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Abstract: In metallic glass-reinforced metal matrix composites, the glassy phase can serve a dual
purpose: (i) it can behave as soft binder and porosity remover during consolidation; and (ii) it can act
as the hard reinforcing phase after densification. The present work aimed to demonstrate the benefit
of the glassy reinforcing particles for the densification of aluminum matrix composites. The consoli-
dation behavior of Al-50 vol.% Fe-based alloy mixtures prepared using a glassy FegsCri9NbsByg alloy
powder (Tg =521 °C, Tx = 573 °C) or a crystalline FesyCrigNb12B1¢ alloy powder was studied under
spark plasma sintering (SPS) and hot pressing (HP) conditions. The powders were consolidated by
heating above the glass transition temperature of the glassy alloy (up to 540 °C in SPS and 570 °C in
HP). When the coarse aluminum powder was used, the reinforcing particles formed chains within
the microstructure. In composites formed from the fine Al powder, the particles of the Fe-based alloy
were separated from each other by the metallic matrix, and the tendency to form agglomerates was
reduced. The glassy state of the alloy was shown to be beneficial for densification, as the metallic
glass acted as a soft binder. The densification enhancement effect was more pronounced in the case
of reinforcing particles forming chains. The hardness of the Al-50 vol.% glassy FegsCrigNbsB1g
composites obtained by SPS was twice the hardness of the unreinforced sintered aluminum (110 HV;
versus 45 HV).

Keywords: aluminum matrix composite; spark plasma sintering; hot pressing; microstructure;
metallic glass; reinforcement

1. Introduction

Metal matrix composites present a broad class of materials, as numerous matrix-
reinforcement combinations are possible. Aluminum matrix composites have attracted
particular attention owing to their high specific strength [1,2]. The traditional approach
to obtaining these composites is to introduce ceramic particles as a reinforcing phase [3,4].
Despite commercial availability and chemical inertness of ceramic materials, ceramic
particle-reinforced aluminum matrix composites can suffer from weak interfaces and
agglomeration of ceramic particles causing the formation of difficult-to-eliminate porosity
within the agglomerates [5].

An alternative approach to reinforcing aluminum is to add phases/particles of metallic
nature to form strong bonding at the matrix/reinforcement interface. Along this line,
particles of high-entropy [6,7] or quasicrystalline alloys [8,9] can act as reinforcements. An
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attractive possibility is to use glassy alloys for reinforcing aluminum. Metallic glasses are
known for their high hardness, high strength, and an elastic strain limit of ~2% [10-12].
They behave as viscous liquids above their glass transition temperature. In the supercooled
liquid region, the viscosity of the material drops significantly allowing for shape changes
under low stresses [13,14]. Upon cooling below the glass transition temperature, metallic
glasses regain their hardness and strength. A decrease in viscosity can be used to advantage
for obtaining dense aluminum matrix composites by powder consolidation, the metallic
glass acting as both a binder and a reinforcing component [15]. Al-metallic glass composites
have been obtained by hot rolling [16,17], hot pressing [18], hot extrusion [19], induction
heating [15], hot pressing and subsequent hot extrusion [20,21], and spark plasma sintering
(SPS) [22-24]. It is assumed that the application of external pressure helps deform the
glassy particles and break the oxide films on the surfaces of the aluminum particles.

In the present work, we show the benefit of the glassy state of the added reinforcement
for densification of aluminum matrix composites. The formation of composites from the
Al-50 vol.% Fe-based alloy mixtures prepared using a glassy FegCri9NbsB1g alloy powder
or a crystalline FegyCrigNb1,B14 alloy powder of the same size (2040 pm fraction) was
investigated. By selecting aluminum powders differing in size, we established different
patterns of distribution of the alloy particles in the composites.

2. Materials and Methods

Al powders of two grades (PAD-6 grade, 99.9% purity, particle size range 3-10 um and
PA-4 grade, 98% purity, particle size range 10-45 pum) were used. A glassy FegsCrigNbsB1g
powder or a crystalline Feg,Cr19Nb1,B1¢ powder having the same particle size range (2040 um)
was added as a reinforcing component. For preparing the alloys, the following commercial
purity materials were used: 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, Aragariguama, Brazil), and metallic
iron (Fe content > 99.5 wt.%, Hogands, Mogi das Cruzes, Brazil). The powders were
obtained by argon gas atomization using a HERMIGA 75/5VI gas atomizer (Phoenix
Scientific Industries Ltd., Hailsham, East Sussex, UK). The target fraction of the powders
was separated by sieving.

The glass transition and crystallization temperatures of the FegsCri9NbsByg alloy are
Tg =521 °C and Ty = 573 °C (measured at a heating rate of 10° min~1) [25].

The pycnometer density of the FegsCrigpNbsBig and FegpCrigNbi2Big powders is
7.58 g cm 3 and 7.62 g cm ™3, respectively.

The Al-Fe-based alloy mixtures containing 50 vol.% of Al were prepared by mixing
the components in a mortar.

The mixtures were consolidated by SPS in a Labox 1575 apparatus (SINTER LAND
Inc., Nagaoka, Japan) under a uniaxial pressure of 40 MPa. The powder mixture (weight:
1.5 g) was placed in a cylindrical graphite die of 10 mm internal diameter. Tungsten punches
were used. A graphite foil lined the inner wall of the die and was also placed between the
flat ends of the sample and the flat ends of the punches to prevent a direct interaction of
the die and punch materials with the powder. Sintering was conducted in a forevacuum by
means of heating up to 540 °C at an average rate of 50 °C min .

Additional experiments were carried out using a hot press (a custom-made facility
developed by the Institute of Automation and Electrometry SB RAS, Novosibirsk, Russia).
Hot pressing (HP) was conducted in an argon atmosphere at a uniaxial pressure of 40 MPa
by means of heating up to 570 °C at a rate of 50 °C min~!.

After the graphite foil has been removed from the surface of the consolidated samples,
their dimensions were accurately measured for calculating their volume and density.

SPS of the Fe-based alloy powders (not mixed with aluminum) was conducted to
demonstrate the differences in the shrinkage behavior of the two alloys upon heating
up to 540 °C. The displacement curves of the samples recorded during sintering have
been analyzed.
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The X-ray diffraction (XRD) patterns of the powders and sintered composites were
recorded by a D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe, Germany) using
Cu Ko radiation. The morphology of the powders and microstructure of the sintered
composites were studied by scanning electron microscopy using a LEO 420 microscope
(Zeiss, Jena, Germany) and a TM-1000 Tabletop microscope (Hitachi, Tokyo, Japan). The
images of the polished cross-sections of the sintered specimens were recorded in the
secondary electron imaging (SE) mode. The images of the fracture surface of the samples
were recorded in the back-scattered electron (BSE) mode.

Vickers hardness measurements were carried out on DuraScan 50 hardness tester
(EMCO-TEST, Kuchl, Austria) at a load of 1 kg. The indentation direction was normal to
the pressing direction during consolidation. An average hardness was determined from
9 measurements. Standard deviations are reported along with the average values.

3. Results and Discussion
3.1. Characteristics of the Aluminum and Fe-Based Alloy Powders

The morphology of the aluminum and Fe-based alloy powders used in the present
work is shown in Figures 1 and 2, respectively. The two aluminum powders differ in the
particle size. The powders are of spherical (or nearly spherical) shape. The XRD patterns of
the Fe-based alloy powders are presented in Figure 3. The FegsCr19NbsB19 alloy is mainly
amorphous, while the Feg;CrigNby,B14 alloy is fully crystalline.

(@) (b)

Figure 2. Morphology of the Fe-based alloy powders: (a) glassy FegsCrigNbsB19 and (b) crystalline
FegrCrigNb12B1g (2040 pum fraction).
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Figure 3. XRD patterns of the glassy FegsCrigNbsB1g alloy and crystalline Feg;CrigNb12By¢ alloy
powders. (Fe,Cr)NbB has a hexagonal structure (space group P62m).

3.2. Structural Characteristics of the Sintered Composites

The XRD patterns of the sintered composites are presented in Figure 4. In the pat-
terns of the composites formed from the coarse aluminum powder, the diffraction halo
originating from FegsCrigNbsB19 and reflections originating from FegCrioNbi,B14 are
weak (Figure 4a,b). The penetration depth of X-rays in the Fe-based alloys is much smaller
than in aluminum (for the analysis conducted, it is smaller than the particle size of the
alloys), so the diffracted intensity does not “correspond” to the real concentrations of the
components in the composites. The X-rays allow detecting the very first layer only (when
hitting the Fe-based particles directly) or two layers (aluminum and the alloy particle
located underneath).

+
+Al
S
o
2
‘@ +
c
Q
=
+ +
J |
T T T T T 1
30 40 50 60 70 80 90
26, deg.
(a)

Figure 4. Cont.
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Figure 4. XRD patterns of the spark plasma sintered composites obtained from (a) Al (coarse)-glassy
FegsCrigNbsB1g; (b) Al (coarse)—crystalline FegyCrigNb12B1g; (c) Al (fine)-glassy FegsCrigNbsB1g;
and (d) Al (fine)—crystalline FegyCripNb1B1¢ mixtures. A red oval in (a,c) marks the range, in which

a diffraction halo is present.
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The fine aluminum powder can form thin layers in the subsurface region of the sample
subjected to the analysis. When composites are made using the fine aluminum powder, the
concentration of aluminum “detected” is lower than in the case of composites made from
the coarse powder. In the patterns of the composites obtained using the fine aluminum
powder, the evidence of the presence of the Fe-based alloys is clearly observed (Figure 4c,d).
The XRD pattern of the composite sintered from the Al (fine)—glassy FegCrigNbsB1g shows
a diffraction halo in the 42-48° (26) range, confirming the preservation of the amorphous
phase in the consolidated state. In the pattern of the composite sintered from the Al (fine)-
crystalline FegyCrigNbi,B1¢ mixture, a line corresponding to one of the crystalline phases
of the alloy ((Fe,Cr)NbB) is clearly seen. Other lines of the crystalline phases overlap with
reflections of aluminum. As seen from the XRD patterns of the composites, no significant
chemical interaction between aluminum and the alloys occurred during consolidation.

The temperature of the HP experiments was deliberately taken higher than the mea-
sured temperature during SPS. This was done to make up for the difference in the samples’
real temperature caused by the mode of heating. The temperature of the conductive speci-
mens is always higher than the temperature of the die wall; in the case of relatively low
sintering temperatures, the difference is several tens of degrees [26]. In the SPS process,
local overheating effects at the inter-particle contacts can play a significant role in densi-
fication. So, the heating conditions are intrinsically different in these two consolidation
processes. The XRD phase analysis did not reveal any reaction products in the hot-pressed
composites (Figure 5).

Table 1 shows the relative densities of the composites. The theoretical density of the
composites was calculated using the rule of mixtures and the density values of monolithic
aluminum and the pycnometer density of the alloy powders. It is seen that densification
of the Al (coarse)-glassy Feg,CrioNbsBjg powder mixture was more efficient than den-
sification of the Al (coarse)—crystalline FegyCrigNbi,B1¢ mixture. So, if the glassy alloy
powder is replaced by a crystalline alloy of close composition and the same particle size,
the relative density of the composite drops down significantly, from 99% to 84%. The
same effect is observed when composites are produced by HP, with the relative density
values being lower (94% and 78%). Mixtures containing the fine aluminum powder densify
efficiently, with only a smaller difference in the relative density between the composites
containing the glassy and the crystalline alloy (99% versus 94%). From the analysis of the
relative densities, it can be deduced that the state of the alloy (glassy/crystalline) plays a
significant role in the densification process, the presence of a glassy alloy greatly enhancing
densification. When the coarse aluminum powder is used for composing the mixtures, the
effect is more pronounced.

The microstructural studies helped rationalize the observed differences in the rel-
ative densities. In the microstructure of the composite obtained from the Al (coarse)—
FegsCr1oNbsB1g mixture (Figure 6a), particles of FegsCrigNbsB1g contacted each other and
formed chains. Within a chain, they sintered together, as the glassy alloy entered the
supercooled liquid region. A high residual porosity of the composite sintered from the Al
(coarse)—crystalline FegyCrigNb1yB1¢ mixture did not allow preparing a polished sample for
microstructural observations. For this reason, we show a micrograph of the fracture surface
of that sample (Figure 6b). Chains of crystalline Fes;Cr19Nb1,B1¢ particles formed during
sintering in a similar manner, but no inter-particle sintering occurred, as the crystalline
alloy was not capable of reducing viscosity under the selected sintering conditions. In
Figure 6a, it is seen that some particles detached from the matrix during polishing due to
weak bonding at the interface. As shown in refs. [27-29], chemical reactions between the
metal matrix and the metallic glass reinforcement result in the formation of intermetallic
layers, which increase the strength of the composites. When the product layer is rather
thick and is composed of brittle intermetallics, the composite itself becomes brittle [30].
In the present work, the sintering temperature was low and the overall exposure of the
samples was short for any significant growth of the intermetallic layers to be observed.
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Figure 5. XRD patterns of the hot-pressed composites obtained from (a) Al (coarse)-glassy

FegsCr19NbsB1g and (b) Al (coarse)—crystalline FegyCrigNb12B1g mixtures.

Table 1. Relative density of the sintered composites.

Relative Density, %

Powder
SPS HP
Al (coarse)—crystalline FegyCr1gNb12B16 84+1 78 +£1
Al (coarse)—glassy FegsCrigNbsBig 9 +1 94+1
Al (fine)—crystalline FegyCrigNb12B1g 94+1 -

Al (fine)—glassy FegsCrijgNbsBig 99 +1




J. Compos. Sci. 2022, 6, 135

8of 13

x500 200 um

(b)

() (d)

Figure 6. Microstructure of the spark plasma sintered composites obtained from (a) Al (coarse)—
glassy FegsCrigpNbsByg, (b) Al (coarse)—crystalline FegCrigNb12B1g mixtures, (c) Al (fine)-glassy
FegsCrioNbsB1g, (d) Al (fine)—crystalline FegpCrigNb,B1¢ mixtures. (a,c,d) Micrographs of the
polished cross-sections, SE images; (b) micrograph of the fracture surface, BSE image.

A combination of a relatively coarse reinforcement and a fine matrix powder provides
the best conditions for a homogeneous distribution of the former in the matrix and densifi-
cation enabled by the matrix [31]. In the present work, composites produced from the fine
aluminum particles feature a different distribution pattern of the particles (Figure 6¢,d).
The tendency of the alloy particles to form chains is significantly reduced. Many alloy
particles are fully surrounded by aluminum. This fact can be explained by the particle pack-
ing; smaller matrix particles fill the gaps between the reinforcement particles, separating
them from each other. The composite containing the crystalline alloy particles has again a
higher porosity than the composite with the glassy alloy particles, but this difference in
porosity is smaller than in the case of composites formed from the coarse Al powder. The
microstructure of the hot-pressed composite (Figure 7) is similar to the microstructure of
the composite of the same composition produced by SPS.

In order to reveal the physical nature of the beneficial effect of the glassy state of the
alloy for densification during sintering under pressure, model experiments were performed.
Fe-based alloys were subjected to SPS under conditions similar to those used for consoli-
dating the Al-Fe-based composites. The recorded temperature and displacement curves
are presented in Figure 8. As the glassy FeqsCrigNbsB19 alloy is heated above ~490 °C (at
this point, the real temperature of the sample can reach Tg), the sample experiences fast
shrinkage. At the same temperature, no evidence of shrinkage is observed in the case of the
crystalline FegyCr1gNbiyB1g. After the experiments, the glassy FegsCrigNbsBig alloy was a
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robust compact (although not fully dense), while the crystalline FegyCr;oNb1,B14 alloy did
not experience consolidation, remaining in the powder state.

X500 200 um

Figure 7. Microstructure of the hot-pressed composites obtained from the Al (coarse)-glassy
FegCr1oNbsB1g mixture (a), Al (coarse)—crystalline FegyCrigNb12B16 mixtures (b). (a) Micrograph of
the polished cross-section, SE image; (b) micrograph of the fracture surface, BSE image.

Figure 9 shows a schematic of the microstructures of aluminum matrix composites
formed using a glassy or a crystalline alloy reinforcement. The glassy state of the reinforce-
ment helps eliminate pores within the particle agglomerates of all sizes thanks to the ability
of the metallic glass to flow within its supercooled liquid region. In contrast, the crystalline
alloy particles are incapable of deformation at the selected consolidation temperatures.
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Figure 8. Cont.
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Figure 8. Temperature and displacement versus time during SPS of the glassy FegsCrigNbsB19 (a)
and crystalline FegyCrigNb1,B1¢ (b) alloy powders. Black lines, temperature; red lines, displacement.
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Figure 9. Schematic of the microstructures of aluminum matrix composites formed using a glassy (a,c)
or a crystalline (b,d) alloy reinforcement.
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3.3. Hardness of the Sintered Composites

The Vickers hardness of the composites is presented in Table 2 along with the hardness
of the sintered unreinforced aluminum. Due to the high residual porosity, the hardness
of the composite obtained from the Al (coarse)—crystalline FegpCrigNb1yB1¢ mixture was
not measured. It is seen that the hardness of the composites listed in Table 2 is approxi-
mately twice the hardness of the unreinforced aluminum. The microhardness of the glassy
FegsCr1oNbsB1g alloy particles, as determined in ref. [32], is ~1500 HV g;. If the hardness
of the corresponding composites had followed the Voigt model, much higher values would
have been obtained, close to 50% of the hardness value of the alloy. However, in the
microstructures obtained in the present work, the alloy particles (or their chains) are still
separated by aluminum, and the formation of a rigid skeletal structure from the alloy
particles is prevented. From the above considerations, it follows that Voigt model cannot
describe the hardness of composites obtained in the present work.

Table 2. Vickers hardness of the sintered composites and unreinforced aluminum.

Vickers Hardness, HV{
Sintered Material
SPS HP
Al (coarse)—glassy FegsCr1gNbsBig 106 + 40 83 +24
Al (fine)—glassy FegsCrigNbsBig 109 + 26 -
Al (fine)—crystalline FegyCrigNb12B1g 72 £8 -
Al (fine) 4 +1 -

4. Conclusions

The present work clearly demonstrated the benefit of the glassy state of the reinforcing
particles for densification of aluminum matrix composites. The consolidation behavior
of Al-50 vol.% Fe-based alloy mixtures differing in the size of aluminum particles and
crystalline state of the alloy was studied under SPS and HP conditions. Consolidation was
carried out by heating the mixtures under pressure above the glass transition temperature
of the glassy alloy. When the coarse aluminum powder was used, the particles of the alloys
formed chains within the microstructure of the composites. In the composites formed from
the fine aluminum particles, the tendency of the Fe-based alloy particles to form chains
was diminished and many alloy particles are fully surrounded by aluminum. In both cases,
the glassy state of the alloy was beneficial for densification, as the glassy alloy acted as
a binder while the crystalline alloy was not capable of performing this task. The binder
effect was more pronounced in the case of alloy particles forming chains. The hardness of
the composites formed from the Al-50 vol.% glassy FegsCrioNbsB19 mixtures by SPS was
found to be twice the hardness of the unreinforced aluminum.
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