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Abstract: Particle-reinforced aluminium matrix composites (AMC) with a high-volume fraction
of ceramic reinforcement (>30 vol.%) combine high specific strength and stiffness with good wear
resistance and thermal stability, resulting in their increasing popularity in high-load applications, such
as brake discs and bearings. It is hence assumed that AMC will accumulate as scrap in the near future.
Appropriate recycling strategies must therefore be developed to maintain AMC’s inherent properties.
Melt-metallurgical recycling routes bear the danger of dissolving the ceramic reinforcement in the
liquid metallic matrix and contaminating primary melts or forming intermetallic phases in secondary
melts. Here, a solid-state AMC recycling route with crushing and sintering is investigated, wherein
all steps are carried out below the solidification temperature of the aluminium matrix. A sintered
primary AMC is mechanically converted into a particulate/powdery secondary raw AMC in coarse,
medium, and milled quality (i.e., with d =~ 7-12 mm, d ~ 3-7 mm, and 4 < 300 um) and subsequently
resistance heating sintered to a secondary AMC under a variation of the sintering pressure. The
two AMC generations are analysed and discussed regarding their microstructure and mechanical
properties. Since the secondary AMC show reduced the mechanical strength, the fracture surfaces
are analysed, revealing iron contaminations from the mechanical processing.

Keywords: aluminium matrix composites; AMC; closed-loop; composite; FAST; recycling; metal
scrap; solid state; sintering; SPS

1. Introduction

Since the mechanical strength and wear resistance of aluminium matrix composites
(AMC) increase with increasing volume fraction of ceramic particle reinforcement [1], the
market share of high-particle-reinforced AMC increases likewise. This trend already exists
especially due to the beginning commercialisation of AMC brake discs, although mass
production processes are currently lacking. Despite the nearly wear-free behaviour of high-
particle-reinforced AMC in tribological contact with semi-metallic brake lining material [2],
a significant amount of AMC scrap with a high content of ceramic hard phases is to be
expected at the end of the latest car life cycle.

Due to similar characteristics of aluminium alloys and AMC (like density, colour, and
non-magnetic behaviour), low amounts of AMC are likely to be recycled undetected by
state-of-the-art melt metallurgy processes together with other aluminium scrap. In this way,
not only does melt contamination occur due to fully or partly dissolving reinforcement
particles, resulting in the formation of brittle phases (e.g., in the interface area) [3-5], but
also the AMC itself as a high-performance composite with defined properties and a high
inherent value (due to the former expenditures in production resources and energies) gets
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lost. A single-variety recycling route is required to maintain both AMC material properties
and inherent values. Melt-metallurgical recycling routes can be applied, especially to AMC
with an aluminium cast alloy matrix. However, due of the typical extended process periods
and high process temperatures, the reinforcing phase may segregate or (partly) dissolve,
forming unwanted reaction phases. The properties of the resulting secondary AMC,
hence, are likely to vary significantly from the properties of the initial AMC. Therefore, an
alternative way to retain specific properties of high-particle-reinforced AMC is needed.

AMC with high volume fraction of ceramic reinforcements, such as SiC, TiC, and
Al,O3, are significantly more brittle than unreinforced aluminium alloys [6-8]. This specific
characteristic of high-particle-reinforced AMC materials makes their mechanical recycling
possible. It is to be expected that the initial microstructure of a high-particle-reinforced AMC
can be maintained during a solid-state recycling process due to its low deformation capacity
(toughness) [9] and brittle cracking behaviour [10]. In this study, mechanical recycling is
defined as a simple crushing or milling process that is not prone to (significantly) change
the local chemical composition and general properties of the recycled AMC. In this way,
the selected recycling route opens up multiple AMC reuse/recycling steps to create a
closed-loop material life.

The result of the so defined mechanical recycling of AMC will be a more or less broad
AMC particle/powder fraction depending on the AMC composition, the chosen crushing
and milling processes, and their parameters. These particle/powder fractions can then
be further processed by powder-metallurgical processes. A fast and robust consolidation
method is the resistance heating sintering (RHS), also known as SPS (spark plasma sintering)
or FAST (field assisted sintering technique). Here, it is referred to as RHS to specifically
describe sintering by resistance heating of the sintering powder, either directly through its
own electrical resistance or indirectly with the used (graphite) tool. RHS is used since it is
under discussion, whether spark plasmas occur during this process (which excludes the
term SPS), as well as the terminology “field assisted sintering” (i.e., FAST), which includes
different processes [11]. By means of RHS, the AMC particle or powder material can be
consolidated within a few minutes due to high heating and cooling rates and a sintering
process temperature near the solidification temperature of the AMC’s aluminium matrix,
hence creating a strong diffusion flux. A further accelerated densification during RHS can
be achieved by applying an additional mechanical load.

In this study, the described solid-state processes, i.e., mechanical recycling and RHS,
are combined to process primary AMC material to compact irregular and mixed AMC
particles and, subsequently, to a secondary AMC material. These processes were specifically
selected as processes with a low impact on the initial AMC microstructure and properties.
This impact will be evaluated in order to consistently pursue the idea of a later closed-loop
solid-state recycling route.

2. Materials and Methods
2.1. Material and Preparation

An AMC with an AlSi7Mg matrix alloy and 35 vol.% silicon carbide particles (SiCy,
F400) was consolidated by RHS. Figure 1 shows the microstructure, with light grey areas
representing the aluminium matrix and middle grey areas representing the ceramic particles.
The dark grey to black areas are associated with process-related pores.

The bulk AMC material, a disc with a diameter of 200 mm and a height of approx-
imately 10 mm was crushed in an undefined manner using a mechanically controlled
press. From the resulting wide AMC particle fraction, two fractions with average diameters
between ~7 mm to 12 mm (coarse) and ~3 mm to 7 mm (middle) were selected for further
investigations. In addition, chips from mechanical machining of the same material were
milled using Al,O3 balls (with diameters of 20 mm) in a laboratory scaled planet ball
miller (Pulverisette 5, Fritsch GmbH, Idar-Oberstein, Germany). Both drums and balls used
during milling were made of zirconium oxide and aluminium oxide, respectively, showing
a significantly higher hardness than AMC milling good (approx. 100 HBW 62.5/2.5) and,
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thus, preventing abrasion and contamination of the recycled AMC material. Ball-milling
was carried out for 30 min at 100 rpm, followed by three runs with a duration of 5 min at
200 rpm with intermittent cooling for 5 min to avoid significant temperature increase. The
resulting powder consisted of fine particles (<300 um) of irregular shape. The three AMC
fractions “coarse”, “middle”, and “filler” (milled chips) are described in detail in Table 1.

Figure 1. The initial resistance heating sintered AMC condition consists of an aluminium matrix (light
grey value) and 35 vol.% polygonal silicon carbide reinforcement (medium grey value, d5p ~ 20 um).

Table 1. Overview of the used AMC fractions.

Coarse Middle Filler
Source AMC particulate material milled AMC chips
Macro
images

Average particle size

Microstructure
(powder cross
sections)

Since the bulk density has a noticeable influence on the subsequent sintering result, it
was measured for all fractions, as described in [9]. For calculation of the relative density,
the measured values were put into ratio with the density of 2.86 g/cm? corresponding to
an ideal AMC body of this specific composition. The results are shown in Table 2.
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Table 2. Evaluated bulk and relative densities of all particle fractions.

Coarse Middle Filler CM (Coarse Mixed) ¥ MM (Middle Mixed)
Bulk density (g/cm3) 1.33 +0.05 1.23 £ 0.03 1.31 = 0.04 1.69 £ 0.04 1.57 & 0.05
Relative density ~47% ~43% ~46% ~59% ~55%

In order to increase the bulk density, mixed fractions of either coarse or middle fraction
together with the filler fraction were used. The theoretically optimal mixing ratios are
approx.: 1:1 mass mixture ratio (AMC particles to AMC chips) for the coarse mixed (CM)
and a 2:1 mass mixture ratio for the middle mixed fraction (MM). The CM and MM fractions
were then used for further processing by RHS in order to evaluate the recyclability of the
initial AMC material.

2.2. Consolidation and Sample Preparation
2.2.1. Resistance Heating Sintering (RHS)

The above-mentioned recycling fractions were separately filled in a graphite tool with
an inner diameter of 30 mm and consolidated by RHS with a SPS KCE FCT-HP D 25-5S1
device (FCT Systeme GmbH, Frankenblick, Germany). Similar RHS routes were applied to
process the CM and MM fractions. First, the vacuum chamber was evacuated twice with
argon gas flooding in-between. After setting a vacuum of 1 mbar, the sintering pressure
was raised to 50 MPa for the CM fraction and to 30 MPa for the MM fraction. The sintering
processes’ heating rates were 100 K/min until equal sintering temperatures of 520 °C were
reached, controlled by pyrometer measuring from 5 mm distance within a borehole in the
graphite tool right above the samples’ centre surfaces. The sintering temperature was held
for 10 min. Afterwards, the graphite tool containing the sintered recycling parts was cooled
down uncontrolled by the water-cooled press punches of the device. To prevent adhesion
between the sintered parts and the rough surface of the graphite tool, graphite interlayers
were used during the whole sintering process.

2.2.2. Sampling
The following samples were cut by wire eroding from each sintering sample:

Four cross sectional parts for microstructural analysis;

Three miniature bone shaped tensile specimens;

Three cylindrical compression specimens.

The sample positions within the produced sinter parts are schematically illustrated in
Figure 2. As constant heating across the entire sample cannot be guaranteed by the used
RHS setup, the outer compression specimens were marked extra and the tensile specimens
were located as near to the sinter part’s centre as possible.

*Special geometry:

T
i

Compression samples |
(@ 5 mm, h =5 mm) .

Miniature bone shaped
tensile samples*

Cross sectional parts

E==f——t—t—%

Figure 2. The schematic illustration shows the positions of the samples for microstructural analysis
and mechanical testing that were cut from each sintering sample using wire eroding and the non-
standard tensile specimen shape on the right. The tensile specimens No. 1 to 3 are analysed separately

in Section 3.3.
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The metallographic sections were prepared with a usual preparation routine of grind-
ing and polishing.

2.3. Mechanical Testing
2.3.1. Compression Test

The compression tests were carried out in a ZwickRoell Z100 universal testing ma-
chine (ZwickRoell GmbH & Co., KG, Ulm, Germany). The set strain rate was 103 g1
(quasi static), and the contact surfaces of the specimens were covered with molybdenum
disulphide to avoid additional friction during testing and to ensure a nearly uniaxial
compression. All specimens, i.e., three for each recycling condition (CM and MM), were
compressed to 50% of their initial height. The yield strength and the strength at a compres-
sion of 20% were evaluated.

2.3.2. Tensile Test

For the evaluation of the behaviour under tensile load, the miniature bone shaped
specimens (see Figure 2) were tested in a ZwickRoell Z020 universal testing machine
(ZwickRoell GmbH & Co., KG, Ulm, Germany) under quasi static condition (1073 s71).
Strain was measured with digital image correlation (Carl Zeiss GOM Metrology GmbH,
Braunschweig, Germany). The strains along the direction of tensile load were monitored
to evaluate local deformation. Images for further discussion were taken at the moment of
first appearances of local deformations and instantly before failure in order to be able to
conclude on weak points or areas in the recycled sinter bodies.

2.4. Microstructural Analysis
2.4.1. Qualitative and Quantitative Microstructural Analysis

The investigation of the cross-sectional areas at different magnifications were carried
out with an optical microscope Olympus GX51 (Olympus Deutschland GmbH, Hamburg,
Germany) for qualitative evaluation. The porosity was quantified using the software
Stream Motion 2.1 (Olympus Deutschland GmbH, Evident Corporation, Tokyo, Japan;
evaluation software: Olympus Stream Motion 2.1) via grey threshold values by using
10 ranges of interest of (800 x 800) um? to obtain an average porosity value for each type
of secondary AMC.

For a better understanding of the fracture behaviour, selected tensile specimens were
prepared for microstructural analysis. The fracture surfaces, as well as the flat side of
the tensile specimens that was already monitored during tensile tests with digital image
correlation, were examined using stereo microscopy, scanning electron microscopy (SEM;
ZEISS LEO 1455VP, Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany),
and EDX (energy dispersive X-ray spectroscopy).

2.4.2. Interface Indentation

The bonding of the former (powder) particles play a major role for the properties of the
sintered material. The interface quality between particles of the coarse and middle particle
fraction of the crushed AMC and the milled filler powder especially must be described
by an appropriate, characteristic value to evaluate the recycling result. A Fischerscope
HM2000 xy instrumented indentation testing device (Helmut Fischer GmbH, Sindelfingen,
Germany) equipped with Vickers indenter was used for a non-standardised interface
bonding test following the interfacial indentation test of Marot et al. [12]. Therefore, ten
indents were set perpendicularly along interface areas (see Figure 3) to “trigger” cracks in
case the bonding in the interface is worse than within the particles themselves.
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AMC particles
from full material

_ interface
area

milled AMC
chips

Figure 3. The schematically drawing of the positioning of the interface indents in diagonal order to
the interface area are shown.

3. Results and Discussion
3.1. Microstructural Evaluation of Sintering Qualities

Figure 4 provides an overview of the macro- and microstructures of the sintered
samples. The stereomicroscopic images in the first row clearly show areas of different
appearance. On the one hand, there are large dark areas corresponding with former
particles from the particulate material (see Table 1). On the other hand, there is a lighter
appearing material in-between corresponding with the former filler material, i.e., milled
chips (see Table 1). Its lighter appearance is obviously caused by a higher amount of smaller
and more finely dispersed SiC,, (see Figure 4c,d), which lead to a stronger light reflection.

The light microscopic pictures in Figure 4 show that in the former chip areas, the
average SiC,, particle size is significantly smaller and more heterogeneous in comparison to
the reinforcement phase of the initial AMC material. This heterogeneity in size is probably
the result of varying cutting forces and deformation grades during chip formation in the
applied turning process. The amount of cracked SiC particles is higher in chip locations
that experienced a higher mechanical load during cutting, whereas in locations with a
lower local load, the SiC particles stayed intact.

Figure 4 further displays that the particles from the “coarse” and “middle” AMC
particulate material are fully embedded within a matrix of the milled chips “filler” (see also
Table 1). The different particle types were successfully sintered with the applied RHS route,
i.e., former particle boundaries cannot (CM fraction) or can just barely (MM fraction) be
seen in the light microscopic pictures in Figure 4. Only the change in mean SiC particle
size, i.e., the presence of fragmented SiC, reflects the transition from one type of starting
powder/particle fraction to another. Cislo et al. [13] investigated the solid-state recycling
(comminution, cleansing, pre-compaction, pulsed electric current sintering) of EN AW
6082 chips and observed a similar result. In their investigations, residue chip boundaries
were also barely visible.

The details in Figure 4c—f show the differences between the two sintered secondary
AMC types using either the CM or the MM fraction. The secondary AMC produced under
the use of the MM condition shows a significant level of pores, mainly in the interface area
between the former chip filler and medium particulate fraction and also in the region of the
former chip filler, as well as in some former particles of the particulate material. This—in
comparison to the AMC produced from a CM fraction high-level of porosity—is explained
by the lower sintering pressure while processing the MM fraction (see Section 2.2.1). Since
the relative powder density of the CM and MM fraction were similar (Table 2), the lower
sintering pressure resulted in a reduced volume diffusion flux that is needed to fill the
present gaps, cavities, and pores. This volume diffusion flux, on the other hand, was higher
during the sintering of the CM fraction under a higher sintering pressure. As a result, while
the CM exhibits a nearly pore-free microstructure, the MM has a porosity of about 0.5-1.0%
over the whole cross-sectional area.
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Figure 4. Optical micrographs of the sintered CM (a,c,e,g) and MM (b,d,f,h) conditions were taken
at different magnifications. The CM samples are nearly dense while the MM samples show pores
(black/dark areas). There is a clearly visible difference between the former particles from particulate
material and the milled chips: in the stereomicroscopic images (a,b), the former chips area looks
lighter. In the light microscopic images (c—f), the chips areas appear darker due to the high amount of
smaller SiCp,. In addition, in both conditions, isolated dark grey phases are infrequently located in
the interface areas (g,h).

For a better evaluation of the bonding between the former AMC particulate and
powder material, interface indentations were carried out in both the secondary AMC from
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the CM and MM fraction. Figure 5 shows typical interface areas before and after the
indentation. The interface areas are respectively marked with the light dashed lines. In all
cases, no visible cracks along the interfaces were triggered by the indenter. Only the area
near the indentation was deformed by the volume displacement. This is also in accordance
with earlier investigation results by Cislo et al. [13]. While a delamination of the former
chip particles after pre-compaction at room temperature was observed, the consolidation
through sintering led to a strong bond, that corresponded to the coherence in the material
itself. Due to the absence of cracks in both secondary AMC, the interfacial toughness
cannot be determined according to [12]. Since failure on the part of the particulate/filler
material is more likely to be observed, it can be assumed that the bond between the fractions
corresponds to the cohesion within the sintered fractions. These interfaces are therefore
evaluated as metallurgically bonded.

before

after

Figure 5. Typical micrographs of the interface (marked with white dashed lines) before and after
indentation of both conditions are demonstrated. The CM on the left and MM on the right indicate a
good bond between the coarser particles from the particulate material and the milled chips: no cracks
along the interfaces were observed.

Furthermore, dark and rarely occurring, the elongated phases (Figure 4g,h) were
observed in the interface areas of particulate material particles. Whether at all and to what
extent these phases have an influence on the fracture behaviour is described and discussed
in Section 3.3.

3.2. Mechanical Behaviour under Tensile and Compressive Load

The results of the quasi-static tests under a tensile and compressive load are presented
in Figure 6. Compared to the initial AMC condition (as-received), the tensile strength
of the sintered AMC using a CM fraction is reduced by about 30% and that for an MM
fraction by about 60%. It can be assumed that a weaker bonding between the heterogeneous
areas, i.e., between the filler and coarse or medium particulate phase, respectively, leads to
failure already at lower stresses since the observed small variation of the present porosity
level does not strongly affect the AMC strength [9]. In general, the strength values of the
recycled conditions scatter more strongly than those obtained for the initial as-received
AMC. However, this originates from the more irregular AMC composition respective the
described areas of former filler and particulate AMC material in combination with the small
specimen volumes during mechanical testing. In addition, the average maximum strains
for the recycled AMC conditions are significantly lower than the as-received condition.
This indicates an extremely brittle behaviour of the recycled fractions.
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Figure 6. Both conditions were tested under (a) tensile load and (b) compressive load and are shown
in comparison to the initial AMC condition (as-received). In the compression tests, the specimens of
all conditions show a significant strain hardening up to the evaluated compression of 20%.

The compression tests confirm that secondary AMC obtained from the CM and MM
fraction exhibit lower strength than the initial as-received AMC and that the AMC from the
CM fraction shows higher strength values than that from the MM fraction. In comparison
to the tensile strength values, however, the grade of the strength reduction was lower in the
compression tests. Simultaneously, the specimens show a significantly higher deformation
capacity in the compression tests due to the absence of the notch effect of the pores.
Nevertheless, in the case of the AMC obtained from the MM fraction, the observed pores
reduce the effective cross-sectional area and, therefore, enable material flow at lower
global stresses. Further, the lower content of the filler fraction with its fine SiC particles
offers a lower dispersion hardening effect compared to the AMC obtained from the CM
fraction. In comparison with the offset yield strength, the strength of all conditions at a
20% compression increased by about 50% (Figure 6b, blue bars). After reaching the yield
strength (Figure 6b, grey bars), retained pores in the AMC flatten, and strain-hardening
takes place. However, the absolute increase in stress due to strain hardening (and friction)
is about 135 MPa for the AMC from the CM fraction and about 115 MPa for that of the
MM fraction. This higher strength could result from the better bonding state in the AMC-
internal interfaces between the former filler and particulate material, which is likely to be
caused by the increased driving force for sintering due to the increased process pressure,
discussed above [14].

In addition, in all AMC qualities, dispersion hardening could occur since the fine
particles do not only work as pinning sites for dislocations, but also as effective obstacles
for dislocation movement. This results in a similar relative increase in strength up to a
compression of 20% for all tested AMC despite their different microstructures.

Nevertheless, the initial condition with its homogeneous AMC microstructure exhibits
the highest yield strength when compared to the secondary AMC conditions. This is again
attributed to the heterogeneous distribution of differently sized former AMC particles, as
well as areas of significantly differing SiC,, sizes in the secondary AMC obtained from
the CM and MM fraction. The difference in bearable stress may specifically be attributed
to the present interfaces between the former filler and particulate fractions, as well as
local gradients of mechanical properties. Guo et al. [15] recycled a 15% B4C reinforced
Al 1060 with melt metallurgy. They observed no reduction in mechanical properties after
recycling. A better distribution of the reinforcement phase after recycling even led to a
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slight improvement in the mechanical properties. However, a local formation of a reaction
phase during sintering was also observed. The followed recycling route is therefore limited
in terms of the reinforcement content due to the already described risk of the formation of
brittle detrimental phases.

An additional strength-reducing influence on the investigated secondary AMC could
be reaction phases or contaminations that result from the mechanical crushing and milling
of the secondary AMC raw material and that concentrate at the internal secondary AMC
interfaces. Therefore, a fracture face analysis is addressed in Section 3.3.

3.3. Fracture Analysis

A full fracture analysis on each individual tensile specimen of the recycled AMC sinter
materials was performed to reveal the influence of the heterogeneous microstructure on
the fracture behaviour. In Figure 7, the recorded local deformations are presented. Dashed
blue frames on the respective specimen macrographs mark the regions of interest recorded
by digital image correlation.

©  (b) MM

—- o0

2 mm

5 mm

Figure 7. All tested tensile specimens of conditions (a) CM and (b) MM are shown. In addition to
that, results of the recorded deformation measurements (taken from the blue dashed framed areas)
are listed: A—when the first local deformation (white arrow) can be observed, B—last image before
specimen broke; fracture position is marked with a dashed black ellipse. The colour scale shows the
degree of deformation.

The presented images of these records marked with an A represent the beginnings of
the respective localised deformation, whereas pictures marked with a B correspond to the
respective last records before failure. White arrows in these images point to the locations of
the first deformation, and the black dashed ellipses encircle the regions of failure.

As can be seen by the displayed deformation scales, the local deformation in tensile
stress direction did not exceed 2.0%, and the global deformation was not higher than 0.7%
on average (Figure 6a). Comparing the respective images A and B, it is important to note
that the locations of the first deformations do not, in most cases, correlate with those of the
later sample failure. The reason for this is that only one surface of the tensile test specimens
was observed while deformation localisations that led to failure could only be apparent
on the specimens’ backs. Comparing the images from a digital picture analysis with the
respective macrographs, differences in the fracture behaviour of AMC obtained from the
CM and MM particle/powder fractions become visible. AMC specimens from the CM
fractions mainly failed under a shear fracture while the AMC specimens from MM fractions
showed an irregular, mixed-to-normal stress fracture.

SEM examinations were carried out to better understand the structural differences
that lead to the different fracture types. Specimen number 3 (compare Figure 7) was
chosen as a representative for both secondary AMC types. Figure 8 gives an overview
of the fracture surfaces for AMC obtained from the CM (a) and MM (b) particle/powder
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fractions, respectively. The stereomicrographs at the tops are included for easier allocation.
The respective SEM images of the tilted fracture surfaces are presented below, giving
impressions on the topography (SE contrast) and element composition (BSE contrast).

Figure 8. The fracture surfaces of the investigated tensile specimens (a) CM and (b) MM are compared
to each other. On the top, stereomicrographs of the fracture surfaces from the side of deformation
analysis is shown. In the middle and bottom, SEM images of the fracture surfaces are presented in
overview. Details of the typical fracture surface areas (rough and smooth) marked with 1 and 2 are
shown in Figure 9.

It is noticeable that, in Figure 8a, about 80% of the fracture surface of the AMC
obtained from the CM particle fraction are very fine and smooth while the rest is clearly
more fragmented and rougher. On the other hand, the AMC obtained from the MM
fraction (Figure 8b) has an inversed appearance: the largest part of the fracture surface is
characterised by severe fracturing, and smooth surface areas are seldom. The smooth and
angled fracture surface areas are related to areas of shear fracture, whereas the rough areas
represent areas of normal stress breaking.
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Figure 9. The areas marked in Figure 8 are shown at higher magnification. The normal stress fracture
areas (a,b) of both conditions are presented. The angled and smoother fracture surface areas are more
or less uniformly contaminated by ferrous particles (c—f).

Besides the different roughness values and angles of these areas, differences in their
elemental composition can be seen. The BSE images indicate a concentration of an element
with a significantly higher atomic mass (light grey/white dots) than aluminium in the
fracture surfaces of both AMC types. The concentration of this element appears to be higher
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on the fracture surface of the AMC obtained from the MM powder than on the fracture
surface of the AMC obtained from the CM powder.

To reveal the nature of this element, SEM analyses at a higher resolution were carried
out (Figure 9) at the positions 1 and 2, respectively marked in the fracture surface images
in Figure 8. Position 1 represents areas of normal stress fracture, and position 2 represents
regions of shear fracture.

While the rough, i.e., normal stress fracture, surface of the AMC obtained from the CM
shows an irregular and fissured topography, the corresponding fracture surface of the AMC
obtained from the MM is characterised by the typical honeycomb structure of the ductile
cast aluminium alloy matrix, which was also observed in tensile specimens of the initial
AMC condition. It is a trans-granular fracture, wherein the crack path is mainly directed by
pores and the interface areas between aluminium matrix and reinforcing SiCp, phase. Here,
the aluminium matrix is delaminated from the SiC particles. Nearly exposed SiC particles
are visible in the examined fracture structure as well as gaps, where SiC particles were
previously located. Krishnan et al. [16] observed similar fracture surface morphologies for
another type of recycled AMC that contained a spherically shaped Al,O3, reinforcement
phase. From the respective investigations, it was concluded that the composites failed
predominantly with the brittle fracture mode while the ductile fracture was limited to a few
areas. In addition, Srivatsan [17] described the fracture surfaces of Al,Os-reinforced AMC
as rough on a microscopic scale and as normal to the tensile stress axis, but he also observed
the brittle cracking of the reinforcement phase. Srivatsan attributed this observation to the
present hard and brittle reinforcement particles that cause a triaxial stress state in the soft
and ductile metal matrix. The resulting restricted deformability of the composite limits
the flow stress of the metal matrix. This, on the one hand, favours the formation and
growth of voids within the matrix, and, on the other hand, provokes debonding at the
particle-matrix interfaces.

The smooth fracture morphology that appears in both secondary AMC types is not to
be expected for a material quality that is similar to the initial AMC state, which usually fails
at a full normal stress fracture. However, the BSE images in position 2 of both secondary
AMC types confirm—in combination with EDS—a significant amount of iron and carbon
(arrows in Figure 9d,f), as well as chrome, in some places. These elemental contaminations
were not detected in the respective position 1. This ferrous phase is already visible in the
light microscope images (see Figure 4g,h). However, the concentration of this phase differs
for the different secondary AMC types. In case of the AMC obtained from the CM, there are
only a few punctual accumulations of this phase, whereas it is distributed almost uniformly
at the fracture surface of the secondary AMC obtained from the MM (see Figure 9e,f).
Comparing the respective topographies, it becomes obvious that the highly contaminated
fracture surface of the AMC obtained from the MM is much smoother than that of the AMC
obtained from the CM.

Apparently, the ferrous phase contaminated the secondary AMC during the undefined
crushing of the initial AMC, which was done using steel pressure-loading punches. From
the above described SEM investigations, it can be assumed that finer particles from the
particulate secondary material came in frictional and, thus, tribological contact with the
steel punch more often than coarser ones so that the total amount of the transferred ferrous
phase is increased in the AMC obtained from the finer crushed particle fraction, i.e., from
the MM fraction. In addition, this transfer of the ferrous phase obviously resulted in a
uniform and smooth transfer layer on these particles. The ferrous phase or transfer layer
weakens the metallurgical bonding between the AMC chip filler and particulate material
in the CM and MM fractions during the RHS process. This effect being more pronounced
in the AMC obtained from the MM fraction, specimens of that type failed earlier when
compared to the initial AMC and that obtained from the CM fraction.

It has to be noticed that all smoother fracture surfaces show contamination with the
ferrous phase. In addition, these fracture surfaces are mostly at an angle similar to the 45°
angle for shear fractures. It is possible that the contaminated interface areas preferably
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fail under shear loading. The specimens thus failed prematurely due to correspondingly
arranged interfaces. The Coulomb criterion for a shear fracture of a brittle material states
that shear fractures occur when the shear resistance on a potential fracture surface exceeds
two forces: (1) the cohesive force of the material along that surface prior to the fracture’s
formation and (2) the frictional resistance along that surface once formed. Thus, the total
shear resistance is the sum of the cohesive shear strength and the product of the effective
normal stress and the coefficient of internal friction [18,19]. The sliding resistance then
determines whether the failure is caused by new shear fractures or by sliding on pre-existing
cohesionless surfaces. From this, it can be concluded that the resistance against sliding
and the cohesive force is reduced in the area of contamination with the ferrous phase due
to the absence of a metallic bond/cohesion. Consequently, the shear stress caused by the
mechanical load was higher than the shear strength at these interfaces.

Due to the random arrangement of a former particulate AMC material and chips
within the secondary AMC types, the crack was then deflected, leading to significantly
higher stresses on the smaller residual cross-section, which caused a brittle residual fracture
perpendicular to the normal stress direction.

In order to find an additional explanation for the failure of the AMC obtained from
the MM at comparatively low loads, the crack paths were further investigated using the
counterparts of the tensile test specimens.

Figure 10 shows these cross sections for the secondary AMC obtained from the a) CM
and b) MM. In the case of the AMC from the CM, the crack runs straight in the direction of
the above discussed angle, similar to a shear fracture. Based on the previous considerations,
the weakest fracture surface area had to be the (contaminated) former surface of a particle
from the particulate secondary AMC material, as can be seen in the middle upper detail of
Figure 10a. At the edge to the crack, smaller, crushed SiC particles are visible. They are
possibly residues of the AMC component from the former chip material or of the SiC;, phase
of the crushed particulate AMC material itself that was broken down during the undefined
crushing. The bottom detail of Figure 10a shows the deflected residual fracture surface that
results from the ending of the area/volume of the former particle of the particulate AMC
material. Depending on the tensile specimens’ shape and the proximity to the specimen
neck, the shortest way for the crack was directly through the former AMC chip material,
characterised by the heterogeneous SiC;, phase, comprising a mixture of fine and coarse
SiC particles.

The findings from light microscopic images are confirmed by the SEM investigations of
the fracture surface in Figure 9a, where the honeycomb structure of the matrix material was
not generated due to the fine and homogeneously dispersed SiC,, phase, which randomly
deflects cracks.

In case of the AMC obtained from the MM fraction (Figure 10b), the observed crack
runs through a former particle of the particulate AMC material, connecting inner inho-
mogeneities and defects, such as particles from the SiCp, phase or pores, while crossing
a plastically deformable aluminium matrix. Thus, a very coarse fracture topography is
formed. In comparison to the AMC type obtained from the CM, the included former
particles from the particulate AMC material contain pores, artefacts of the initial sintering
process. Apart from the facilitated crack propagation, the amount of pores leads to a
reduced material volume and cross-sectional area, hence resulting in higher local stresses
under the mechanical load. As a consequence from all discussed effects, i.e., the contami-
nation, higher porosity, and reduced continuity of a ductile aluminium matrix, the AMC
obtained from the MM fraction show less strength and lower strains in comparison with
the AMC obtained from the CM.



Crystals 2023, 13, 830

15 of 17

Figure 10. Stereomicroscopic images of the counterparts of the investigated tensile specimens are
on the left side, and microstructural details were taken by a light microscope on the right side.
(a) Condition CM and (b) condition MM are shown in comparison.

4. Summary and Conclusions

In this study, the microstructure and mechanical behaviour of two solid-state recycled
AMC conditions (matrix: AlSi7Mg, reinforcement: 35 vol.% SiCp) were investigated. The
conditions differ in the content and size of the particles resulting from a crushed AMC
particulate material, the resulting bulk density of the particulate/powder phase, as well as
the RHS route applied to the secondary AMC raw material to form secondary AMC sinter
bodies. Milled AMC chips were used as a filler material between the particulate material
to obtain dense secondary AMC. Two secondary AMC types were produced. While the
AMC obtained from a medium particle/powder phase (MM, with higher content of smaller
particles from the particulate AMC raw material and sintered with lower sintering pressure)
showed only a slight reduction in compression strength, significant differences under the
tensile load were observed in comparison with the other AMC obtained from a coarse
particle/powder phase (CM, with lower content of coarse particles from the particulate
AMC raw materials, and sintered with a higher sintering pressure). Due to the higher
porosity and contamination level in the AMC obtained from the MM, a failure at lower
loads was observed. The contamination results from a mechanical crushing process to
produce the secondary AMC particulate material using a standard device comprising steel
punches. The frequency of the occurrence of the transferred ferrous layer increases with
the increasing crushing contact of the particles with the device. Consequently, smaller
particles from the particulate material were more contaminated, which leads to a lower
bonding within the secondary AMC sintered with the MM powder. It was found that the
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crack path was preferably guided along such contaminated interfaces in a nearly shear
angle order before the rest of the cross-sectional area, former particulate material, or former
chips broke in an appearance of a normal stress fracture. It can be summarised that the
following factors are the main influences on the properties of AMC that are produced by
the introduced recycling route:

e Contamination
e  RHS pressure

From this, it can be concluded that for further investigations, the crushing and the
sintering process have to be investigated, developed, and optimised more comprehensively
to be fully understood in order to achieve the addressed closed-loop recycling route for
high-ceramic-particle-reinforced AMC by maintaining the properties of the cost-intensive
high-performance material for a resource efficient use.
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