2013, 90, 165–168. [Google Scholar] [CrossRef]

	



Kozioł, M.; Jesionek, M.; Szperlich, P. Addition of a small amount of multiwalled carbon nanotubes and flaked grapheme to epoxy resin. J. Reinf. Plast. Comp. 2017, 36, 640–654. [Google Scholar] [CrossRef]

	



Rutkowski, P.; Klimczyk, P.; Jaworska, L.; Stobierski, L.; Dubiel, A. Thermal properties of pressure sintered alumina–grapheme. J. Therm. Anal. Calorim. 2015, 122, 105–114. [Google Scholar] [CrossRef]

	



Sobczak, N.; Sobczak, J.J.; Kudyba, A.; Homa, M.; Bruzda, G.; Grobelny, M.; Kalisz, M.; Strobl, K.; Singhal, R.; Monville, M. Wetting transparency of graphene deposited on copper in contact with liquid tin. Transact. Foundry Res. Inst. 2014, 54, 3–11. [Google Scholar]

	



Wijnhoven, S.; Peijnenburg, W.; Herberts, C.; Hagens, W.; Oomen, A.; Heugens, E.; Roszek, B.; Bisschops, J.; Gosens, I.; Van De Meent, D.; et al. Nano–silver—A review of available data and knowledge gaps in human. Nanotoxicology 2009, 3, 109–138. [Google Scholar] [CrossRef]

	



Echegoyen, Y.; Nerín, C. Nanoparticle release from nano–silver antimicrobial food containers. Food Chem. Toxicol. 2013, 62, 16–22. [Google Scholar] [CrossRef]

	



Latko–Durałek, P.; Dydek, K.; Sobczak, M.; Boczkowska, A. Processing and characterization of thermoplastic nanocomposite fibers of hot melt copolyamide and carbon nanotubes. J. Thermoplast. Compos. 2018, 31, 1–17. [Google Scholar] [CrossRef]

	



Gupta, A.K.; Harsha, S.P. Analysis of mechanical properties of carbon nanotube reinforced polymer composites using continuum mechanics approach. Procedia Mater. Sci. 2014, 6, 18–25. [Google Scholar] [CrossRef]

	



Arash, B.; Wang, Q.; Varadan, V.K. Mechanical properties of carbon nanotube/polymer composites. Sci. Rep. 2014, 4, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, Y.; Miki, S.; Soga, T.; Itoh, I.; Todoroki, H.; Hosono, T.; Sakaki, K.; Hayashi, T.; Kim, Y.A.; Endo, M.; et al. Multi-walled carbon nanotube-reinforced magnesium alloy composites. Scr. Mater. 2008, 58, 267–270. [Google Scholar] [CrossRef]

	



Han, G.; Wang, Z.; Liu, K.; Li, S.; Du, X.; Du, W. Synthesis of CNT reinforced AZ31 magnesium alloy composites with uniformly distributed CNTs. Mater. Sci. Eng. A 2015, 628, 350–357. [Google Scholar] [CrossRef]

	



Hekner, B.; Myalski, J.; Pawlik, T.; Sopicka–Lizer, M. Effect of Carbon in Fabrication Al–SiC Nanocomposites for Tribological Application. Materials 2017, 10, 679. [Google Scholar] [CrossRef] [PubMed]

	



Myalska, H.; Swadźba, R.; Rozmus, R.; Moskal, G.; Wiedermann, J.; Szymański, K. STEM analysis of WC–Co coatings modified by nano–sized TiC and nano–sized WC addition. Surf. Coat. Tech. 2017, 318, 279–287. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, Q.; Liao, W.; Guo, W.; Li, W.; Jiang, H.; Ding, W. Microstructure and mechanical properties of the carbon nanotubes reinforced AZ91D magnesium matrix composites processed by cyclic extrusion and compression. Mater. Sci. Eng. A 2017, 689, 427–434. [Google Scholar] [CrossRef]

	



Kostecki, M.; Grybczyk, M.; Klimczyk, P.; Cygan, T.; Woźniak, J.; Wejrzanowski, T.; Jaworska, L.; Morgiel, J.; Olszyna, A. Structural and mechanical aspects of multilayer graphene addition in alumina matrix composites–validation of computer simulation model. J. Eur. Ceram. Soc. 2016, 36, 4171–4179. [Google Scholar] [CrossRef]

	



Stankiewicz, N.; Lelusz, M. Nanotechnologia w budownictwie–przegląd zastosowań. Civ. Environ. Eng. 2014, 5, 101–112. [Google Scholar]

	



Li, H.; Cheng, L.; Sun, X.; Li, Y.; Li, B.; Liang, C.; Wang, H.; Fan, J. Fabrication and properties of magnesium matrix composite reinforced by urchin–like carbon nanotube–alumina in situ composite structure. J. Alloy Compd. 2018, 746, 320–327. [Google Scholar] [CrossRef]

	



Li, Q.; Viereckl, A.; Rottmair, C.A.; Singer, R.F. Improved processing of carbon nanotube/magnesium alloy composites. Compos. Sci. Technol. 2009, 69, 1193–1199. [Google Scholar] [CrossRef]

	



Kondoh, K.; Fukuda, H.; Umeda, J.; Imai, H.; Fugetsu, B. Microstructural and mechanical behavior of multi–walled carbon nanotubes reinforced Al–Mg–Si alloy composites in aging treatment. Carbon 2014, 72, 15–21. [Google Scholar] [CrossRef]

	



Kondoh, H.; Fukuda, H.; Umeda, J.; Imai, H.; Fugetsu, B.; Endo, M. Microstructural and mechanical analysis of carbon nanotube reinforced magnesium alloy powder composites. Mater. Sci. Eng. A 2010, 527, 4103–4108. [Google Scholar] [CrossRef]

	



Murugan, S.; Nguyen, Q.B.; Gupta, M. Synthesis of Magnesium Based Nano–composites. IntechOpen 2019, 1–19. [Google Scholar]

	



Malaki, M.; Xu, W.; Ashish, K.; Kasar, A.K.; Menezes, P.L.; Dieringa, H.; Varma, R.S.; Gupta, M. Advanced Metal Matrix Nanocomposites. Metals 2019, 9, 330. [Google Scholar] [CrossRef]

	



Olszówka–Myalska, A.; McDonald, S.A.; Withers, P.J.; Myalska, H.; Moskal, G. Microstructure of in situ Mg metal matrix composites based on silica nanoparticles. Solid State Phenom. 2012, 191, 189–198. [Google Scholar] [CrossRef]

	



Olszówka–Myalska, A. Sintered in situ magnesium matrix composites. Mechanik 2016, 89, 504–505. [Google Scholar] [CrossRef]

	



Umeda, J.; Kondoh, K.; Kawakami, M.; Imai, H. Powder metallurgy magnesium composite with magnesium silicide in using rice husk silica particles. Powder Technol. 2009, 189, 399–403. [Google Scholar] [CrossRef]

	



Nazer, N.S.; Denys, R.V.; Andersen, H.F.; Arnberg, L.; Yarty, V.A. Nanostructured magnesium silicide Mg2Si and its electrochemical performance as an anode of a lithium ion battery. J. Alloy Compd. 2017, 718, 478–491. [Google Scholar] [CrossRef]

	



Nieroda, P.; Zybała, R.; Wojciechowski, K.T. Właściwości termoelektryczne Mg2Si otrzymywanego techniką SPS. Ceram. Mater. 2012, 64, 490–493. [Google Scholar]

	



Zhang, S.; Chen, T.; Cheng, F.; Li, P. A Comparative Characterization of the Microstructures and Tensile Properties of As–Cast and Thixoforged in situ AM60B–10 vol% Mg2Sip Composite and Thixoforged AM60B. Metals 2015, 5, 457–470. [Google Scholar] [CrossRef]

	



Chegini, M.; Shaeri, M.H.; Taghiabadi, R.; Chegini, S.; Djavanroodi, F. The Correlation of Microstructure and Mechanical Properties of In–Situ Al–Mg2Si Cast Composite Processed by Equal Channel Angular Pressing. Materials 2019, 12, 1553. [Google Scholar] [CrossRef] [PubMed]

	



Zainon, F.; Rafezi Ahmad, K.R.; Daud, R. The effects of Mg2Si(p) on microstructure and mechanical properties of AA332 composite. Adv. Mat. Res. 2016, 5, 55–66. [Google Scholar] [CrossRef]

	



Ellendt, N.; Uhlenwinkel, V.; Stelling, O.; Irretier, A.; Kessler, O. Spray Forming of Mg2Si Rich Aluminum Alloys. Mater. Sci. Forum 2007, 534, 437–440. [Google Scholar] [CrossRef]

	



Sun, Y.; Johnson, D.R.; Trumble, K.P.; Priya, P.; Krane, M.J. Krane1 Effect of Mg2Si Phase on Extrusion of AA6005 Aluminum Alloy. Light Metals 2014, 429–433. [Google Scholar]

	



Prusova, E.; Deevb, V.; Rakhubab, E. Aluminum Matrix In–Situ Composites Reinforced with Mg2Si and Al3Ti. Mater. Today Proc. 2019, 11, 386–391. [Google Scholar] [CrossRef]

	



Olszówka–Myalska, A.; Myalska, H. Method For Initial Consolidation of Nanograin Powders with Micrograin Powders; Nanograin Powders with Submicrograin Powders in Order to Obtain the In Situ Type Composites. Polish Patent Application No. P.225001, 22 December 2014. [Google Scholar]

	



Kwon, H.; Estili, M.; Takagi, K.; Miyazaki, T.; Kawasaki, A. Combination of hot extrusion and spark plasma sintering for producing carbon nanotube reinforced aluminum matrix composites. Carbon 2009, 47, 570–577. [Google Scholar] [CrossRef]

	



Chen, B.; Kondoh, K.; Imai, H.; Umeda, J.; Takahashi, M. Simultaneously enhancing strength and ductility of carbon nanotube/aluminum composites by improving bonding conditions. Scr. Mater. 2016, 113, 158–162. [Google Scholar] [CrossRef]

	



Chen, B.; Kondoh, K. Sintering behaviors of carbon nanotubes–aluminum composite powders. Metals 2016, 6, 213. [Google Scholar] [CrossRef]

	



Liu, Z.Y.; Zhao, K.; Xiao, B.L.; Wang, W.G.; Ma, Z.Y. Fabrication of CNT/Al composites with low damage to CNTs by a novel solution–assisted wet mixing combined with powder metallurgy processing. Mater. Design 2016, 97, 424–430. [Google Scholar] [CrossRef]

	



Seo, H.Y.; Jiang, L.R.; Kang, C.G.; Jin, C.K. A hot extrusion process without sintering by applying MWCNTs/Al6061 composites. Metals 2018, 8, 184. [Google Scholar] [CrossRef]

	



Seo, H.Y.; Jiang, L.R.; Kang, C.G.; Jin, C.K. Effect of compression process of MWCNT–reinforced AL6061 powder on densification characteristics and its mechanical properties. Metals 2017, 7, 437. [Google Scholar] [CrossRef]

	



Wang, J.T.; Figueiredo, R.B.; Langdon, T.G. Mechanical properties and microstructures of Severely Plastic Deformed pure titanium by mechanical milling and spark plasma sintering. Mater. Sci. Forum 2010, 667, 559–564. [Google Scholar]

	



Lakshmikanthan, P.; Prabu, B. Mechanical and tribological behavior of aluminium Al6061–coconut shell ash composite obtained using stir casting pellet method. J. Balk. Tribol. Assoc. 2016, 22, 4008–4018. [Google Scholar]

	



Sujith, S.V.; Mahapatra, M.M.; Mulik, R. An investigation into fabrication and characterization of direct reaction synthesized Al–7079–TiC in situ metal matrix composites. Arch. Civ. Mech. Eng. 2018, 19, 63–78. [Google Scholar] [CrossRef]

	



Olejnik, E.; Szymański, Ł.; Tokarski, T.; Tumidajewicz, M. TiC—Based local composite reinforcement obtained in–situ in ductile iron based castings with use of rode preform. Mater. Lett. 2018, 222, 192–195. [Google Scholar] [CrossRef]








[image: Materials 12 03242 g001 550] 





Figure 1. SEM micrographs of Mg powder as-fabricated: (a) particles, (b) surface of single particle. 
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Figure 2. SEM micrographs of silicon nanopowder (nSi) as-fabricated: (a) agglomerates of different size, (b) morphology of single agglomerate. 
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Figure 3. SEM micrographs of as-fabricated carbon nanotubes (CNT): (a) agglomerates of different size, (b) morphology of single agglomerate. 
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Figure 4. SEM micrographs of Mg+(nSiD+CNTD) powder mixture: (a) morphology of powder mixture, (b) surface of microsized Mg coated with CNT and nSi. 
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[image: Materials 12 03242 g004]







[image: Materials 12 03242 g005 550] 





Figure 5. SEM micrographs of Mg + (nSi + CNT)D powder mixture: (a) morphology of powder mixture, (b) surface of microsized Mg coated with CNT and nSi. 
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Figure 6. SEM micrographs of (Mg + CNTD) + nSiD powder mixture: (a) morphology of powder mixture, (b) surface of microsized Mg coated with CNT and nSi. 
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Figure 7. SEM micrographs of (Mg + nSD) + CNTD powder mixture: (a) morphology of powder mixture, (b) surface of microsized Mg coated with CNT and nSi. 
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Figure 8. X-Ray Diffraction Pattern of Diffraction Mg + nSiD + CNTD composite. 
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Figure 9. OM micrographs of Mg-Mg2Si-CNT composite fabricated from Mg+(nSiD+CNTD) powder mixture: (a) Mg2Si agglomerates in Mg matrix, (b) phases of different size and morphology. 
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Figure 10. OM micrographs of Mg-Mg2Si-CNT composite fabricated from Mg + (nSi + CNT)D powder mixture: (a) Mg2Si agglomerates in Mg matrix, (b) phases of different size and morphology. 
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Figure 11. OM micrographs of Mg-Mg2Si-CNT composite fabricated from (Mg + nSiD) + CNTD powder mixture: (a) Mg2Si agglomerates in Mg matrix, (b) phases of different size and morphology. 
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Figure 12. OM micrographs of Mg-Mg2Si-CNT composite fabricated from (Mg + CNTD) + nSiD powder mixture: (a) Mg2Si agglomerates in Mg matrix, (b) phases of different size and morphology. 
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Figure 13. SEM micrographs of Mg-Mg2Si-CNT composite fabricated from Mg+(nSiD+CNTD) powder in composition mode (a) with WDS elemental mapping of Mg (b), Si (c), O (d) and C (e). 
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Figure 14. Procedure applied for Mg2Si particles detection in Mg-Mg2Si-CNT composite sinters: (a) initial OM image, (b) grey image-histogram equalization, (c) numerical inversion, (d) automatic binarization (k-means; white phase), (e) opening 2 and (f) complete image - initial + binary. 
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Figure 15. Quantity of Mg2Si particles in composite sinters divided into size classes. 
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Table 1. Applied procedure of ternary powder mixture preparation and condition of their sintering process (subscript D means the ultrasonic de-agglomeration in alcohol).
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Mixture Signature

	
Mixture Composition [vol.%]

	
Mixing Procedure

	
Sintering Conditions






	
Mg

	
100 Mg

	
Reference sample

	
580 °C,

15 MPa,

vacuum




	
Mg+(nSiD + CNTD)

	
97% Mg;

2% nSi;

1% CNT

	
- separate de-agglomeration nSi and CNT

- preparation of (nSi)D + (CNT)D suspension

- addition of Mg to (nSi)D + (CNT)D suspension




	
Mg + (nSi + CNT)D

	
- common de-agglomeration of nSi and CNT

- addition of Mg+(nSi+CNT)D suspension




	
(Mg + nSiD) + CNTD

	
- separate de-agglomeration of nSi and CNT

- preparation of (nSi)D + Mg suspension

- addition of (nSi)D to Mg + (CNT)D suspension




	
(Mg + CNTD) + nSiD

	
- separate de-agglomeration of nSi and CNT

- preparation of (CNT)D + Mg suspension

- addition of (CNT)D to Mg + (nSi)D suspension
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Table 2. Hardness and open porosity of composite sinters obtained from Mg-nSi-CNT mixtures of the same composition and prepared by different way.






Table 2. Hardness and open porosity of composite sinters obtained from Mg-nSi-CNT mixtures of the same composition and prepared by different way.





	Material
	Hardness, HV 0.2
	Open Porosity, %





	Mg
	41.98 ± 2.8
	1.22



	Mg + (nSiD + CNTD)
	46.5 ± 3.0
	0.71



	Mg + (nSi + CNT)D
	44.5 ± 2.7
	1.05



	(Mg + nSiD) + CNTD
	43.6 ± 4.7
	0.88



	(Mg + CNTD) + nSiD
	44.6 ± 3.9
	0.76
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Table 3. Quantitative characteristics of Mg2Si particles sized of more than 10 µm2 formed in Mg-Mg2Si-CNT composite sinters.
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Material

	
Area fraction, AA [%]

	
Area [µm2]

	
Count

	
Count






	
Mg + (nSiD + CNTD)

	
5.38 ± 2.66

	
10–100

	
747

	
2367




	
100–1000

	
1295




	
1000–10,000

	
272




	
10,000–100,000

	
49




	
> 100,000

	
4




	
Mg + (nSi + CNT)D

	
6.69 ± 4.11

	
10–100

	
441

	
1950




	
100–1000

	
1198




	
1000–10,000

	
246




	
10,000–10,0000

	
52




	
> 10,0000

	
13




	
(Mg + nSiD) + CNTD

	
18.75 ± 9.88

	
10–100

	
1708

	
8018




	
100–1000

	
5208




	
1000–10,000

	
994




	
10,000–10,0000

	
97




	
> 100,000

	
11




	
(Mg + CNTD) + nSiD

	
17.50 ± 2.59

	
10–100

	
1917

	
10814




	
100–1000

	
6935




	
1000–10,000

	
1833




	
10,000–100,000

	
122




	
> 100,000

	
7
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