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Abstract

:

In this study, we present a new composite material that was developed using the pressure infiltration method. In this composite, carbon reinforcement in the form of an open-celled rectangular foam (Cof) was applied, and pure magnesium with two commercial magnesium cast alloys (AZ31, RZ5) was used as the matrix. We examined the microstructure (LM, SEM + EDS) of composites as well as the density, porosity, hardness, compressive strength, flexural strength and tribological properties in dry conditions. It was revealed that the chemical composition of the matrix had a significant impact on the macrostructure, microstructure and properties of the composite. The matrix with rare elements (RZ5) induced poor infiltration of Cof and physicochemical degradation of the reinforcement, while pure magnesium ensured good infiltration, a stable friction coefficient and low wear. For the AZ31 alloy, the effects of infiltration were good; however, an increase in the tribological properties was not observed. Compared with the as-cast matrix materials, the presence of carbon foam in both pure Mg and AZ31 alloy induced an increase in compressive strength and stiffness as well as a decrease in flexural strength. Furthermore, SEM examination of the fractured and wear surfaces microstructure showed structural effects’ dependence on the matrix composition.
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1. Introduction


Enrichment of magnesium alloys with ceramic phases of different chemical composition, size and morphology, and the fabrication of an ex situ-type composite is one of the possible methods of properties design. In the literature, for reinforcement phase composition, ceramic phases, such as SiC [1,2], Al2O3 [3], graphite [4], glassy carbon [5], and TiB2 [6], can be primarily found; however, in terms of size and shape, they are microsized and nanosized particles [1,2,3,7], fibers and nanofibers [8,9,10]. For these components, consolidation and composite fabrication, powder metallurgy techniques and cast methods, as well as complex processes, such as differing combinations, are required.



In this study, we have demonstrated a new idea of a magnesium matrix composite fabricated by a pressure infiltration method. As the reinforcing material, we used an open-celled carbon foam (Cof) of a rectangular type (commercially signed as RVC). In the literature, there are examples of carbon reinforcement application using magnesium base composites; however, they focus on components that have a very different geometry. Some studies have reported the use of magnesium matrix composites with continuous carbon fibers [11]. These composites were applied to increase the mechanical properties and to ensure low density characteristics for magnesium.



In other studies, carbon components, such as short carbon fibers [10,12], glassy carbon particles [5,13,14], graphene [4] and nanotubes [9,15], were used. These materials were used to improve mechanical properties and to improve tribological properties due to the formation of a solid lubricant, which comprises of a shredded carbon component [12,14]. However, independently of carbon component forms and the consolidation technique of carbon reinforcement with magnesium matrix, a basic problem of composite processing is reinforcement segregation [16]. This may occur at either the macroscale or microscale and can cause different size defects; moreover, the properties of the final composite product differ at the cross-section. For open-celled carbon foams that are proposed in this study for infiltration with a liquid metal, it is an advantage that their geometry would be unimpaired for composite processing. However, composite manufacturing is the primary technological issue to obtain a proper filling of foam cells by metal matrix and a continuous and strong bonding zone between the components.



Porous components that employ a metal matrix composite with Al2O3 foams and carbon foams are known as inter alia [17,18,19,20,21]. Carbon foams are noted as advanced independent materials with different pore sizes, which are used in high-temperature applications such as heat exchangers, filters for liquid metals technologies, and elements of catalysts and biomaterials [22,23,24,25,26,27,28]. Because both magnesium and carbon can be used as biomaterials, the composite is composed of components that seem to be good candidates for implants, which was also the primary motivation for conducting this study. Because of the extremely different corrosion resistance of components, a selective biological corrosion of composites is expected. The growth of biological cells in carbon foam will be possible because of free space, which will be gradually induced in composites as a result of electrochemical corrosion. We could not notice this effect of growth of biological cells for magnesium matrix composite with glassy carbon particles or composite foams of a mixture of metal-ceramic particles [29,30,31] because the corrosion of the magnesium matrix caused individual ceramic particles to transfer into the human body.



Our earlier studies, which focused on Cof–magnesium systems, revealed that independently of the foam geometry (cells and windows size) and magnesium matrix composition (pure magnesium, alloys with Al, Zn, Mn, and rare earth elements (RE)), the self-infiltration of carbon foams by magnesium and its alloys is not possible [32]. However, we obtained successful results for consolidating foams with magnesium when magnesium powder was applied as a raw material [33]. At first, as part of this process, magnesium powder was introduced by vibrating inwardly to cells of an open-celled foam, and then the metal was melted under pressure. This technological solution was accompanied by additional effects, i.e., an enrichment of magnesium matrix in fine MgO irregular particles, which were obtained from the surface of the initial magnesium powder grains. Moreover, the distribution of oxide inclusions was differential at the composite element cross-section.



To overcome disadvantages of powder metallurgy technology, in addition to other costs and limitations in the final product size and shape, the usability of pressure infiltration for Cof–Mg composite processing was tested. Note that this study exhibits preliminary results of pressure infiltration of open-celled carbon foam with 100 ppi (ppi—pores per inch) and porosity 97% by liquid magnesium and its two commercial cast alloys in vacuum. For the obtained materials, the microstructure, hardness, compressive strength, flexural strength and tribological properties in dry friction conditions were characterized; moreover, the influence of matrix composition on microstructure and properties was analyzed.




2. Materials and Methods


2.1. Components and Technology of Composite Fabrication


For the experiment, we applied pure magnesium (99.9%, Onyxmet, Olsztyn, Poland), magnesium alloy AZ31 (Magnesium Elektron, Manchester, England) and magnesium alloy RZ5 (Magnesium Elektron, Manchester, England) as matrix materials [34] (Table 1). As the carbon component, the open-celled foam of reticulated vitreous carbon (Duocell, ppi 100, porosity 97% [35]) was used, in this article it is signed as Cof. The microstructure is shown in Figure 1. The metal pressure infiltration of maximal pressure value of 5 MPa at a temperature of 690 °C for 5 minutes in vacuum was selected for consolidating components, and the composite discs of sizes Ø = 30 mm and h = 5 mm were obtained. We used the as-cast alloys of matrix composition as materials comparable to the examined composites.




2.2. Methods of Cof-Mg Composite Characterization


The samples for microstructure observations were mechanically sliced out from composite discs, grinded and polished in kerosene. Then, they were examined without additional etching using a light microscope (LM, Nikon Eclipse MA-200, Nikon, Leuben, Belgium) and scanning electron microscope (SEM, Hitachi S-4200, Hitachi Group, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS) at an accelerating voltage of 15 kV (Si-Li detector Noran 3500, 130 eV resolution, Thermo Electron Corporation, Waltham, MA, USA).



The open porosity and density of composites were determined using the Archimedes method and the Brinnel hardness method (ball Ø = 5 mm, load F = 2.45 kN). For mechanical properties, characterization of compression tests (according to ASTM E9 standard, 3 samples of size 5.0 × 5.0 × 9.0 mm3) and flexural tests (according to ASTM C1161 standard, 3 samples of size 5.0 × 4.0 × 30 mm3) was performed, for which the Instron 4469 testing machine (Instron, Canton, MA, USA) was employed (strain rate 5 mm/min). The fractured cross-sections were characterized using SEM (Hitachi S-4200).



Tribological properties in dry friction conditions in air as friction coefficient, µ, and mass loss, Δm, were examined using a pin-on-disc method (Tribometer T-01M). For the experiment, the cast iron pin (Ø = 6 mm, friction radius = 7 mm) was used and tribological parameters were measured for a pin load of 24.5 N, velocity of 1 m/s and friction distance of 1000 m. Finally, the wear surface was characterized using SEM (Hitachi S-4200).





3. Results and Discussion


3.1. Macrostructure and Microstructure


Composite discs obtained using pressure infiltration are shown in Figure 2a, Figure 3a and Figure 4a. There are visible differences in their macrostructure. This observation agrees with that of light microscopy (LM) micrographs (Figure 2b, Figure 3b and Figure 4b) because it indicates a strong influence of the chemical composition of the matrix for infiltration effects. For the Cof–RZ5 composites, there were visible macropores and micropores as well as carbon foam damage. This reveals an inefficient infiltration of Cof by this magnesium alloy and destructive influence of the RE alloying elements on the carbon component. A similar effect was previously noted for stir-casting technology, which was applied for magnesium matrix composites that were used for manufacturing glassy carbon particles [16]. For the other two investigated composites, Cof–Mg and Cof–AZ31, the bonding between components is continuous and infiltration effects were favorable; however, the differences in interface microstructure because of the presence of the matrix alloying elements are evident (Figure 5, Figure 6 and Figure 7). In the Cof–Mg composite interface, only oxygen enrichment is detected because of the oxide bonding formation effect, which is typically observed in the C–Mg system. The reason for the MgO nanolayer’s presence at the interface is the high magnesium reactivity and a strong oxygen absorption by carbon materials. For the Cof–AZ31 composite, a zone formed at the interface is thicker with the presence of irregular, primarily slim phases (Figure 5b and Figure 7). Using EDS, we detected the enrichment of that zone with oxygen, aluminum and sometimes Mn. These results are in good agreement with those reported in the literature for high-resolution examination of C/Mg-Al-Mn systems, in which carbon fibers [36] and glassy (vitreous) carbon particles [13] were applied as reinforcing components. Using thin foils obtained from composites and selective area diffraction (SADP) and EDS techniques, the presence of matrix-alloy reaction products, such as oxides and hygroscopic carbides, as well as intermetallic phases of composition characteristic for matrix alloys, were observed. An effect of intermetallic phases’ accumulation at the interface region was observed by these two phenomena, their nucleation on the reinforcement surface and by pushing the crystallization front outside the α-Mg grains. Furthermore, our examination using SEM and EDS methods of the Cof–AZ31 composite corrosion in distilled water presented in reference [37] confirmed the presence of hydrophilic phases at the interface, which also indicated the occurrence of reactions between components during the consolidation process.




3.2. Properties


3.2.1. Physical and Mechanical Properties


Table 2 lists the results of density and porosity measurements. The results show that ultra-light composite materials of density similar to magnesium matrix materials were obtained: 1.71 and 1.75 g/cm3 for Cof–Mg and Cof–AZ31, respectively. Note that the measured values of open porosity were in good agreement with the results of macrostructure and microstructure observations. They indicated that the best infiltration effect was observed for pure magnesium (porosity 1.4%), followed by a slightly worse performance for the AZ31 alloy (porosity 2.5%). These porosity values can be considered to be low; however, for the Cof–RZ5 composite, the porosity was ~9.8%, and this result along with that observed for carbon foam degradation induced by matrix alloy, indicates the irrelevance of the RZ5 alloy for further experiments.



Note that in the composites that are processed via infiltration methods, two types of pores located can be formed, i.e., at the interface and within the metal matrix. One type arises because of the foam filling by the liquid metal, while the other type appears because of metal shrinkage. Moreover, the acceptable value of pressure in infiltration process of vitreous carbon skeleton (Cof) is limited because of the possibility of it being damaged. Furthermore, the influence of pressure on the final product’s porosity reduction is not so effective compared with the traditional metal die casting processes.



While analyzing the composites hardness measurements (Table 2), it is observed the value is different and increases in the following order: Cof–Mg, Cof–AZ31, and Cof–RZ5. Furthermore, the direction of hardness value increases in the same manner as that for applied matrices. However, the comparison of composite and matrix hardness reveals no change for the Cof–Mg system, an insignificant increase for the Cof–AZ31 system and an evident (18%) decrease for the Cof–RZ5 composite. Note that the results for Cof–RZ5 composite clearly confirm the irrelevance of the RZ5 matrix; therefore, further examination of that system was not continued.



Table 2 lists the compression tests results for composites and matrix materials, the examples for compression curves are presented in Figure 8, and fractured cross-sections are presented in Figure 9. The Rs value for both Cof–Mg and Cof–AZ31 composite was higher than for the matrix alloy, i.e., 6.5% and 36%, respectively. Similarly like for hardness, the Rs value was higher when the AZ31 alloy matrix was applied. The analyses of compression test curves shape (Figure 8) reveal an increase in composite stiffness; moreover, the effect is stronger when the pure magnesium matrix is used. The differences in the angle of inclination at the compression curves, in a range of elastic deformation, were observed, and the value is evidently higher for composites than for matrix material. That effect is stronger for the Cof–Mg system than for Cof–AZ31. The reason for the difference in the composite material properties is because of the matrix and interface microstructure. As per the SEM micrographs for both composites fractured surfaces (Figure 9), the shear bands of destroyed metal with strongly refined pieces of vitreous carbon foam were detected. However, in the Cof–AZ31 composite matrix, very fine irregular phases and micro-cracks were observed. Note that the compression test at macro-scale induced the destruction of composite samples by cracking propagation, which was independent of the composition of the applied matrix. For reference samples without carbon foam, the process was different because of plastic deformation and the change in sample shape.



The examples of flexural curves are shown in Figure 10, whereas fractured cross-sections are shown in Figure 11. For both these examined composites, the flexural strength was lower than that for reference matrix samples; moreover, a deformation that preluded the decohesion process was distinctly lower. This confirms the stiffness increase effect, which could be explained by a limited metal deformability because of its closing in the stiff carbon foam cells. Similar to the earlier characterized properties, the matrix alloy strength influenced the composite flexural strength and was higher when the AZ31 matrix is used. Moreover, the microstructure of fractured samples was quite different from those formed via compressive tests. The SEM micrographs of samples after the flexural tests (Figure 11) revealed a network of carbon foam for both Cof–Mg and Cof–AZ31 composites; however, for the Cof–AZ31 material, the foam was significantly damaged and multiple cracks in the carbon component were observed. Other differences in microstructure were detected in the metallic part of the composites within the foam cells. For the Cof–Mg composite, the shear effect was visible and the shear bands almost had the same orientation; however, in the Cof–AZ31 composite, they were detected only locally, and the areas of very fine regular phases were visible. The analyses of these dispersive phases showed a very similar shape to that of the foam walls’ shape (Figure 11b). This indicates their origin as the phases formed and cumulated at the interface when the components were getting consolidated. Therefore, it can be assumed that the phases formed at C-AZ31 alloy interface were strongly connected with the α-Mg grains. At the macro scale, the flexural tests of composites, like the compression test, induced the destruction of composite samples by cracking propagation and reference matrix materials by plastic deformation.



Generally, the results of Cof–Mg and Cof–AZ31 composites’ mechanical properties show that a stronger increase in the properties could be obtained for the AZ31 matrix application, although they had a slightly higher porosity.




3.2.2. Tribological Properties


Figure 12 shows the curves of friction coefficient value, µ, versus friction distance (1000 m). Table 2 lists the mean µ value with a sample mass loss, Δm. Furthermore, the influence of the magnesium matrix’s composition on tribological properties of a composite reinforced with a similar type of carbon foam was observed. For the Cof–Mg composite, a slight increase in µ value with evident reduction of variability and multiple times mass loss reduction, Δm, was measured and compared with the reference Mg sample. However, the comparison of the Cof–AZ31 composite with the matrix material demonstrated both a strong increase of µ value with stability decrease and an increase in sample mass loss of >100%. When we compare the tribological properties of the two examined composites, we notice that, for the Cof–Mg composite, a lower and more stable µ value and a higher wear resistance is observed.



The results of surface examination of materials after dry friction tests exhibited different structural effects (Figure 13). At the Cof–Mg surface, the initial geometry of the Cof was not observed because the carbon component was transformed into fine pieces, which were embedded in soft magnesium. Moreover, at the composite surface, very fine globular oxides (white) and parallel distributed grooves in a metal matrix were observed; however, their depth was less than similar to that for a sample of pure Mg (Figure 13a). A surface state formed after dry friction test indicates tribofilm creation, i.e., a mixture of very fine metal, carbon and oxide molecules; moreover, it explains the µ value stabilization and wear resistance increase too.



At the surface of the Cof–AZ31 composite (Figure 13c), the shallow grooves in the matrix were formed after dry friction. Moreover, the initial foam geometry and continuous bonding foam-matrix alloy were preserved. The analyses of carbon component surface morphology revealed its foam degradation process via crumbling of fine pieces and the effect of wear product agglomeration at the foam edges. When the AZ31 alloy was examined, it exhibited grooves, cracks and delamination effect at the wear surface (Figure 13d). When we compared these obtained results of the Cof–AZ31 composite tribological tests with earlier studies that were focused on magnesium alloys and composites with particle and short carbon fiber reinforcement [12,14,38], we did not notice the expected effect of properties improvement in the dry friction condition, which requires further analysis. At this stage of our study, we can assume that the formation of a solid tribofilm with carbon molecules is much more difficult when the source of carbon is a stiff skeleton (Cof) that is strongly bonded to the metal matrix.



To summarize, the results of our investigations confirmed the usefulness of the pressure infiltration method for carbon open-celled consolidation with magnesium base alloys. In future experiments, the matrix chemical composition design issue needs to be analyzed because the improvement of magnesium’s mechanical properties is only a possibility; due to the physical and chemical impact of the components, it does not guarantee that an increase in composite properties will be obtained. The next research problem that needs to be examined is the role of carbon foam geometry, i.e., cell size, wall thickness and window size, for the infiltration process, as well as their influence on final products properties because an effective increase in the carbon component volume fraction in the composite will provide a new perspective for future applications. Solving of these issues should let us apply the magnesium matrix composite with carbon foams in automotive vehicles, because in addition to having advantageous mechanical and tribological properties, a beneficial vibration damping induced by the cellular reinforcement form can also be expected.



Considering the possibility of Cof–Mg composite application as a biomaterial, extensive studies are needed, especially corrosion tests in simulated body fluids and on the effects of corrosion processes on hydrogen evolution as well as mechanical properties. Afterwards, experiments with assistance of biological cells on the composite surface and observation of their behavior should also be conducted.






4. Conclusions


In this study, we presented possibilities of a new ultra-light magnesium base matrix composite that was reinforced with open-celled carbon foam (3 vol. %), which was developed using the pressure infiltration method. We also demonstrated the dependence of the composite microstructure and related properties on the applied matrix chemical composition. Thus, the following conclusions have been drawn based on the results obtained:




	(1)

	
From the examined matrices of the three different chemical compositions, an effective pressure infiltration at the same temperature and pressure conditions were obtained for the pure Mg and AZ31 alloy. This effect was greater for the Mg matrix.




	(2)

	
Application of the magnesium alloy with the rare elements (RZ5 alloy) was ineffective because a porous composite with macropores and micropores was obtained. Moreover, the Cof chemical interaction occurred, which induced the degradation of the foam surface.




	(3)

	
The open-celled carbon foam that was used as a reinforcing component for pure magnesium and magnesium AZ31 alloy increased the compressive strength and stiffness. A stronger increase of compressive strength compared with the matrix material was obtained when the AZ31 alloy was applied. This can be explained by a different microstructure and properties of interface in Cof–AZ31 compared to the Cof–Mg composite.




	(4)

	
An application of open-celled carbon foam induced a decrease of flexural strength independently of the matrix composition, and that effect can be explained by limited deformation of the metal enclosed within the stiff carbon skeleton.




	(5)

	
The presence of a glassy carbon component in the form of open-celled foam in a pure magnesium matrix caused an increase in the stability of the friction coefficient value in dry friction conditions and wear resistance. However, for composites with the AZ31 matrix, the tribological properties were worse compared to those obtained for a pure matrix alloy.




	(6)

	
The wear surface studies revealed a different carbon foam behavior for the examined composites, which indicates an influence of the matrix composition on the wear mechanism and tribological properties.










5. Patents


Presented fabrication method of composite is patented by Urząd Patentowy Rzeczypospolitej Polskiej (Polish Patent Office), Patent Application No. P.422243, Olszówka-Myalska A., Myalski J., Godzierz M., Hekner B. “Method for production magnesium elements that contain inserts from carbon foams”.
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Figure 1. SEM micrograph of Duocell reticulated vitreous carbon foam Cof of 100 ppi. 
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Figure 2. (a) Macrograph and (b) LM micrograph of Cof–Mg composite obtained by pressure infiltration. 
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Figure 3. (a) Macrograph and (b) LM micrograph of Cof–AZ31 composite obtained by pressure infiltration. 
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Figure 4. (a) Macrograph and (b) LM micrograph of Cof–RZ5 composite obtained by pressure infiltration. 
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Figure 5. SEM micrographs of: (a) Cof–Mg composite and (b) Cof–AZ31 composite, visibly different morphology of the interface region. 
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Figure 6. (a) SEM micrograph of Cof–Mg composite with X-ray mapping of elements: (b) Mg, (c) O and (d) C. 
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Figure 7. (a) SEM micrograph of Cof–AZ31 composite with X-ray mapping of elements: (b) Mg, (c) Al, (d) Zn, (e) Mn, (f) O and (g) C. 
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Figure 8. Typical curves of compressive strength tests obtained for manufactured composites and applied components-matrix alloys and carbon foam. 
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Figure 9. SEM micrographs of fractured surface after compression tests: (a) Cof–Mg, (b) Cof–AZ31 composites, shear bands in magnesium matrix, scraps of destroyed carbon foam (white arrows), agglomerates of fine phases (black arrows). 
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Figure 10. Typical curves of flexural strength tests obtained for manufactured composites and reference matrix alloys. 
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Figure 11. SEM micrographs of fractured surface after flexural tests: (a) Cof–Mg, (b) Cof–AZ31, shear bands in magnesium matrix, network of partly destroyed carbon foam (white arrows), agglomerates of fine phases (black arrows). 
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Figure 12. Changes of friction coefficient determined for composites and reference matrix alloys over a distance of 1000 m, (a) magnesium and Cof–Mg, (b) AZ31 alloy and Cof–AZ31. 
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Figure 13. SEM micrographs of materials surface after dry friction tests: (a) Cof–Mg composite, (b) Mg, (c) Cof–AZ31 composite, (d) AZ31 alloy, microareas of carbon component (white arrows), cracks and delamination effect (black arrows). 
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Table 1. Chemical composition of applied matrix alloys, wt.% [34].
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	Al
	Zn
	Mn
	RE
	Zr
	Mg





	Magnesium
	0.012
	-
	0.021
	-
	-
	balance



	AZ31 alloy
	2.5–3.5
	0.7–1.3
	min 0.20
	-
	-
	balance



	RZ5 alloy
	-
	3.5–5.0
	-
	0.8–1.7
	0.4–1.0
	balance
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Table 2. Physical, mechanical and tribological properties of composites and component materials.
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Material

	
Physical Properties

	
Mechanical Properties

	
Tribological Properties




	
Apparent Density, g/cm3

	
Open Porosity, %

	
Hardness, Brinell

	
Compressive Strength Rs, MPa

	
Flexural Strength Rg, MPa

	
Friction Coefficient μ

	
Sample, Weight Loss, Δm, g

	
Pin, Weight Loss, Δm, g






	
Cof–Mg composite

	
1.711 ± 0.001

	
1.40 ± 0.05

	
52.8 ± 6.0

	
199.4 ± 14.0

	
129.1 ± 4.9

	
0.26 ± 0.03

	
0.0067

	
0.0005




	
Magnesium

	
1.74

	
-

	
52.1 ± 4.7

	
187.4 ± 13.3

	
182.1 ± 5.1

	
0.24 ± 0.05

	
0.025

	
0.0003




	
Cof–AZ31 composite

	
1.752 ± 0.001

	
2.45 ± 0.04

	
62.7 ± 0.9

	
281.6 ± 19.1

	
249.2 ± 7.3

	
0.27 ± 0.07

	
0.0142

	
0.0008




	
AZ31 alloy

	
1.77

	
-

	
61.7 ± 1.6

	
206.9 ± 20.4

	
309.0 ± 7.5

	
0.19 ± 0.02

	
0.0062

	
0.0003




	
Cof–RZ5

composite

	
1.698 ± 0.001

	
9.76 ± 0.05

	
64.0 ± 9.9

	
-

	
-

	
-

	
-

	
-




	
RZ5 alloy

	
1.84

	
-

	
77.9 ± 2.2

	
-

	
-

	
-

	
-

	
-




	
Cof

	
1.54

	
97.0 ± 0.1

	
-

	
0.24 ± 0.04

	
-

	
-

	
-

	
-












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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