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Abstract

:

The microstructural features and mechanical properties of composites formed by spark plasma sintering (SPS) of Al + 20 vol.% Fe and Al + 20 vol.% Fe66Cr10Nb5B19 (glassy alloy) mixtures composed of micrometer-sized particles are presented. The interaction between the mixture components was studied by differential thermal analysis and through examining the microstructure of composites sintered at two different SPS pressures. When the pressure was increased from 40 MPa to 80 MPa, the thickness of the reaction products formed between the iron particles and aluminum increased due to a more intimate contact between the phases established at a higher pressure. When the metallic glass was substituted for iron, the pressure increase had an opposite effect. It was concluded that local overheating at the interface in the case of Al + 20 vol.% Fe66Cr10Nb5B19 composites governed the formation of the product layers at 40 MPa. The influence of the nature of reinforcement on the mechanical properties of the composites was analyzed, for which sintered materials with similar microstructural features were compared. In composites without the reaction products and composites with thin layers of the products, the hardness increased by 13–38% relative to the unreinforced sintered aluminum, the glassy alloy and iron inclusions producing similar outcomes. The effect of the nature of added particles on the hardness and compressive strength of composites was seen when the microstructure of the material was such that an efficient load transfer mechanism was operative. This was possible upon the formation of thick layers of reaction products. Upon compression, the strong glassy cores experienced fracture, the composite with the glassy component showing a higher strength than the composite containing core-shell structures with metallic iron cores.
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1. Introduction


Metal matrix composites (MMCs) are developed to overcome the problem of low strength of pure metals [1,2,3,4]. Usually, ceramic particles or ceramic fibers are combined with metallic matrices to form materials that will be stronger than the unreinforced metals. Alternative reinforcements are those of the metallic type [5,6]. The idea behind the use of metals and alloys instead of ceramics is to improve the wettability of the hard particles by the matrix and enhance the interfacial bonding in the composites. The microstructural design of composites with added metallic reinforcements (or added reactants to form a reinforcement in situ) can be based on different approaches: (1) the introduction of particles of a stronger metal into a matrix made of a softer metal [7,8]; (2) the introduction of particles of alloys that are stronger than the matrix [9,10]; (3) the synthesis of core-shell structured reinforcing particles, with shells playing an essential role in determining the mechanical properties of the material as a whole [11,12].



When the added particles of metals or alloys are chemically unstable in the matrix at elevated temperatures, core-shell particles form. This phenomenon is rather common to the processing of MMCs with metallic reinforcements. Wan et al. [13] used a mixture of Ti and Al to fabricate the in situ Ti–Al intermetallic compound-reinforced Al matrix composites by combining ball milling and cold pressing/sintering or hot pressing. The shell on the Ti particles was thicker in samples produced from mixtures milled for a longer duration, as milling promoted the formation of a tighter contact between the metals. When iron particles were introduced into an Al matrix, the interaction of the metals at the interface during sintering led to the formation of particles with an iron core and an intermetallic shell [14]. Park et al. [15] fabricated Al matrix composites by spark plasma sintering (SPS) of a mixture of aluminum and steel powders at 600 °C. During sintering, core (steel)-shell (Fe-Al intermetallic) reinforcements formed, which resulted in an order of magnitude increase in the hardness (234 HV0.3) of the material relative to the unreinforced aluminum (29 HV0.3). If an intermetallic layer is allowed to grow at the interface between the added particles and the matrix, the distribution of the intermetallic compounds in the composite will depend on the geometry of the initial interface, namely, the particle size and morphology of the added particles.



Among the alloys suitable as reinforcements, metallic glasses are an interesting option. When produced as single-phase materials, metallic glasses are highly promising with regard to both mechanical and functional properties [16,17,18,19,20]. The attractive mechanical properties of the glassy alloys are a large elastic strain limit, high hardness, strength and wear resistance. Due to the absence of grain boundaries, the glassy alloys are promising functional materials with a high corrosion resistance [21,22,23]. In the supercooled liquid region between the glass transition Tg and the crystallization Tx temperatures, the metallic glasses possess a low viscosity and deform and sinter easily. The prospects of metallic glass–metal composites have been outlined in [24,25,26]. Particles of metallic glasses are suitable as reinforcements for the crystalline metals, as the former possess a higher mechanical strength than the latter. For the Fe-based metallic glasses, the yield strength range is 2–4.5 GPa [27]. An important advantage of the glassy reinforcement is its ability to facilitate densification within the supercooled liquid region of the glass [9,28,29]. The enhancement of densification is more significant at high glass contents and for particle distributions featuring chains of the glassy inclusions [29].



In most studies, a metal or alloy reinforcement is added to the matrix, and the microstructure and properties of the composites are studied. No comparison is made between composites having metallic reinforcements of different compositions. With the development of metallic glasses and high-entropy alloys [30,31], we can choose from a variety of possible reinforcements. Here, a question arises regarding the compositional requirements of the added particles, apart from their hardness (strength) being higher than that of the matrix. It is interesting to investigate the differences, if any, in the mechanical properties of composites containing the same (or close) contents of reinforcements differing in composition (structure). The chemical stability of the alloys in the matrix should also be considered, as the structure of the alloy, glassy versus crystalline, can significantly affect the reactivity of the reinforcement towards the matrix [32,33].



The goal of the present work was to determine the features of the formation of reaction products upon the interaction between iron and aluminum and Fe-based metallic glass and aluminum during SPS and to study the influence of the nature of added particles on the mechanical properties of the composites. SPS was selected as a consolidation method [34,35,36]. It has proven to be efficient for sintering of metallic materials and MMCs [37,38,39,40]. When SPS is used for consolidating the matrix-reinforcement mixtures, it is crucial to take into account the possibility of local effects (overheating at the inter-particle contacts, melting) [41] and accelerated chemical reactions between metals [42,43,44]. For metallic glass–metal mixtures, SPS is attractive due to the possibility of forming dense compacts within a short time, avoiding extensive crystallization of the glass and controlling the interfacial reactions.




2. Materials and Methods


A water-atomized iron powder (PZhR, 99.8%, <40 μm, Ural Atomizatsiya, Chelyabinsk, Russia), a gas-atomized powder of Fe66Cr10Nb5B19 metallic glass (<30 μm fraction, the powder was obtained at the Federal University of São Carlos, SP, Brazil) and a gas-atomized aluminum powder (PAD-6, average particle size 6 μm, 99.9%, VALKOM-PM, Volgograd, Russia) were used as the starting materials. The structural characterization of the Fe66Cr10Nb5B19alloy can be found in [45,46]. The Al-20 vol.% Fe and Al–20 vol.% Fe66Cr10Nb5B19 mixtures were prepared using a low-energy mixing device. The Al/Fe molar ratio in the Al + 20 vol.% Fe and Al + 20 vol.% Fe66Cr10Nb5B19 mixtures is 2.9:1 and 4:1, respectively.



The differential thermal analysis (DTA) of the glassy alloy and Al + 20 vol.% Fe and Al + 20 vol.% Fe66Cr10Nb5B19 powder mixtures was conducted using a NETZSCH STA 409 PC/PG (Selb, Germany) device. The samples were heated at a rate of 10 °C min−1 up to 900 °C in a flow of argon. The mixtures were pressed at room temperature, using a pressure of 40 MPa to increase the interfacial contact area between the components.



SPS of the powder mixtures was carried out using a Labox 1575 apparatus (SINTER LAND Inc., Nagaoka, Japan) at a residual pressure in the chamber of 10 Pa. For studying the reactions between the aluminum matrix and the added iron particles, experiments were conducted in a graphite die of 12.5 mm inner diameter and 35 mm outer diameter. Graphite punches were used. The applied uniaxial pressure was 40 MPa or 80 MPa. Sintering was conducted at 500 °C, 540 °C or 570 °C. The temperature during the process was measured by a thermocouple inserted in a near-through hole in the die wall. For obtaining samples for compressive tests, a 20 mm diameter pellet was sintered at 570 °C and 40 MPa from the Al + 20 vol.% Fe mixture. A graphite die of 20 mm inner diameter and 50 mm outer diameter and graphite punches were used. Graphite foil protected the tooling from the interaction with the sintered material. The holding time at the maximum temperature was 1 min. The heating rate in all sintering experiments was 50 °C min−1. For the convenience of analysis, Table 1 presents the designation of composite materials tested for mechanical properties (I–V). The hardness and strength of composite V was reported in our previous publications [45,46].



XRD patterns were recorded by a D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu Kα radiation. The microstructure of the sintered materials was studied on the polished cross-sections by scanning electron microscopy using a TM-1000 Tabletop microscope (Hitachi, Japan). The images were recorded in the back-scattered electron mode. The distribution of elements in the sintered composites was studied using a S-3400 N microscope working at 30 kV (Hitachi, Tokyo, Japan) and an energy dispersive spectroscopy (EDS) unit NORAN Spectral System 7 (Thermo Fisher Scientific Inc., Waltham, MA, USA).



The porosity of the sintered materials and the matrix content in the partially reacted composites (composites II–V) were determined from the optical images of the samples using ImageJ software (https://imagej.nih.gov, accessed on 1 June 2020). The optical images were obtained on an OLYMPUS GX-51 metallographic microscope (Tokyo, Japan).



The Vickers hardness of the composites was measured on polished cross-sections using a DuraScan 50 hardness tester (EMCO-TEST, Kuchl, Austria) at a load of 1 kg. An average value of hardness was determined from ten measurements and is given together with the standard deviation.



The compression tests were conducted using a Zwick/Roell Z100 device (Ulm, Germany) at a crosshead speed of 0.1 mm min−1. The compression direction of the sample was normal to the pressing direction during SPS. The test specimens were cut from the sintered pellets (by electric discharge cutting) to dimensions of 3 × 3 × 6 mm3. Three specimens of the same composition were tested; the average values of strength are reported together with the standard deviation.




3. Results and Discussion


3.1. Reactions at the Al/Fe and Al/Fe66Cr10Nb5B19 Interface during Spark Plasma Sintering


The microstructure of composites formed from the Al + 20 vol.% Fe mixture by SPS at 500 °C and 540 °C is shown in Figure 1 (composites I, II and III). After SPS at 500 °C, the microstructure of the material is formed by the aluminum matrix with embedded iron particles (Figure 1a,b). No reaction layer is observed at the interface between iron and aluminum. The absence of the intermetallic products in composite I was also confirmed by the XRD analysis (Figure 2). SPS of the Al + 20 vol.% Fe mixture at 540 °C for 1 min resulted in the formation of a composite with a thin layer of intermetallic products at the interface between the iron particles and the aluminum matrix (Figure 1c,d). The XRD pattern of composite II shows small reflections of the FeAl3 and Fe2Al5 phases. Composite III was obtained by SPS at a higher pressure, 80 MPa, and demonstrated iron cores covered by thick shells of the Fe-Al intermetallics (Figure 1e,f). The formation of the reaction products at higher concentrations in composite III was confirmed by the XRD analysis (Figure 2). Figure 1g presents the results of the EDS analysis in the line mode for a core-shell particle in the structure of composite III. It is seen that the shell of the reaction products contain both Fe and Al. The core of the particle is still pure iron. The formation of thicker layers of reaction products at 80 MPa can be due to a more intimate contact established between the particles than in the composites sintered at 40 MPa. Interestingly, when the metallic glass was substituted for iron, the pressure increase from 40 MPa to 80 MPa had an opposite effect: while the reaction products were present after SPS at 40 MPa (Figure 3a), no reaction layer was observed in the composite sintered at 80 MPa (Figure 3b). In the latter, only separate fiber-like structures can be detected at the glass/Al interface upon a close examination. The presence of Al, Fe and Cr in the reaction layers formed between the Fe66Cr10Nb5B19 metallic glass and Al was confirmed by the point EDS analysis and elemental mapping in our previous work [45]. The EDS profiles of the interface reported in [46] presented another confirmation.



The effect of pressure on the interfacial reactions during SPS should be discussed in the context of possible overheating at the interfaces in the case of low applied pressures. In [47], the pressure applied during the first (so-called “sparking”) stage of electric current-assisted sintering of an Al-based alloy was lower than the pressure applied at the second stage (main sintering stage). Low pressure at the first stage enabled local melting of the metal, which helped the overall densification of the material. Similarly, materials of a better quality were obtained when lower pressure was used to pre-press an Al-5.7 wt.% Cu powder mixture before subjecting it to an electric current treatment [48]. Alloys with a lower porosity and a lower electrical resistivity were obtained when lower pressure was used to pre-press the compacts. The effect of the pressure applied during the pre-pressing stage was attributed to the formation of microarcs in the sample favored by lower pressures. In [49,50], the problems of evaluating the overheating effect in the inter-particle contact regions were discussed. It was pointed out that the heat dissipation into the particle volume should be taken into account. It was concluded that, for small particles and particles of materials with high thermal conductivity, the overheating of the contacts should not develop under conditions of SPS. However, a relatively low thermal conductivity of the metallic glass (the thermal conductivity of an amorphous Fe80B20 alloy is 10 W m−1 K−1 [51]) can be the factor slowing down the heat dissipation into the particle volume and favoring the development of overheated regions in at the interfaces. In our case, higher pressure applied to the Al + 20 vol.% Fe66Cr10Nb5B19 mixture hindered the reactions by lowering the interfacial electrical resistance and reducing the evolution of heat at the interface. In the Fe-Al system, no evidence of the overheating effect was observed, which can be rationalized by considering a higher thermal conductivity of pure iron (by an order of magnitude) as compared with that of the metallic glass.



The results of the DTA of the glassy alloy powder and pre-pressed mixtures are shown in Figure 4. The DTA trace of the powder of the glassy alloy shows the glass transition and crystallization events with the following characteristic temperatures: the glass transition temperature Tg = 529 °C, the onset temperature of the first crystallization event Tx1 = 565 °C and the onset temperature of the second crystallization event Tx2 = 730 °C. The values of Tg and Tx1 agree well with those determined in [45]. In the trace of the Al + 20 vol.% Fe66Cr10Nb5B19 mixture, the first crystallization peak of the glassy alloy is detected at 565 °C. As the temperature is raised to 595 °C, exothermic reactions between the aluminum and the alloy occur. The second crystallization peak of the glassy alloy could not be detected, as, by the time Tx2 was reached, the alloy was fully consumed in the reaction with aluminum. An exothermic reaction between Fe and Al in the Al + 20 vol.% Fe starts at 570 °C, which marks a so-called pre-combustion event [52]. A sharper exothermic peak follows, beginning at 630 °C and corresponding to a reaction of the combustion type. Further investigations of the composites by the in situ high-temperature XRD (recording XRD patterns during heating of the specimen) are necessary to fully understand the structural changes in the material and the correspondence of the thermal events to the structural evolution path. It should be noted that the conditions of the DTA experiments and those of SPS differ significantly, as SPS is conducted under an applied pressure, which helps establish the interfacial contacts between the components. Also, the heating rate during SPS is higher than that used in the DTA, and higher temperatures may need to be reached to start the reactions during SPS. Nonetheless, the obtained DTA traces help better understand the observed structural changes in the composites upon sintering.



During SPS at 500 °C, the real temperature of the sample is about 530 °C [29], which is still low for the reaction to start. When a SPS process is conducted at a measured temperature of 540 °C, the real temperature is about 570 °C, and the iron particles start interacting with the aluminum matrix. SPS at 570 °C implies sintering at the real temperature of 600 °C, which is just about the temperature required to initiate the reaction between the glass and aluminum. The reactivity of the crystalline Fe66Cr10Nb5B19 alloy was shown to be higher than that of the glassy alloy of the same composition [33]. Unalloyed iron should be even more reactive. Therefore, once the onset temperature of the reaction is reached, the metallic iron particles interact with aluminum faster than the particles of the Fe66Cr10Nb5B19 glass. When SPS is conducted at a moderate pressure (40 MPa), local overheating at the inter-particle contacts facilitates the reaction.



Composites IV and V were synthesized to form structures, in which the load transfer strengthening mechanism could operate, as discussed in Section 3.2. The microstructure of composites IV and V is presented in Figure 5. These composites were obtained by SPS at 570 °C and contain high concentrations of the reaction products. The XRD patterns of the composites confirm the formation of the Fe-Al intermetallic reaction products (Figure 6).




3.2. Mechanical Properties of Composites Derived from Al-20 vol.% Fe and Al-20 vol.% Fe66Cr10Nb5B19—The Influence of the Nature of Added Particles on the Mechanical Properties of Composites


Previously, the compressive properties of the unreinforced aluminum and Al + 20 vol.% Fe66Cr10Nb5B19 composites with thin layers of reaction products were reported in [46]. The glassy particles were not very efficient in increasing the yield strength when no reaction product layers formed at the interface. An increment in the yield strength was about 20% when thin layers of reaction products were synthesized. The Vickers hardness of the unreinforced sintered aluminum (SPS, 540 °C, no holding, residual porosity < 1%) and Al + 20 vol.% Fe66Cr10Nb5B19 composite (SPS, 540 °C, 3 min, thin reaction layer, residual porosity < 1%) was measured to be 40 ± 5 HV1 and 55 ± 5 HV1, respectively.



The estimated Al contents in composites produced in the present work and their mechanical properties are given in Table 2 and Table 3. From the image analysis, the porosity of composites I, II, III and IV is less than 1%. The hardness of composite I is close to the hardness of the unreinforced aluminum, which shows that the mere introduction of iron into an aluminum matrix does not lead to an increase in the hardness of the material (Table 2). The hardness did increase slightly, from 45 ± 5 HV1 (composite I) to 55 ± 10 HV1 (composite II), when the iron particles reacted with the matrix to form thin layers of the reaction products. Consequently, the glassy particles and the metallic iron particles in composites with “core-thin shell” structured micrometer-sized reinforcements produced similar effects on the mechanical properties, just a slight increase in hardness (strength). When a thick layer of the reaction products was allowed to form at the Al/Fe interface, a significant increase in the hardness was achieved, to 100 ± 10 HV1 and 190 ± 40 HV1 for composites III and IV, respectively.



Table 3 presents the mechanical properties of composites derived from the Al + 20 vol.% Fe and Al + 20 vol.% Fe66Cr10Nb5B19 mixtures and having close values of the residual matrix content (composites IV and V, respectively). The hardness of FeAl3 and Fe2Al5 is reported to be 700 HV and 900 HV, respectively [53]. It should be noted that the hardness can vary depending on the grain size and the presence of defects in the microstructure (pores, cracks). The content of intermetallics is high in composites IV and V, so the mechanical properties of the composites should be affected by their presence. The hardness of both composites is much higher than that of the unreinforced aluminum. The hardness and ultimate compressive strength of composite V are higher than the corresponding values of composite IV. The fracture surfaces of composites IV and V are shown in Figure 7. The fracture surface of composite IV is rough, with only a few iron cores that have been cut through upon fracture (Figure 7a). When composite V was loaded, cracks formed in the intermetallic product layer first. As the layer is discontinuous and the interface between the glassy cores and the intermetallic shell is strong, a crack has to cut through the core (Figure 7b) when the stress reaches a certain level. However, in composite IV, the intermetallic component is nearly continuous (Figure 5a). This is due to peculiarities of its growth, namely, non-uniform growth in different directions (due to the polycrystalline nature of the iron particles) as opposed to the formation of nearly ideal spherical shells of intermetallics in the case of the glassy cores (Figure 5b). So, the crack can propagate through the intermetallic component, making composite IV strong enough, but still weaker compared with composite V, in which the glassy cores are present. In a different composite design, the volume content of the glassy component can be high to make a continuous phase. Here, it is important to ensure sufficient cohesion between the glassy particles. If sintered compacts fracture in the intergranular mode in the areas of metallic glass, the cohesion between the grains is lower than the grain strength. If the intermetallic product is not to be in the final composite, the glassy alloy particles should be well sintered to each other to fully benefit from the inherent strength of the glass. Based on results of our experiments, conditions that should be met to form high-strength metallic glass–metal composites can be summarized as follows:




	
The efficient load transfer to the reinforcement should be enabled in the composites, for which the product layer of a certain thickness between the matrix and the reinforcement is required.



	
The intermetallic (shell) component should not be continuous.



	
The glass core/intermetallic shell interface should be strong to avoid the separation of the reinforcement.










4. Conclusions


The results of the present study allow us to draw the following conclusions:




	
Upon conventional heating of the Al + 20 vol.% Fe66Cr10Nb5B19 mixture, the exothermic reaction at the interface starts at 595 °C, while the reaction between Fe and Al starts at 570 °C. Conducting SPS experiments at two different pressures (40 MPa and 80 MPa) allowed us to reveal the formation features of the Fe-based glass/Al and Fe/Al interfaces. Local overheating at the Fe-based glass/Al interface during SPS governed the formation of the product layers at 40 MPa. A higher pressure hindered the reactions by lowering the interfacial resistance in the composite. The opposite behavior was observed in the Fe-Al system—a higher pressure providing a better interfacial contact and facilitating the interaction at the interface. Both SPS temperature and pressure can be used as parameters in the structural design of composites influencing the reactivity of the mixture components.



	
The micrometer-sized particles of iron and metallic glass added at a concentration of 20 vol.% cannot provide significant levels of strengthening to an aluminum matrix. In composites without the reaction products or with thin layers of the products, the hardness of the composite increased by 13–38% relative to the unreinforced sintered aluminum, the added particles of metallic glass and iron producing similar outcomes.



	
The influence of the nature of added particles on the mechanical properties of composites could be seen when the microstructure of the composite enabled an efficient load transfer from the matrix to the reinforcement. This was possible upon the formation of thick layers of the reaction products between Al and the added reinforcement. Upon compressive loading, the composite with the glassy component showed a much higher strength than the composite containing pure iron cores.
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Figure 1. Microstructure of composites derived from the Al + 20 vol.% Fe mixture: I (a,b), II (c,d) and III (e,f). The energy dispersive spectroscopy data for composite III: a core-shell particle is analyzed (g). Designation of composites is given in Table 1. 
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Figure 2. XRD patterns of composites I, II and III. The presence of graphite (002) reflection at 2θ = 26.6° is due to the presence of the residual graphite foil adhered to the specimen. Designation of composites is given in Table 1. 
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Figure 3. Micrographs of composites sintered from the Al + 20 vol.% Fe66Cr10Nb5B19 powder mixture at 570 °C, 1 min: (a) 40 MPa, (b) 80 MPa. The interfacial reactions were hindered during spark plasma sintering at 80 MPa. 
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Figure 4. Differential thermal calorimetry traces of the pre-pressed Al + 20 vol.% Fe and Al + 20 vol.% Fe66Cr10Nb5B19 mixtures and the as-atomized Fe66Cr10Nb5B19 glassy powder. The characteristic temperatures of the thermal events are marked by arrows: glass transition Tg and crystallization onset temperatures Tx1 and Tx2 of the Fe66Cr10Nb5B19 glass, the onset temperature of reaction between the Fe66Cr10Nb5B19 glass and aluminum Tr, pre-combustion temperature Tc and combustion temperature of the Al + 20 vol.% Fe mixture. 
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Figure 5. Microstructure of composites: IV (a) and V (b). Designation of composites is given in Table 1. 
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Figure 6. XRD patterns of composites IV and V. Designation of composites is given in Table 1. 
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Figure 7. Fracture surface of samples tested under compression: composite IV (a) and composite V (b). Designation of composites is given in Table 1. 
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Table 1. Materials designation and sintering conditions of composites.
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	Materials Designation
	Composition of the Powder Mixture
	SPS Temperature, C
	Soaking Time, min
	SPS Pressure, MPa
	Sample Diameter, mm
	Note





	I
	Al + 20 vol.% Fe
	500
	0
	40
	12.5
	This work



	II
	Al + 20 vol.% Fe
	540
	1
	40
	12.5
	This work



	III
	Al + 20 vol.% Fe
	540
	1
	80
	12.5
	This work



	IV
	Al + 20 vol.% Fe
	570
	1
	40
	20.0
	This work



	V
	Al + 20 vol.% Fe66Cr10Nb5B19
	570
	3
	40
	20.0
	[45,46]
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Table 2. Al matrix content, microstructural features and hardness of composites produced using metallic Fe. The composites vary by the Al matrix content and transformation degrees of the metals into the reaction products.
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	Material Designation
	Al Matrix Content, vol.%
	Microstructural Features
	Vickers Hardness, HV1
	Note





	I
	80
	No reaction layer
	45 ± 5
	This work



	II
	60
	Thin reaction layer
	55 ± 10
	This work



	III
	45
	Thick reaction layer
	100 ± 10
	This work
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Table 3. Al matrix content, microstructural features and mechanical properties of composites produced using metallic Fe and the Fe-based glassy alloy.
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	Material Designation
	Al Matrix Content, vol.%
	Microstructural Features
	Vickers Hardness, HV1
	Ultimate Compressive Strength, MPa
	Fracture Strain, %
	Note





	IV
	40
	Thick reaction layer
	190 ± 40
	470 ± 10
	3
	This work



	V
	37
	Thick reaction layer
	280 ± 40
	780 ± 10
	2
	[26,27]
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