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Abstract
In the area of metal matrix composites, novel reinforcing options are currently being

evaluated. Particles of amorphous alloys present an interesting possibility to reinforce
soft metals. In the present work, the interaction between FessCrioNbsB 19 metallic glass
and aluminum during Spark Plasma Sintering (SPS) was studied for the first time. In
order to trace the phase and microstructural changes upon sintering, mixtures containing
20 vol.% and 50 vol.% of metallic glass were subjected to SPS at 500-570 °C. After
SPS at 500 °C, no reaction layer between the metallic glass particles and aluminum was
observed. After SPS at 570 °C, a reaction layer containing Fe;Als and FeAls; formed
around the Fe-based cores. The Vickers hardness of composites obtained from mixtures
containing 20 vol. % FeessCrioNbsB19 at 540 °C was 75 HV and increased to 280 HV
after sintering at 570 °C due to the formation of thicker reaction layers at the interface.
The hardness of the composite sintered from the mixture containing 20 vol. %
FessCrioNbsBig at 570 °C was between the values predicted by Reuss and Voigt models.
Comparison of results of SPS of the powder mixtures with those of SPS of a pre-
compacted pellet and electric current-free annealing suggests that local heating at the
interface caused by interfacial resistance may be an important factor influencing the

reaction advancement at the interface and the formation of Al-containing intermetallics.

Keywords: metal matrix composites, sintering, microstructure, scanning electron

microscopy, hardness.



1. Introduction

Powder metallurgy offers higher microstructure versatility for metal matrix
composites (MMCs) as compared with casting or infiltration methods [1]. The powder
metallurgy approach allows obtaining microstructures that cannot be achieved by other
processing methods. In recent years, significant effort has been directed to finding new
types of reinforcements for MMCs and selecting suitable processing conditions of the
composites to exploit the benefits of these reinforcements. New types of reinforcements
include metallic glasses [2—5], high-entropy alloys [6—8] and quasicrystals [9-11] or
their derivatives, which are phases forming upon the reaction of quasicrystals with the
matrix [10, 12]. When the reinforcing alloy is to be preserved in the metastable state, the
schedule of the heat treatment of the composites should be carefully selected. The very
possibility of using metastable phases as reinforcements and retaining metastable
structures and configurations in the composites exists owing to the availability of rapid
sintering techniques, such as spark plasma sintering (SPS) [13].

Reinforcing aluminum and its alloys with metallic glass inclusions is among the
modern trends in the development of aluminum matrix composites [14-25]. An
approach to consolidation of metallic glass-reinforced MMCs based on the advantages
given by the viscous flow of metallic glass in the supercooled liquid region was
elaborated [3—5]: the consolidation temperature is to be selected within the supercooled
liquid region. It is also possible to conduct consolidation below the glass transition
temperature using high pressures to densify the matrix [17].

The interaction at the interface is a key phenomenon in the phase evolution,
bonding between the phases, and mechanical properties of the composites. In metallic

glass-reinforced metal matrix composites, the interaction between the matrix and the



glassy reinforcement is important for controlling both the phase stability and
mechanical properties [22, 24]. Wang et al. [17] showed that, after sintering at a low
temperature (300 °C), the interfacial layer formed between Zr-based metallic glass and
an Al-based matrix by interdiffusion was only a few nanometers thick. The layer
provided good bonding between the metallic glass and the Al alloy matrix. By using
SPS and hot extrusion conducted at a temperature below the crystallization temperature
of the metallic glass, Guan et al. [24] preserved the cores of the reinforcing particles
amorphous with only thin outer layers crystallized and reacted with aluminum to form
FeAls. The formation of reaction layers was suggested as a positive structural feature
from the viewpoint of load transfer from the soft and weak matrix to the hard shell and
core.

In our previous work, we have shown that amorphous or partially amorphous
materials can be produced from a FessCrioNbsB19 alloy by gas atomization and
detonation spraying [26]. To our best knowledge, the influence of the SPS conditions on
the interfacial interaction between the FeesCrioNbsB19 metallic glass and aluminum has
not been studied. In a SPS process, the material normally experiences the action of
pressure and is heated by pulsed electric current. The mode of heating creates specific
conditions for electrically conductive materials, which may include overheating at the
inter-particle contacts or interfaces between different phases.

The goal of the present work was to trace the structural evolution during SPS of
Al-FeesCrioNbsB19 powder mixtures and to study its effect on the hardness of the
composites. Al-FessCrioNbsB19 mixtures containing 20 vol. % and 50 vol. % of the
glassy alloy were consolidated. Two concentrations of metallic glass in the mixture

were used to produce an Al matrix composite reinforced with particles of metallic glass



or its derivatives and a composite, to which both starting components could contribute
equally (volume-based). In the latter, the metallic glass acts as a reactant to form
significant amounts of new phases when sintered at 570 °C. High concentrations of the
metallic glass particles in the aluminum matrix can be encountered in the case of
particle agglomeration in certain areas. By deliberately preparing such compositions, we
can “model” the outcomes of agglomeration in terms of the structural evolution and
chemical reactions. The influence of the sintering temperature and cold pressing of the
powder mixture before SPS on the phase compositions and microstructure of the
composites was investigated. Conditions of SPS were selected such that 1)
consolidation without the interfacial reactions could take place; 2) the interfacial
reactions were allowed to proceed to yield significant amounts of the reaction products.
2. Materials and Methods
2.1. Starting materials

Gas-atomized powders of FeesCrioNbsB19 and aluminum were used in the
present study. The Al powder had a purity of 99.9% (PAD-6, average particle size 6
um, “VALKOM-PM”, Volgograd, Russia). For preparing the FessCrioNbsB19 master
alloy, commercial-purity metals and alloys were used as starting materials: Fe-B alloy
(B content 16.54 wt.%, ACL Metais, Aracariguama, Brazil), Fe-Nb alloy (Nb content
66.4 wt.%, ACL Metais, Aracariguama, Brazil), metallic chromium (Cr content >99.3
wt.%, ACL Metais, Aracariguama, Brazil), and metallic iron (Fe content >99.5 wt.%,
Hogands, Mogi das Cruzes, Brazil). The FeesCrioNbsB19 alloy powder was obtained by
argon gas atomization using a HERMIGA 75/5VI gas atomizer (Phoenix Scientific
Industries Ltd., Hailsham, East Sussex, UK). The <45 pum fraction was separated by

sieving. The Al-FescCrioNbsB19 powder mixtures were prepared using a horizontal low-



energy mixer with a plastic container and steel balls. The mixing time was 3 h. No
shape changes of the particles occurred during mixing. Al-FegsCrioNbsB19 mixtures
containing 20 vol. % and 50 vol. % of the glassy alloy were prepared.
2.2. Consolidation of the powders

Sintering of the powders was carried out using a SPS Labox 1575 apparatus
(SINTER LAND Inc., Japan) in forevacuum at a uniaxial pressure of 40 MPa. The
die/punch assembly consisted of a graphite die of 20 mm inner diameter and 50 mm
outer diameter, and graphite punches. The die wall was lined with graphite foil 200 um
thick. The circles of the same foil were placed between the flat ends of the punches and
the sample. Al-FessCrioNbsB19 mixtures were subjected to SPS at 500 °C, 540 °C, and
570 °C. The heating rate was 50 °C min™'. The holding time at the maximum
temperature was 3 min. The temperature during the sintering process was measured by a
thermocouple inserted into a 5-mm deep hole in the wall of the graphite die. Sintering
experiments were conducted on Al-FessCrioNbsB19 mixtures and the FessCrioNbsBig
alloy powder. Post-sintering annealing of the Al-20 vol.% FessCrioNbsB19 sample was
conducted in forevacuum at 570 °C for 30 min. A SPS experiment with a cold-pressed
Al-20 vol.% FessCrioNbsB19 pellet was also conducted. For that, a 10-mm diameter
pellet was obtained by compaction in a hydraulic press at 400 MPa at room temperature.
The pellet was sintered by SPS at 540 °C in a graphite die of 10 mm inner diameter and
50 mm outer diameter. A 10-mm sample of the same composition was also sintered
from the powder mixture (without the pre-compaction stage) at the same temperature.
2.3. Characterization of the powders and sintered composites

The FessCrioNbsB1g alloy powder was investigated by differential scanning

calorimetry (DSC) using a STA 449 F1 JUPITER thermal analysis instrument (Netzsch,



Selb, Germany). The analysis was conducted in a flow of argon at a heating rate of 10
°C min.

The density of the FessCrioNbsB19 alloy powder was measured using an argon
pycnometer (Institute of Solid State Chemistry and Mechanochemistry SB RAS,
Novosibirsk, Russia). A value of 7.58 g cm™ was obtained. The theoretical densities of
the composites were calculated using the rule of mixtures (applicable to composites, in
which no reaction product formed at the interface).

The metallographic samples of the composites were prepared using standard
polishing operations. The microstructure of the sintered samples was studied by
scanning electron microscopy (SEM) using a TM-1000 Tabletop microscope (Hitachi,
Japan) and a Hitachi S-3400N (Japan) microscope. Back-scattered electron images of
the composites are reported. Energy-dispersive spectroscopy (EDS) was conducted
using a NORAN Spectral System 7 (Thermo Fisher Scientific Inc., USA). The X-ray
diffraction (XRD) patterns of the samples were recorded by a D8 ADVANCE
diffractometer (Bruker AXS, Germany) with Cu Ka radiation.

The relative densities of the sintered composites were determined from precisely
measured mass and dimensions of the samples. The porosity of the sample sintered at
570 °C was determined by analyzing its cross-sectional images in ImageJ software
(https://imagej.nih.gov). The volume content of the phases in the composite sintered at
570 °C from the Al-20 vol.% FessCrioNbsB19 mixture was also determined using
Imagel. For that, 15 images recoded with X500 magnification were analyzed.

2.4. Microhardness/hardness measurements
Vickers microhardness/hardness of the individual phases/composites was

measured on the polished cross-sections using a DuraScan 50 hardness tester (EMCO-



TEST, Austria). The microhardness of different phases of the composites (Al matrix,
reaction layers, Fe-based alloy cores) was measured at a load of 0.01 kg, while the
hardness of the composite structures was measured at a load of 0.3 kg or 1 kg. The
microhardness measurement load was selected considering the size of the particles/areas
to be indented. When measuring the hardness of the composites, the indents were made
to cover the multiphase structure of the material. The average values were determined
from 10 measurements. Standard deviations are reported along with the average values.
3. Results
3.1. Characteristics of the FessCrioNbsB19 alloy powder and its SPS behavior

Figure 1 shows the XRD pattern of the FessCrioNbsB19 alloy powder. The main
phase of the alloy is an amorphous phase, which is indicated by the presence of a halo
on the XRD scan. Body-centered iron is present as a minor phase in the alloy. The DSC
analysis of the powder showed that the glass transition temperature T, and
crystallization temperature Tx of the glassy phase is 521 °C and 573 °C, respectively.

The temperature in the center of a Fe-based alloy sample processed by SPS is
about 50 degrees higher than the temperature of the wall of the graphite die, as
calculated by Paul et al. [27] for a graphite die of 20 mm inner diameter and 50 mm
outer diameter. Therefore, in our work, consolidation of composites at 500 °C as
measured by the thermocouple inserted in a hole in the die wall can be considered as
occurring within the supercooled liquid region of the glass. The other two sintering
temperatures, 540 °C and 570 °C, were selected to study the phase and structure changes
caused by partial crystallization of the glass and chemical interaction of the Fe-based
alloy with aluminum. It should be noted that, in the presence of aluminum, it is rather

difficult to trace the evolution of the phase composition of the Fe-based alloy by the



XRD in composites with low initial concentrations of the alloy. For rationalizing the
results of SPS of composites, it is helpful to obtain information on the structural
changes occurring in the alloy upon treatment in the SPS in the absence of aluminum.
For this purpose, we sintered the alloy powder at 500 °C, 540 °C and 570 °C. By SPS at
500 °C, it was practically impossible to produce a robust sample, as the sintered
compacts tended to shatter after they were removed from the die. The XRD analysis of
these compacts did not reveal any changes relative to the powder state of the alloy. SEM
observations showed that the particles changed their shape to an extent, and the contacts
between particles flattened. After SPS at 540 °C and 570 °C, the FessCrioNbsBi9
samples were well consolidated and did not shatter upon the removal from the die. The
XRD patterns of these samples show the beginning of crystallization, as the halo
corresponding to the amorphous phase narrows (Fig. 2). Therefore, during sintering of
composites containing the FessCrioNbsB19 alloy powder under the same sintering cycle,
one can expect partial crystallization of metallic glass, in addition to the chemical
reactions of the alloy components with aluminum.

The fracture surface of the sintered alloy samples showed that particles making
the compact are no longer spherical (Fig. 3). Owing to the viscous flow of the alloy in
the supercooled liquid region reached during the sintering cycle, the particles changed
their shape significantly under the action of uniaxial pressure to fill the inter-particle
pores.

3.2. Phase composition and microstructure of composites obtained by SPS of Al-20
vol.% FessCrioNbsB19 and Al=50 vol.% FessCrioNbsB 19 powder mixtures

Figures 4 and 5 show the XRD patterns of composites obtained from the Al-20

vol.% FeesCrioNbsB1g and Al-50 vol.% FessCrioNbsB19 powder mixtures, respectively.



The XRD pattern of the Al-20 vol.% FessCrioNbsB19 composite sintered at 500 °C
demonstrates reflections of face-centered cubic Al only (Fig. 4). In the XRD pattern of
the composite containing 50 vol.% of the glassy alloy, a halo is visible confirming the
presence of an amorphous phase in the sintered material after SPS at 500 °C (Fig. 5).

After annealing at 570 °C, the Al-20 vol.% FeesCrioNbsB19 composite sintered
at 500 °C contained a product of the interfacial interaction, FeAls (Fig. 4). The same
reaction product was observed in the samples sintered at 540 °C (both obtained from the
powder mixture and pre-compacted pellet). The flat ends of the cold-pressed pellet
differed in the metallic glass/aluminum ratio, as some aluminum squeezed to the surface
of the composite pellet on one side after pressing. The XRD pattern shown in Fig. 4 was
taken from the smoother side of the pellet, which was enriched with the Fe-based alloy,
as confirmed by SEM observations. For this reason, reflections caused by the products
of the interfacial reaction are visible on the pattern. However, it was difficult to
distinguish the reaction layer on the corresponding SEM image, as shown below. The
XRD pattern taken from the other side (flat end) showed only Al peaks. Taking the
XRD pattern from the glassy alloy-enriched side was ultimately beneficial for the
purpose of this study, as it allowed confirming that, at this temperature, the
reinforcement alloy did react with aluminum, but the reaction layer was very thin —
much thinner than in composites obtained by sintering at 570 °C.

After SPS of the Al-20 vol.% FessCrioNbsB19 powder mixture at 570 °C, the
composite contains FeAls and Fe>Als along with residual aluminum (Fig. 4). After SPS
of Al-50 vol.% FeessCrioNbsB1g at 570 °C, no free aluminum was detected by the XRD
(Fig. 5) indicating that it was fully consumed in the chemical reaction with the Fe-based

alloy.
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Figure 6 demonstrates the cross-sectional images of the composites obtained by
SPS of Al-FessCrioNbsB1o powder mixtures. The images of composites sintered at 500
°C (Fig. 6 a, b) show lamellae sticking to the surface of the alloy particles. The
formation of such lamellae is a known effect in the practice of gas atomization and is
explained by frequent particle/droplet collisions during the atomization process [28].
These lamellae are not seen in the microstructure of composites sintered at higher
temperatures (Fig. 6 c, d, e), as they are consumed in the chemical reaction between the
alloy and the matrix. Figure 7 shows the fracture surface of the Al1-20 vol.%
FessCri0NbsB19 composite sintered at 500 °C. It can be seen that particles of the
aluminum powder adhered to the particles of the glassy alloy. However, only a small
fraction of the metallic glass particle surface is covered. The boundaries between the
aluminum particles are clearly seen, which indicates poor consolidation of aluminum
not accompanied by diffusion.

As the sintering temperature increases, the interfacial layer in composites
obtained from Al-20 vol.% FescCrioNbsB19 appears and becomes thicker, as seen in Fig.
6 (a, c, d). After SPS at 570 °C, layers 10—15 pm thick formed around the Fe-based
alloy cores in the composite obtained from the Al-20 vol.% FeesCrioNbsB19 powder
mixture (Fig. 6 d). Upon the reaction between aluminum and iron, pores form in
locations of aluminum particles, if aluminum is confined in a certain volume, owing to
Kirkendall effect [29-31]. As aluminum plays a role of the matrix surrounding particles
of the metallic glass in Al-20 vol.% FeesCrioNbsB19 composites, we do not observe
porosity related to Kirkendall effect. In the composite sintered from the Al-50vol.%
FessCrioNbsB19 mixture, aluminum was fully consumed such that the reaction layers

could not grow further and touched each other in the microstructure (Fig. 6 e).
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Fe and Al elemental maps of a selected region of the cross-section of the
composite consolidated by SPS of the Al-20 vol.% FessCri0NbsB19 powder mixture at
570 °C are presented in Fig. 8. The maps confirm the absence of aluminum in the cores
of the reinforcing particles and the presence of both iron and aluminum in the reaction
layers. Additional information on the distribution of elements was obtained in the form
of the point EDS analysis (Fig. 9). The spectra were taken from the characteristic areas
of the composite’s microstructure. It should be noted that, as boron is a light element, it
was quite difficult to obtain reliable information on its concentration in different areas.
Therefore, the structure of boron-containing phases in these composites remains an open
question requiring further investigation. In the framework of the present article, we
discuss the Al/Fe ratio in the reaction layer (Fig. 9); this ratio is close to that in the
FeAl; phase. The matrix was mainly residual (unreacted) aluminum.

The composite obtained by SPS of the Al1-50 vol.% FessCri0NbsB19 mixture at
570 °C consists of spherical particles having a core-shell structure, as confirmed by
SEM (Fig. 6 e) and elemental maps (Fig. 10). The pores between the core-shell particles
were not eliminated, as the sintering temperature was too low to activate densification
of the Fe-Al intermetallics.

Figure 11 shows the cross-section of the composite processed by SPS (at 500 °C)
followed by annealing (at 570 °C). The microstructure of the annealed material agrees
with results of the XRD and confirms the formation of a reaction layer about 7 um
thick. Figure 12 a, b allows comparing the thicknesses of the reaction layers forming at
the interfaces in the composite obtained by SPS of the Al-20 vol.% FescCrioNbsBi1g
mixture at 570 °C and the composite pre-sintered at 500 °C and annealed at 570 °C.

During annealing, no electric current was passing through the sample. It can be seen that

12



the reaction layer is thinner in the sample subjected to annealing despite a longer
duration of the process (30 min of annealing versus 3 min of SPS). The advancement of
the reaction of the alloy with aluminum can be rationalized by assuming a possibility of
local overheating at the inter-particle contacts and interfaces during SPS. Structural
evidence suggesting the formation of high-temperature regions has been reported for
other systems processed by SPS [7, 8, 32]. In the reaction layer formed in the composite
obtained by SPS at 570 °C, two phases differing in contrast can be distinguished (Fig.
12 a), which agrees with the XRD results. Bright branch-like areas contain a higher
concentration of a larger atomic number element and thus should correspond to the
Fe»Als phase, the gray background being FeAls. The phase enriched in Fe is observed
near the Fe-based alloy cores. Previously, the separation of the reaction products into
layers was observed by Yu et al. [33, 34]. The formation of layers with compositions
close to NbAl3; and NiAlz was observed when an Al-30 wt.% amorphous NigoNbag alloy
composite was annealed at 640 °C. During the interfacial reaction, nickel diffused from
the NigoNbao particles to react with aluminum and form NiAls. At the same time,
aluminum diffused into the reinforcement particles to react with the remaining niobium
to form NbAl;. Nickel was, therefore, mainly distributed in the outer layer, while
niobium was mainly present in the core. It was found that, upon heating, the interaction
between the alloy and aluminum was not detected before the alloy started crystallizing
[33], which agrees with results obtained in the present work.
3.3. SPS processing of a cold-pressed Al-20 vol. % FessCrioNbsB 9 pellet

Interestingly, in the cross-section of the composite obtained by SPS of the cold-
pressed Al-20 vol.% FeesCrioNbsB1g pellet, we do not see a reaction layer between the

metallic glass and aluminum (Fig. 13). Some interaction was evidenced by the XRD
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analysis, as discussed above (Fig. 4). The formation of a very thin reaction layer or the
absence of one on some particles can be explained by lower local temperatures (in the
interfacial regions) in this sample during SPS as compared with the sample sintered
directly from the powder mixture at the same measured temperature (Fig. 6 ¢). In the
SPS processing, some structural features of materials can depend on the sample size
[13]. It should be noted that Fig, 6 ¢ shows the microstructure of the compact of 20 mm
diameter. We have confirmed that samples with diameters of 10 and 20 mm obtained by
SPS of Al-20 vol.% FeesCrioNbsB19 powder mixture at 540 °C possess the same
microstructure and phase composition. Therefore, the comparison made above is valid,
as compacts of the same diameter can be compared.

The relative density of the cold-pressed Al-20 vol.% FeesCrioNbsB19 pellet was
81%, which indicates plastic yielding of aluminum during pressing under a high applied
pressure (400 MPa). Under these conditions, the oxide films present on the aluminum
particles could break enabling metal-to-metal contact between the reinforcing alloy and
the matrix in the pre-compacted material. Such a contact will possess a lower resistance
than the contact, the formation of which is complicated by the presence of oxide films.
So, after cold pressing, the contact conditions between the phases in the composite were
better in terms of the contact resistance. A lower resistance could have resulted in the
absence of overheating at the interface, in contrast to the sample processed without the
pre-compaction stage.
3.4. Hardness of the sintered composites

The relative density of Al-20 vol.% FeesCrioNbsB1g and Al-50 vol.%
FessCrioNbsB19 composites consolidated by SPS at 500 °C was measured to be 95% and

86%, respectively. The relative densities (porosities) of composites sintered at 540 °C
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and 570 °C as well as their hardness and microhardness of the individual phases
(characteristic regions) are given in Tables 1-2. The hardness of composites sintered at
500 °C is not reported, as, during indentation, the metallic glass particles detached from
the matrix.
4. Discussion
4.1. Analysis of the hardness values in relation to Voigt and Reuss models

Kim [35] analyzed the hardness variation with the volume fraction of hard
particles in the particle-reinforced composites using models for the rule of mixtures and
the finite element method. The results of the elastoplastic finite element analysis fitted
better the iso-strain curve (Voigt model) at high volume fractions of hard particles and
were close to the iso-stress curve (Reuss model) at low volume fractions of hard
particles. Therefore, in composites containing a low concentration of hard particles in a
soft aluminum matrix, the rule of mixtures should be valid in the form of Reuss model.
For composites containing relatively high contents of the hard phase, Voigt model can
be used to predict the hardness. The hardness value can also lie between these limits. As
seen from Table 1, in composites having only thin layers of the reaction products (SPS
at 540 °C), the hardness was indeed close to the value predicted by Reuss model. The
Vickers hardness of the composite sintered from the Al-20 vol.% FeesCrioNbsB1g
mixture at 570 °C was found to be 280 HV (Table 2). A higher hardness of this
composite as compared with that of the material sintered at 540 °C is due to the
formation of thick reaction layers at the interface. In the composite sintered at 570 °C,
the volume fraction of the Fe-based alloy (particle cores), reaction products and residual
aluminum was 8%, 55% and 37%, respectively. The hardness of this composite was

found to be between the values predicted by Reuss and Voigt models, as can be seen in
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Table 2. It should be noted here that, due to limitations of the size of the particles and
areas occupied by the individual phases in the cross-section of the sintered composites,
the local hardness (microhardness) was measured using a lower load than that used for
measuring the hardness of the composite. As higher hardness values are usually
obtained at lower loads, the hardness values calculated from the microhardness of the
individual phases using Reuss and Voigt models are somewhat overestimated. Full
consumption of aluminum in the composite obtained from Al-50 vol.% FeesCrioNbsB19
mixture at 570 °C and the structure shown in Fig. 6 e do not lead to the efficient use of
the available strengthening tools, as the hardness of the composite is lower than that
predicted by the rule of mixtures (lower than the hardness of the softer component,
Table 2).

Our results are in good agreement with those obtained for other systems. Liu et
al. [8] showed that, in composites sintered from an Al-5 vol.% AlCoCrFeNi high-
entropy alloy mixture, the thickness of the interfacial layer increases with the sintering
temperature. The hardness determined by nano-indentation for the high-entropy alloy
reinforcement, transition layer and matrix was 8.884 GPa, 2.376 GPa, and 0.470 GPa,
respectively. When the SPS temperature was 560 °C, a reaction layer with a thickness of
5—-7 um formed between the matrix and the reinforcing alloy. The yield strength of this
composite was 105 MPa, which is somewhat higher than the value predicted by the
Reuss model (86 MPa).

4.2. Features of the SPS process of metallic glass-aluminum composites

As a further development of this work, a more detailed characterization of the

reaction products forming between the metallic glass and aluminum will be needed. The

fine structure of the reaction layers and parameters of the crystalline structure of the
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newly formed phases could help understand the complex diffusion processes in the
multi-component system. Embedding gas-atomized powders of alloys in metallic
matrices under conditions such that interfacial reactions are allowed to proceed to a
certain degree appears to be a viable method of obtaining composites with core-shell
particle reinforcements. Such composites are currently of interest [8, 24]. The use of
SPS as a consolidation method is technologically attractive as, under properly selected
sintering conditions, it offers a single-step fabrication of MMCs with partially
amorphous core-intermetallic shell reinforcements. The formation of local regions, in
which the temperature is higher than that of the particle volume, can be used to
advantage for a quick synthesis of reaction layers modifying the composite’s properties.
The controlled growth of the reaction layer between aluminum and FeesCrioNbsB o9 is,
therefore, an efficient approach to tailoring the hardness of the composites. Here, SPS as
a consolidation method of aluminum-metallic glass mixtures offers a possibility of fast
one-step fabrication of composites with partially amorphous core-crystalline shell
reinforcements.
5. Conclusions

This work has allowed us to draw the following conclusions:

1. During SPS at 500 °C, no interfacial reaction product formed between the
FessCrioNbsB1g metallic glass particles and aluminum. At 570 °C, the reaction
advancement resulted in the formation of layers 10—15 um thick containing Fe>Als
and FeAls (around the Fe-based cores) in the composite sintered from the Al-20
vol.% FeesCrioNbsB 19 mixture.

2. The hardness of the composites depends on the sintering temperature and

composition of the starting Al-FessCrioNbsB1g9 powder mixture. The composite
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sintered at 570 °C from the mixture containing 20 vol.% FessCrioNbsB19 showed
a hardness of 280 HV due to the formation of the reaction layers. This value is
between those predicted by Reuss and Voigt models. In composites with thin
layers of the reaction products (SPS at 540 °C), the hardness was much lower and
close to the value predicted by Reuss model.

. Experiments with a pre-compacted composite and annealing of the sintered
composites in the absence of electric current showed that local heating at the

interface (interfacial resistance) should be considered an important factor in the

phase formation at the interface between the metallic glass and aluminum.
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Figure 1. XRD pattern of the FessCrioNbsB 19 gas-atomized powder, fraction <45 pm.
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Figure 2. XRD patterns of samples obtained by SPS of the FessCrioNbsB19 alloy

powder at 540 °C and 570 °C.
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Figure 3. Fracture surface of samples obtained by SPS of the FegsCrioNbsB19 alloy

powder at (a) 540 °C and (b) 570 °C.
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Figure 4. XRD patterns of composites obtained from the Al-20 vol.% FeesCrioNbsBi1g
powder mixture: SPS at 500 °C; SPS at 500 °C followed by annealing at 570 °C for 30
min; SPS at 540 °C; SPS of the cold-pressed pellet at 540 °C and SPS at 570 °C. The

graphite reflection in the pattern of the sample sintered at 500 °C is due to small pieces

of graphite foil adhered to the sample’s surface after SPS.
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Figure 5. XRD patterns of composites obtained by SPS of the Al-50 vol.%

FessCri0NbsB19 powder mixture at 500 °C and 570 °C.
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Figure 6. Cross-sections of composites obtained by SPS from Al-FessCrioNbsB19
powder mixtures containing 20 vol.% and 50 vol.% FeesCrioNbsBio: (a) 500 °C, 80/20;
(b) 500 °C, 50/50; (c) 540 °C, 80/20; (d) 570 °C, 80/20; (e) 570 °C, 50/50. The lamellae

on the surface of the particles are marked by red arrows in (a, b).
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Figure 7. Fracture surface of the composite obtained by SPS of the Al-20 vol.%

FessCrioNbsB19 powder mixture at 500 °C.
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Figure 8. Fe and Al maps from a selected area of the cross-section of the composite

obtained by SPS of the Al-20 vol.% FessCrioNbsB19 powder mixture at 570 °C.
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Figure 9. EDS spectra from points in the characteristic areas of the microstructure of

the composite obtained by SPS of the Al-20 vol.% FessCrioNbsB19 powder mixture at

570 °C.
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Figure 10. Fe and Al maps from a selected area of the cross-section of the composite

obtained by SPS of the Al-50 vol.% FessCrioNbsB19 powder mixture at 570 °C.
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Figure 11. Cross-section of the composite obtained by SPS of the AI-20 vol.%

FessCrioNbsB19 powder mixture at 500 °C followed by annealing at 570 °C.
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Figure 12. Reaction layer forming at the interface in composites obtained from the Al—
20 vol.% FeesCrioNbsB19 powder mixture: (a) SPS at 570 °C and (b) SPS at 500 °C

followed by annealing at 570 °C.
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Figure 13. Cross-section of the composite obtained by SPS of the pre-compacted Al-20

vol.% FeesCrioNbsB1g pellet, SPS at 540 °C.
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Table 1. Vickers hardness of the Al-FessCrioNbsB19 composites and microhardness of

individual phases/characteristic regions, SPS at 540 °C.

Al/ Rela- Micro- Micro- Hardness of Hardness — Hardness —
FessCrioNbsBio tive hardness of hardness of the Reuss model*, Voigt
volume ratio density, Al matrix, Fe-based composite, HV model*, HV
% HVo.o: cores, HV o1 HVy;3
80/20 97 44+1 1570120 75+14 55 349
80/20, cold- 97 477 1520110 6248 58 342
pressed

* calculated for the two-phase Al-20 vol.% FeesCrioNbsB19 composite
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Table 2. Vickers hardness of the Al-FessCrioNbsB19 composites and microhardness of

individual phases/characteristic regions, SPS at 570 °C.

Al/ Poro- Micro- Micro- Micro- Hardness of Hardness — Hardness —
FeesCrioNbsBig | sity**, hardness of hardness of hardness of the Reuss model, | Voigt model,
volume ratio* % Al matrix, reaction layer, Fe-based composite, HV HV
HV(),()] HV()}()] cores, HVom HV]
80/20 <1 63+7 860+70 1440490 280440 152%%:% 612%%*
50/50 ~6 - 930£50 1420470 440+40 - -

* Al/ FeesCrioNbsB 19 volume ratio is given for the powder mixture before sintering.

**determined from the analysis of the cross-sectional SEM images

**% calculated using volume fraction of the phases determined from the image analysis in ImageJ

software
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