
Citation: Hirsch, S.J.; Berndt, N.;

Grund, T.; Lampke, T. Combined

Effect of Particle Reinforcement and T6

Heat Treatment on the Compressive

Deformation Behavior of an A357

Aluminum Alloy at Room Temperature

and at 350 ◦C. Crystals 2024, 14, 317.

https://doi.org/

10.3390/cryst14040317

Academic Editor: Marek Sroka

Received: 5 March 2024

Revised: 22 March 2024

Accepted: 27 March 2024

Published: 28 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Combined Effect of Particle Reinforcement and T6 Heat
Treatment on the Compressive Deformation Behavior of an
A357 Aluminum Alloy at Room Temperature and at 350 ◦C
Sarah Johanna Hirsch * , Nadja Berndt , Thomas Grund and Thomas Lampke

Institute of Materials Science and Engineering, Chemnitz University of Technology, Erfenschlager Str. 73,
09125 Chemnitz, Germany; nadja.berndt@mb.tu-chemnitz.de (N.B.); thomas.grund@mb.tu-chemnitz.de (T.G.);
thomas.lampke@mb.tu-chemnitz.de (T.L.)
* Correspondence: sarah-johanna.hirsch@mb.tu-chemnitz.de

Abstract: Solid state sintering of cast aluminum powders by resistance heating sintering (RHS),
also known as spark plasma sintering or field-assisted sintering technique, creates a very fine
microstructure in the bulk material. This leads to high performance material properties with an
improved strength and ductility compared to conventional production routes of the same alloys.
In this study, the mechanical behavior of an RHS-sintered age-hardenable A357 (AlSi7Mg0.6) cast
alloy and a SiCp/A357 aluminum matrix composite (AMC) was investigated. Aiming for high
strength and good wear behavior in tribological applications, the AMC was reinforced with a high
particle content (35 vol.%) of a coarse particle fraction (d50 = 21 µm). Afterwards, separated and
combined effects of particle reinforcement and heat treatment were studied under compressive load
both at room temperature and at 350 ◦C. At room temperature compression, the strengthening effect
of precipitation hardening was about twice as high as that for the particle reinforcement, despite
the high particle content. At elevated temperatures, the compressive deformation behavior was
characterized by simultaneously occurring temperature-activated recovery, recrystallisation and
precipitation processes. The occurrence and interaction of these processes was significantly affected
by the initial material condition. Moreover, a rearrangement of the SiC reinforcement particles
was detected after hot deformation. This rearrangement lead to a homogenized dispersion of the
reinforcement phase without considerable particle fragmentation, which offers the potential for
secondary thermo-mechanical processing of highly reinforced AMCs.

Keywords: aluminum cast alloy; AMC; compression; field-assisted sintering; heat treatment; hot
deformation; mechanical properties; microstructure; SiC; solid-state sintering

1. Introduction

Al-Si-Mg cast alloys like A356 (AlSi7Mg0.3) and A357 (AlSi7Mg0.6) are used in many
commercial engineering applications such as pistons, engine blocks, brake saddles, pumps,
impellers and valve components [1]. Key factors for the use of these alloys are their high
specific strength [1,2] and high toughness [2], particularly in their heat-treated condi-
tions [3]. In addition, these alloys have an excellent castability [1], and due to the good
fluidity in the molten state [4] they are popular candidates for additive manufacturing
processes [4–6]. Nevertheless, the mechanical properties are significantly influenced by the
manufacturing process, the resulting microstructure and the subsequent heat treatment.
For example, the use of powder metallurgical processes can avoid potential problems of
conventional cast structures, such as columnar grain growth and heterogeneous microstruc-
tures and thus gradual changes in the properties [2] due to thermal gradients and different
local solidification velocities. In addition, the presence of the alloying elements Si and
Mg allows for a significant improvement in strength due to precipitation hardening. The
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precipitation sequence is generally accepted as [7–9]: super saturated solid solution → clus-
ters → Guinier–Preston zones (GP I, coherent) → β′′ (semi-coherent, needle-shaped) → β′

(semi-coherent, rod-shaped) → β (incoherent). The highest strength can be achieved by a
T6 heat treatment routine, i.e., solution annealing, water quenching and artificial ageing at
elevated temperatures to achieve a high amount of finely dispersed β′′ precipitates.

By reinforcing an aluminum alloy with a high ceramic particle content (≥20 vol.%, [10])
and particle sizes in the micrometer range, an aluminum matrix composite (AMC) with sig-
nificantly improved wear behavior compared to the unreinforced monolithic aluminum ma-
trix is created. There are many studies regarding the wear behavior of AMCs [11–16]. Beside
this, the stiffness, strength, thermal stability and creep resistance are improved [10,17,18] by
adding a ceramic reinforcement phase. Since up to about 60% of weight can be saved com-
pared to grey cast iron, this material is predestined for tribologically stressed components,
such as in brake discs [10,19]. Compared to wrought aluminum alloys hypereutectic and
hypoeutectic (like AlSi7Mg alloys) are the predominantly used brake disc matrix materi-
als [19], and (particulate) SiC (abbreviated: SiCp) is the most commonly used reinforcement
phase [19].

In recent decades, the mechanical behavior of AMCs under compression has been
extensively studied. Mondal et al. [20] and Ye et al. [21] investigated the compression
deformation behavior of Al/SiC composites with different contents of SiCp [20] and particle
sizes [21] at different strain rates. Sajjadi et al. [22] found that the compression strength is
increased with increasing reinforcement content. The deformation behavior at elevated
temperatures was also investigated in many studies [23–28], since required AMC properties
and microstructures are often generated by the thermo-mechanical treatment of semi-
finished AMC products.

It is well known that the work hardening effect during compression is, in general,
significantly reduced at higher deformation temperatures. This results from the thermal
activation of micromechanical processes, e.g., dislocation climb and cross slip. In addi-
tion, dynamic recovery (DRV) and dynamic recrystallisation (DRX) lead to an enhanced
softening effect. DRV can be described as follows: with increased deformation tempera-
ture and low strain rate, the dislocation density decreases and the sub-grain boundaries
are stronger developed [24]. Therefore, large angle grain boundaries are formed and the
sub-grain size gradually increases. These tendencies can be attributed to the resulting
higher thermal activation energy and the sufficient time required (for low strain rates)
to rearrange the dislocations and ensure sufficient migration of the atoms, which results
in flow softening [24]. According to Khodabakhshi et al. [29], who investigated Al ma-
trix hybrid nanocomposites, the relatively high stacking fault energy of Al and its alloys
in the low temperature range should facilitate the development of a subgrain structure
within (high-angle) grain, which is typical for DRV. In addition to DRV, a microstructure
of fine recrystallized grains with a high proportion of high-angle grain boundaries can
also be formed during the deformation at higher temperatures [29]. In the progress of
this DRX, new grains are permanently formed to compensate for the new, continuously
generated dislocations. This dynamic mechanism is commonly observed in hot working at
temperatures above 50% of the melting temperature [30]. Concerning the discussion about
the materials’ behavior at elevated temperatures, dynamic precipitation (DP) also needs
to be considered [29,31]. DP follows a similar sequence as static precipitation and also
depends on the temperature [32]. It is a diffusion-driven process supported by vacancies
and dislocations [33]. The dislocations are favored nucleation sites for precipitates. As a
result of dislocation movement during deformation, a homogeneous and dense distribution
of very fine precipitates, which contribute to the high strength and hardness values, can be
observed [34].

The deformation behavior of AMCs has been studied for a wide range of compositions.
Varied material parameters were both matrix material and reinforcement phase (in terms
of size, chemical composition and volume content). Though studies were conducted for
a wide range of temperatures and strain rates, they usually considered AMCs with a
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reinforcement grade of typically below 20 vol% [23–25,28] or with wrought aluminum
matrix alloys [26,27]. In the present study, the mechanical properties and microstructural
evolution are investigated for a SiCp/A357 AMC with high reinforcement grade and coarse
fraction (35 vol.%, d50 = 21 µm), suited for high-wear applications. Mechanical tests are
conducted under compressive load at room temperature and at 350 ◦C and compared to
the unreinforced A357. In addition, the (combined) effect of two types of reinforcement
phase is investigated. Firstly, it is the dispersed SiCp phase, and secondly a static as well as
dynamic precipitation reinforcement. Special focus is placed on DRX behavior and particle
fracture during deformation, which are important factors that determine the mechanical
properties of the AMC after a possible secondary thermo-mechanical processing.

2. Materials and Methods
2.1. Materials and Processing

An AlSi7Mg0.6 (EN AC 42.200, see DIN EN 1706 [35]) equal to A357 cast aluminum
(see The Aluminum Association) powder from ECKA Granules GmbH (Velden, Germany)
with an average powder size d50 of 40 µm was used as matrix powder. This gas-atomized
powder (spherical shape) was mechanically mixed with 35 vol.% polygonal SiCp (ESK-SIC
GmbH, Ferchen, Germany) in a three-dimensional tumbler mixer (TURBULA; Willy A.
Bachofen GmbH, Nidderau-Heldenbergen, Germany) for 10 min. The SiCp fraction (size:
F320) was sieved with a mesh size of 20 µm. A final SiC powder size of d50 = 21 µm
and a distributional width of 21 µm was achieved. The AMC mixed powder fraction and
the as-received A357 powder fraction were consolidated in the solid state to cylindrically
shaped samples (D = 40 mm, h = 8 mm) by RHS with a sintering furnace KCE FCT-HP D
25-SI (FCT Systeme GmbH, Frankenblick, Germany). During this sintering process, the
powder was heated by its own electrical resistance or indirectly by the used graphite tool.
Due to the high heating and cooling rates, sintering temperatures close to the solidification
temperature as well as the high sintering pressures, the used powder can be consolidated
within a very short time in the range of few minutes [36]. Based on expertise from previous
investigations [2,37], the sintering process was carried out in a vacuum for 5 min (holding
time) at 520 ◦C and at a sintering pressure of 50 MPa to achieve nearly fully dense bodies
(porosity < 1%) within a very short time to avoid microstructural coarsening effects. In
addition, some samples were subsequently heat-treated in order to enhance the strength.
The corresponding T6 heat treatment consisted of solid solution annealing for 1.0 h at 520 ◦C,
quenching in water and subsequent artificial aging for 2.5 h at 180 ◦C. Consolidation and
heat treatment were carried out as described in more detail in our former study [2].

2.2. Mechanical Testing

For compression tests, cylinders with a diameter of 6 mm were cut from each sintered
and heat-treated sample in direction of the sintering pressure by wire eroding. The end
faces of the cylinders were machined by face turning to achieve plane surfaces and a final
specimen height of 6 mm. The compression specimens were taken at a radial position
halfway between the center and the outer diameter of the sintered samples.

All material conditions (as-sintered and T6 heat-treated) were investigated by compres-
sion tests at room temperature (RT) and at 350 ◦C at a quasi-static strain rate of 10−3 s−1 in a
Zwick-Roell 100 kN universal testing device (ZwickRoell GmbH & Co. KG, Ulm, Germany)
up to a compression of about 50%. Three tests were performed for each condition at the
respective temperatures. To reduce friction during testing, a thermally stable copper paste
was applied to the end faces of the specimens.

Inductive heating was used for compression tests at elevated temperatures. The
specimen temperature was controlled by a pyrometer measuring the temperature on the
lateral surface. This was painted with a non-reflecting black layer to ensure a comparable
emission during temperature control. All compression specimens were preheated for about
one minute and then held at 350 ◦C for 5 min before testing.
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2.3. Microstructural Analysis

A selection of tested compression test specimens were used for microstructural analy-
sis. The longitudinal and cross sections were prepared using conventional metallographic
preparation routines. Optical micrographs were taken with an Olympus GX51 microscope
(Olympus Deutschland GmbH, Evident Corporation, Tokyo, Japan) for qualitative mi-
crostructural analysis. For quantitative microstructural analysis, the software tool Materials
Solution (Olympus Deutschland GmbH, Evident Corporation, Tokyo, Japan; evaluation
software: Olympus Stream Motion 2.1) was used. Both sample porosity and SiC particle
size distribution were monitored by digital image analysis, using grey scale thresholds that
were set manually (i.e., light grey (matrix including eutectic silicon), middle grey (SiCp)
and near-black (pores). To evaluate the porosity, five micrographs were taken and for each
of these, an area with a size of 250 µm × 250 µm was analyzed. Ten areas with a size of
100 µm × 100 µm obtained from individual micrographs in the centers of the cross sections
were used to determine the SiC particle size distribution. The identified particle sizes
correspond to the respective average particle diameters determined from the Materials
Solution software. The particle size was classified in fractions with increments of 2.5 µm
(see Table 1), starting at 5 µm to avoid an erroneous assignment of eutectic Si phase from
the matrix, and ending at 22.5 µm, since only a few coarser particles were detected, whose
number were not sufficient for an adequate statistical validation.

Table 1. Classification of the SiCp size (average particle diameters).

Fraction I II III IV V VI VII

from size (µm) ≥5.0 ≥7.5 ≥10.0 ≥12.5 ≥15.0 ≥17.5 ≥20.0
to size (µm) <7.5 <10.0 <12.5 <15.0 <17.5 <20.0 <22.5

Additional electron-backscatter diffraction (EBSD) measurements were carried out on
sintered and T6 heat-treated samples as well as compression specimens tested at 350 ◦C
for the material A357. The AMC conditions could not be characterized by EBSD due to
the high content of reinforcement particles (35 vol.%), since the SiCp were considerably
harder than the aluminum matrix and protruded from the polished sample surface. Due
to the inclination of the sample during EBSD, this resulted in extensive shadowing effects
and therefore large areas with unreliable or no information. The embedded samples
were manually ground and subjected to the polishing routine given in Table 2. The final
vibratory polishing step (5) was carried out for 45 min in an aqueous colloidal silica
suspension consisting of 100 mL of distilled water and 50 mL of MasterMet (Buehler
GmbH, Leinfelden-Echterdingen, Germany).

Table 2. Polishing routine for EBSD measurements of the A357 alloy.

Step Polishing Cloth Polishing Suspension Contact Force Duration

(1) Struers 1, Sat 3 µm, diamond 5 N 2 × 3 min
(2) Struers 1, Plus 1 µm, diamond 5 N 2 × 4 min
(3) Struers 1, Chem 0.06 µm, silica 5 N 1 × 3 min
(4) Struers 1, Floc 0.25 µm, diamond 5 N 4 × 5 min
(5) Buehler, MasterTex 0.06 µm, silica (diluted) - 1 × 45 min

1 Struers GmbH, Willich, Germany.

A Neon 40 EsB field emission SEM (Carl Zeiss AG, Oberkochen, Germany) equipped
with a DigiView IV EBSD camera (EDAX Inc., Mahwah, NJ, USA) was used for microstruc-
tural characterization. The EBSD patterns were collected at an acceleration voltage of 20 kV
with an aperture of 120 µm. The step size for all measurements was 0.1 µm. Post-processing
of the raw data in OIM Analysis (EDAX Inc., Mahwah, NJ, USA) software included a slight
clean-up based on the neighbor confidence index correlation (CI < 0.05).
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2.4. Differential Scanning Calorimetry

The precipitation behavior of selected A357 samples was analyzed using a DSC 1
System (Mettler Toledo AG, Gießen, Switzerland). Therefore, cylindrical specimens with
a diameter of 5.0 mm, a height of 5.5 mm and a resulting mass of approx. 255 mg were
tested. A high-purity Al5N (99.999% Al) sample was used as the reference. The samples
were placed in aluminum crucibles and tested in nitrogen. Heating was carried out at a
rate of 20 K/min up to 400 ◦C with subsequent cooling (20 K/min) to RT. This thermal
cycle was iterated twice for baseline correction.

3. Results and Discussion
3.1. Microstructural Characterization of the Sample Conditions before Compression Test

Representative optical micrographs of the RHS-sintered SiCp/A357 in both as-sintered
and T6 heat-treated condition are presented in Figure 1a,b, respectively. In general, the
microstructure of the investigated SiCp/A357 is characterized by reinforcing particles (dark
grey) surrounded by the aluminum matrix (light grey). Due to the mixed state of the fed
powder as well as the short process time of RHS that does not allow strong diffusion,
there are some SiCp agglomerations that locally led to pores (black). In addition, the RHS-
sintered matrix material exhibits very fine, evenly distributed eutectic Si of globular shape
(see Figure 1a). This particulate phase coarsened during the T6 heat treatment (Figure 1b),
as described in [2] for the unreinforced A357 alloy. It was also observed and discussed
that the porosity of the sintered material increased during heat treatment [2], which can
be confirmed for the AMCs by Archimedean density measurements (3D) and quantitative
microstructure analysis (2D) (see Table 3). The difference to theoretical density was calcu-
lated from the determined density values. Therefore, the density was subtracted from the
theoretical density (here: 2.67 g·cm−3 for the unreinforced condition and 2.86 g·cm−3 for a
reinforcement content of 35 vol.% SiC).
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condition (b). The eutectic silicon coarsened due to T6 heat treatment (see detail views).

Table 3. The difference in theoretical density and porosity of the investigated materials.

Material
Difference to Theoretical Density (%) Porosity (%)

as-Sintered T6 as-Sintered T6

SiCp/A357 1.4 ± 0.0 2.1 ± 0.3 0.6 ± 0.3 1.6 ± 0.1
A357 0.1 ± 0.0 1 2.0 ± 0.4 1 0.0 ± 0.0 0.4 ± 0.1

1 after [2].
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It can be assumed that along with the trapped residual gas between former powder
particles during sintering [2], argon gas that was trapped in a solid solution during rapid
cooling after the gas atomization process (powder manufacturing process) may also have
been released during the static (pressureless) solution annealing. Even though the porosity
only provides information about the microstructure within the section plane, both the
difference to the theoretical density and the porosity show that the initial porosity is higher
for the AMCs. However, the increase in the difference to the theoretical density as a
result of the heat treatment is stronger for the unreinforced A357 sinter material than for
SiCp/A357, which is due to the higher volume of aluminum alloy in the sintered body. The
opposite effect can be observed for the porosity. In general, the quantitative microstructure
analyses show smaller values for porosity, which are caused by local differences between
the analyzed small areas or volumes, even if a high number of pictures are analyzed and
operator influences (e.g., by differently set grey-scale thresholds) can be ruled out. On
this basis, the difference to the theoretical density, which gives an average value for a
larger sample area or volume, should be preferred. Accordingly, it can be concluded from
these results that the materials have a comparable density regardless of the reinforcement.
However, for a quantitative evaluation of very small or localized areas, only quantitative
microstructure analysis can be considered, see Section 3.4.

In addition to the growth of pores and the coarsening of eutectic silicon, as reported
for both investigated materials, the T6 heat treatment also promotes grain growth, as
shown in Figure 2 for A357. The color-coded orientation maps were obtained from EBSD
measurements on the longitudinal sections of the sintered samples and show fine globular
grains for both conditions in contrast to conventionally cast AlSiMg alloys with a grain
size of more than a hundred microns (see, e.g., [38]). The grain size increases during T6
heat treatment resulting in an average grain size of about 10 µm in contrast to a size of
about 5 µm in the as-sintered condition. The average grain width in AlSiMg processed,
e.g., via selective laser melting (or laser powder bed fusion) using powders with a similar
initial powder particle size of 40 µm, is in the range of 12 µm to 14 µm [39,40]. However,
the structure is often heterogeneous with small amounts of equiaxed grains and mainly
columnar grains that can exhibit a strong texture [39,41] due to their directional growth
during solidification. In contrast, both conditions, as sintered (Figure 2a) and T6 (Figure 2b),
exhibit nearly homogeneous distributions of all crystal orientations, i.e., no texturing of the
material occurs during sintering or heat treatment which would be indicated by a large
number of grains with a similar color. It is to be noted that the plotted orientation colors
correspond to the crystal orientations parallel to the direction of the sintering pressure, i.e.,
perpendicular to the observed section surface, since this would be the direction where a
preferred crystal orientation could be expected first.

3.2. Compressive Behavior at RT

The results of the compressions tests are given in Figure 3. Representative stress–strain
curves (Figure 3a) show a significant increase in strength due to particle reinforcement
and an additional strengthening effect due to T6 heat treatment. Corresponding values
for the true offset yield strength (OYS) at a plastic deformation of 0.2% and the true
strength at a plastic deformation of 15% were calculated from the stress–strain curves
and are given in Figure 3b for A357 and SiCp/A357, respectively. Since a definite failure
(maximum compression strength) of the specimens was not detectable, the strength at a
plastic deformation of 15% was determined as an alternative comparative value. Up to
this degree of deformation, there was no visible crack formation at the lateral faces of the
compression specimens, and the effect of friction is comparatively low due to lubrication.
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Figure 3. (a) Representative true stress–strain curves plotted up to a true compression of 15% and
(b) mechanical properties obtained from compression tests at RT for the as-sintered and T6 conditions.

The as-sintered A357 shows the lowest OYS of about 100 MPa followed by the most
pronounced work hardening. By reinforcing (SiCp/A357), the OYS is doubled. The elasto-
plastic compressive behavior is characterized by an initially higher rate of strain hardening
compared to A357 that decreases after a plastic strain of about 3%. After T6 heat treatment,
a similar work hardening behavior can be observed for both materials. However, the
strength is increased significantly, i.e., the OYS is higher by about 200 MPa for both A357
and SiCp/A357. This indicates a relative increase in yield strength of about 200% for
A357 and of about 100% for SiCp/A357. The differences regarding the OYS as well as the
work hardening behavior are mainly caused by the dispersion (SiCp) and/or precipitation
hardening (T6) effects. As shown in Figure 3a, T6 heat treatment led to a higher increase in
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strength for A357 than a reinforcement with 35 vol.% SiCp. An additional effect on the onset
of plastic flow as well as the work hardening behavior can be expected by pore coarsening
and grain coarsening resulting from the T6 heat treatment, see Section 3.1. However,
compared to the precipitation hardening, only a minor effect of these microstructural
changes can be assumed.

In the following, the investigated material is discussed compared to other particle-
reinforced AMCs, taking into account their composition and processing methods: Sankhla
et al. [42] also studied the compressive material behavior of AMCs manufactured by powder
metallurgy. The composition with pure aluminum and the highest reinforcement content
of 25 wt.% of SiC achieved a compression strength of about 260 MPa to 280 MPa. In the
case of the sintered material investigated in our study, these values are not yet reached at
the onset of yield (OYS), but they are clearly exceeded at a plastic deformation of about
2%. At a plastic deformation of 15%, the strength is higher by about one quarter than
that of the pure Al/SiCp composition. This is mainly due to the higher reinforcement
content and alloying elements of our material, which lead to additional strengthening. The
compression strength of a stir-cast A356 with a content of 6 wt.% SiC in the T6 heat-treated
condition was 334.28 MPa, as investigated by Sunitha et al. [43]. This value is comparable
to σ15% of the as-sintered condition of our investigated AMC (Figure 3b), but the value
for the T6 condition is even higher by about 70%. Again, the reinforcement content has
a significant influence on the strength of the AMC. However, despite the higher volume
fraction of age-hardenable aluminum and thus a greater potential amount of strengthening
precipitates for the AMC of Sunitha et al. [43], the strength is significant lower. This seems
to be contrary considering the strength that can be achieved by the T6 heat treatment (see
Figure 3a), even without a reinforcement phase. It should, however, be taken into account,
that both materials also differ in terms of Mg content and the manufacturing process which
caused a coarser microstructure for the cast AMC [43].

A different ceramic reinforcement was used by Shao et al. [44]. They investigated a
cold-sprayed composite with a pure aluminum matrix reinforced with 46 wt.% of Al2O3
(≈40 vol.%). The maximum OYS achieved for this material was 317.4 MPa. The reinforce-
ment content of the Al2O3/Al composite was higher by about 5 vol.% and the porosity was
about ten times lower compared to our investigated material SiCp/A357, which increased
the OYS considerably. In addition, the capacity for work hardening was significantly
reduced, resulting from an enhanced grain boundary strengthening effect due to the very
fine (sub-)grain size of 1 µm or less [44] in the investigated condition that was gained
by cold-spray additive manufacturing. As a consequence of the limited plasticity, the
maximum strength of the 46 wt.% Al2O3/Al was already achieved before a compression of
about 2%. In contrast, the grain size of the same material annealed at 500 ◦C was much
coarser (approx. 7 µm on average) and lattice distortion was reduced [44]. Consequently,
this heat treatment results in a general reduction in strength but increases the capacity for
work hardening during compression. The initial compressive behavior of the annealed
AMC is therefore more comparable to the investigated AMC with a similar grain size (see
Figure 2). In summary, it can be concluded that not only the AMC composition, but also the
manufacturing process and heat treatment affect the mechanical properties significantly.

3.3. Compressive Behavior at 350 ◦C

The results of the quasi-static compression tests conducted at 350 ◦C are given in
Figure 4. Compared to the tests conducted at RT (Figure 3), the onset of yield (see Figure 4b)
is at a significantly lower level of stress, i.e., the OYS of the as-sintered A357 is decreased
by about 30% and for the as-sintered SiCp/A357, the reduction is about 50%. This effect is
more pronounced for the T6 heat-treated conditions which exhibit a decrease of about 60%
and 70% for A357 and SiCp/A357, respectively. This considerable reduction in strength
arises on the one hand from the lower flow stress at elevated temperatures due to additional
thermal activation of dislocation slip and on the other hand from static over-ageing of the
T6 tempered samples during heating of the compression samples prior to testing.
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Figure 4. (a) Representative true stress–strain curves plotted up to a true compression of 15%
and (b) mechanical properties obtained from compression tests at 350 ◦C for the as-sintered and
T6 conditions.

As shown in the DSC curve of the T6 heat-treated condition of A357 (Figure 5, dashed
red line), heating of this sample results in an endothermic peak at temperatures of about
210 ◦C to 270 ◦C and a subsequent pronounced exothermic peak with a maximum at about
310 ◦C followed by an overlapping peak at about 360 ◦C. These peaks can be assigned to
the dissolution of initially present β′′ precipitates (II) and the formation of β’ precipitates
(IV) and β precipitates (V), respectively. As a consequence, these larger β’ (coarser, semi-
coherent) and β (coarse, incoherent) precipitates hinder the dislocation movement to a
lesser extent than the β′′ precipitates which results in the lower stress that is necessary for
the onset of plastic deformation compared to compression at RT.
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In contrast, the DSC curve of the as-sintered condition (solid red line, Figure 5) exhibits
only weak, exothermic peaks. This condition is characterized by the temperature progres-
sion during the sintering process, i.e., heating and holding at a temperature of 520 ◦C which
can be considered as a suitable temperature for solution annealing and subsequent cooling
to RT. Since the cooling rate in this process is not comparable to water-quenching, it can be
expected that the atoms that were dissolved during sintering did not remain in the solid
solution but already formed precipitates of different stages of the precipitation sequence
during cooling. During the subsequent heating (e.g., prior to hot compression testing),
these (caused by the low cooling rate) sparsely distributed precipitates grow while their
coherency decreases. However, it can be assumed that the precipitation kinetic during
testing at 350 ◦C of the as-sintered conditions starts with the formation of GP I zones at
about 190 ◦C, see Figure 5 (I), which indicates that Si-, Mg- and Mg-Si co-clusters were
already present after sintering [9]. This peak is followed by the overlapping formation
of β′′ (III), β’ (IV) and β (V) precipitates, from about 240 ◦C to 380 ◦C. At about 380 ◦C,
the precipitation ends and the dissolution of the Mg2Si phases begins for both conditions.
During testing, the temperature is at a level of the formation of the β precipitates (V).

Upon further plastic straining, the stress–strain curves (see Figure 3a) show different
trends for the investigated material compositions and conditions. While the strength of
the as-sintered A357 is steadily increasing, the other samples exhibit a material behavior
typically observed for hot compression [30], i.e., a maximum of strength with a subsequent
decrease in the compression stress. This results from additional softening effects initiated
at elevated temperatures, namely DRV and DRX, which counteract the strengthening effect
of work hardening. Furthermore, the effects of DP need to be considered, which affect
the deformation behavior of the as-sintered and T6 heat-treated condition differently, as
already discussed in terms of static precipitation during the heating prior to testing.

It can be assumed that the reinforcement and the present precipitations (size and
distribution) influence DRV and DRX in a different way for the investigated materials. Re-
garding the reinforcement, it seems that DRV and DRX are more pronounced for SiCp/A357
compared to A357. In general, it is assumed that the reinforcing particles enhance the
multiplication and interaction of dislocations during hot deformation and thus promote
dynamic recrystallisation [45].

An additional effect on the softening behavior seems to occur for the T6 conditions of
both materials. Based on the model of Chen et al. [25], who investigated the hot deformation
behavior of a hybrid AMC (micro-SiC and nano-TiB2), a higher amount of dislocations
accumulated at the nano-scaled particles compared to the micro-scaled particles. As a
result, these small (incoherent) phases provide a greater driving force for DRX [25]. It can
therefore be concluded that (nano-scaled) precipitates also enforce the formation of new
grains due to a more continuously increasing pile up and tangle of dislocations [46].

Contrarily, the recrystallisation maps (see Figure 6) of specimens tested up to a de-
formation of 15% clearly show a higher content of recrystallized grains (blue) for the
as-sintered A357, while the corresponding T6 condition is mainly characterized by de-
formed grains (red) with a higher orientation spread within the grains. This indicates that
for the T6 conditions, DRX as well as DRV (low number of yellow, i.e., recovered grains) is
inhibited due to a larger number of more regularly distributed precipitates compared to the
as-sintered conditions where the spacing between precipitates is expected to be larger. The
more regularly dispersed precipitates effectively pin dislocations and promote the dense
arrangement of dislocations resulting in a pronounced gradient of misorientation within the
grains. Chen et al. [47] furthermore found that the dispersed nanoparticles acted as obsta-
cles for dislocation glide, cross slip and probably climb as well as the migration of low angle
grain boundaries and therefore strongly impeded the recovery of the substructures. This
confirms the observations in Figure 6b, where only a few small recrystallized grains appear
along grain boundaries. The residual microstructure (grain boundaries and substructures)
is probably conserved by the network of incoherent precipitates. However, a decrease
in strength was noted. On this basis, it can be assumed that the further over-ageing and
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coarsening of the precipitates (Ostwald ripening) that was accelerated by the deformation
(enhanced dynamic processes) led to the observed softening of the material.
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In contrast, the as-sintered condition shows a balance between deformed (red) and
recovered or recrystallized (yellow and blue) grains. In this case, the softening effects due to
DRV and DRX are more pronounced in comparison to the T6 condition. However, the work
hardening of the as-sintered condition is not as strongly reduced as expected. For instance,
Liang and Zhang [48], who investigated the flow curves of an Al-Si-Mg alloy similar to
A357 at different strain rates and temperatures, found that the flow stress at later stages
of deformation still increases when there is insufficient time for stress dissipation (energy
accumulation and dislocation annihilation), usually found at higher strain rates. According
to the flow curves given in [48,49], there is a peak behavior for compression at 350 ◦C and at
strain rates up to 0.1 s−1. At a strain rate of 1 s−1 and higher, a plateau is observed, which is
attributed to a balance between work hardening and dynamic softening. This indicates an
additional strengthening effect for the as-sintered A357 in comparison to the T6 condition.
Wu et al. [50] found that during hot extrusion the amount of Si particles of cast Al-Si alloys
strongly affects the recrystallisation behavior. It is described that with higher Si particles
density, more DRX is induced [50]. The Si content of the A357 alloy investigated in our
study was not changed, but the density in terms of inter-particle spacing is higher for the
as-sintered condition. In addition, the hot compression curves at 350 ◦C, at the lowest
strain rate (10−2 s−1) determined by Wu et al. [51], show that the smelting-cast near-eutectic
Al-Si alloy with finer eutectic silicon has a less pronounced peak behavior than that with
coarser Si particles. On the one hand, it can therefore be assumed that the mechanical
behavior of the as-sintered condition results from the finer eutectic Si phase distribution (see
Figure 1). On the other hand, this is due to the progressive new formation of (strengthening)
precipitates, which in turn simultaneously favor the continuous growth of new grains
(Figure 6). The rate of strengthening during the compression test continuously decreases
(Figure 4a), which is presumably caused by the over-ageing of these new precipitates. This
would ultimately result in a softening effect as observed for the T6 condition.

The mechanisms identified for the unreinforced material can presumably be applied
to the AMCs. However, the extent of DRX is assumed to be significantly more pronounced
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due to the reinforcement [45], resulting in the observed stronger softening. Beside this,
an additional reduction in strength was identified by Liu et al. [52]. They found that the
reinforcement particles roll and slide within the matrix. Due to this, the particle skeleton
becomes more unstable and the deformation behavior is dominated by the matrix [52].
This phenomenon leads to a higher plasticity for the whole composite material compared
to deformation at RT. As a consequence, Graf et al. [53] observed an alignment of the
reinforcement phase, i.e., an arrangement of the particles corresponding to the direction of
material flow. Based on this, the evolution of the microstructure of the AMCs was analyzed
and is discussed in detail in Section 3.4.

3.4. Microstructural Evolution of AMCs during Compression

Figure 7 presents optical micrographs of selected specimens tested up to a final
compression of 50%. As indicated by the dashed orange ellipses, porosity is slightly
reduced but still apparent in the center of the specimen tested at RT, while it is significantly
reduced after testing at 350 ◦C. On the one hand, the high testing temperature led to a
reduced flow stress due to thermal activation of dislocation movement and thus enhanced
recovery and recrystallisation processes. On the other hand, the strength of the matrix
of the T6 condition was additionally reduced by the coarser eutectic Si phase (caused by
heat treatment [2]) and over-ageing (reduction in the number of, as well as increase in
the spaces between, obstacles for dislocation movement). As a result, lower stresses were
necessary to deform the specimen with increasing deformation. For both AMC conditions
tested at 350 ◦C, the final porosity at the specimens’ centers, determined by grey threshold
values from optical microscopic images, was about 1% ± 0.5%. Compared to the initial
porosity (see Table 3), the reduction in the residual pores is thus more pronounced for the
T6 specimens than for the as-sintered specimens tested at 350 ◦C.
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Figure 7. Optical microscopic images of the centers of AMC specimen tested up to a compression of
50% are given as overview (a,b) with the cross-sectional area perpendicular to the compression stress,
and in detail (c,d) with the cross-sectional area parallel to the direction of the compression stress.
The dashed orange ellipses mark residual porosity and the solid yellow ellipses mark fractured SiCp

which are not incorporated in or surrounded by the aluminum matrix.
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In comparison with Figure 1, it also becomes clear that the specimens tested at RT
show a similar arrangement of SiCp, while the distribution of SiCp became more regular
after testing at 350 ◦C for both conditions. Example microstructures are given in Figure 7a,b.
In the specimen tested at RT, there are still local areas with more or less accumulated SiCp
caused by the former powder mixture prior to the consolidation process. An opposite
effect can be observed for the specimen tested at 350 ◦C. According to Liu et al. [52], the
ductile matrix led to an easy sliding and rolling of the particles. In conclusion, this confirms
the assumption of a rearrangement favorable for deformation and perhaps also the fast
incorporation or surrounding of fractured (see T6 condition) reinforcement particles in or
by the matrix during compression.

On a closer look, the qualitative microstructural analysis (see details in Figure 7) and
the evaluation of the particle size distribution (see Figure 8) show that during testing at RT
the fracture of SiC particles is highest: the contents of particle fractions between IV and VII
(from ≥12.5 µm to <20 µm) are significantly reduced and the amount of particles of smaller
fractions (I and II, from ≥5 µm to <10 µm) increased compared to the initial condition
(Figure 8a,c). To a lesser extent, this can also be observed for the T6 condition tested at
350 ◦C (Figure 8d). Chen et al. [24] and Chen et al. [25] also observed fracturing of the
ceramic particles when the stress concentration was higher than the fracture strength of the
SiCp. It is clear that at lower temperatures (here: RT) the stress compensation of the matrix
is reduced compared to higher temperatures (here: 350 ◦C), when softening effects, like
DRV and DRX, can take place. The probability of damaging the SiC particles is therefore
increased for the specimens tested at RT. Unlike the other three conditions, the SiC particle
size fractions of the as-sintered condition tested at 350 ◦C is nearly unchanged compared to
the initial condition. As found in Section 3.3., different or reduced softening effects took
place in the matrix during compression. It was observed that for the as-sintered condition,
DRV and DRX were less inhibited due to the absence of a finely distributed precipitation
network in comparison to the T6 condition. Therefore, high concentrations of piled-up
dislocations could be compensated. As a consequence, nearly no particle fracturing stress
concentration occurred during further compression.
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for the as-sintered ((a)—tested at RT, (b)—tested at 350 ◦C) and T6 heat-treated condition ((c)—tested
at RT, (d)—tested at 350 ◦C) after a compression of 50%.
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It should be noted that the content of the SiC particle fraction III (from ≥10 µm
to <12.5 µm) is constant before and after testing for all conditions and may therefore
be a critical size for the quasi-static compressive deformation of the investigated AMC
composition. However, it cannot be clearly separated whether particles of this size are a
maximum size for no particle damage or whether particles of this size were formerly a part
of bigger particles.

4. Summary

In this study, the compressive behavior of a sintered A357 cast aluminum powder with
and without a ceramic particle reinforcement (35 vol.% SiCp, d50 ≈ 21 µm) was investigated
for the as-sintered conditions without subsequent heat treatment as well as for the T6
heat-treated conditions at RT and at 350 ◦C. The main results are as follows:

• Testing at RT:

In general, the addition of reinforcing particles as well as the T6 heat treatment result in
an expected increase in strength. However, the strengthening effect of the T6 heat treatment
was more pronounced than the effect of particle reinforcement. While the reinforcement
led to a doubling of the OYS from about 100 MPa to 200 MPa, the T6 condition led to an
increase in OYS by 200 MPa for both materials.

• Testing at 350 ◦C:

Due to softening effects, the strength of all material conditions decreased significantly
compared to the RT compression tests. Depending on the initial microstructure (reinforce-
ment particles and precipitates), thermally activated processes like DRV, DRX and DP affect
the compressive behavior to varying degrees. It was found that reinforcement generally
promotes softening effects, resulting in a pronounced peak behavior in the stress–strain
curve. The T6 heat treatment enhances this softening effect by dynamic over-ageing of
the already present precipitates. However, for the as-sintered conditions, DP is likely to
counteract the softening effects by formation of new precipitates.

In addition, it was observed that SiC particles were fractured during a compression of
up to about 50% at RT. At a testing temperature of 350 ◦C, this effect of particle fracturing is
reduced (T6) or even undetectable (as-sintered) which can be attributed to an easier rolling
and sliding of the particles within the more ductile aluminum matrix. This additionally led
to a rearrangement of the particles.

This more regular distribution of the SiCp provides the potential for an improved
further formability and probably more homogenous properties of the composite with
regard to hot forming processes. Furthermore, with regard to wear applications, for which
highly ceramic particle-reinforced AMCs are predestined, the more regularly distributed
SiCp could additionally reduce the wear of this material. The potential and significance for
processing and application need to be verified by investigations with regard to different
application conditions.
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