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Abstract: High-energy ball milling represents an efficient process for producing composite powders
consisting of ceramic particles dispersed in a metallic matrix. However, collision events, plastic
deformations, and cold welding during the milling lead to a flake or block-like shape of the resulting
composite powders. Further consolidation of such irregularly shaped powders by powder bed-based
additive manufacturing technologies can be challenging because of their low flowability and low
bulk density. In this work, different approaches, including milling process parameters (speed, process
control agent atmosphere) and post-treatments (mechanical and thermal), are investigated on their
suitability to influence the particle shape, especially concerning the roundness of the composite
powders consisting of the aluminum alloy AlSi10Mg with 5 vol% SiC and Al2O3 reinforcement. It
is found that milling with menthol as a process control agent leads to the finest composite powder
compared to other milling parameters, with the lowest particle roundness of 0.39 (initial powders
0.84). No success in rounding the milled composite powder could be achieved through mechanical
post-treatment in a planetary ball mill. On the other side, the thermal spraying of, e.g., SiC reinforced
AlSi10Mg powder resulted in a 77–82% relative roundness. A remarkable change in the microstructure
and the shape of the composite powders could also be observed after heat treatment in tube furnaces at
a temperature above the melting point of AlSi10Mg. The best result in terms of improved roundness
(relative to around 85%) was obtained for Al2O3 reinforced at 600 ◦C. A further increase of the
temperature to 700 ◦C resulted in a moderate coarsening of powders with Al2O3 and extensive
sintering of powders with SiC, presumably due to a different distribution inside the matrix.

Keywords: metal matrix composites; spheroidization; composite powder; additive manufacturing

1. Introduction

Aluminum and aluminum alloys belonging to a material category have widespread
applications in many civil sectors, automobile, and aerospace industries, among others, not
only due to their low density and high specific strength, good machinability, and relatively
low cost. Further improving and adjusting of the properties of aluminum alloys can be
achieved by incorporating an additional reinforcing hard phase into the microstructure.
With respect to low-cost production, particle reinforcement represents a simple and effective
way to improve the properties of aluminum alloys. This is because of their ability to be
processed with traditional and established technologies used for monolithic materials.
Thus, particle reinforced aluminum matrix composites (AMC) are produced by powder
metallurgy methods and melt metallurgy methods [1,2].

One of the main strengths of the powder metallurgy route is the possibility of dispers-
ing nano scaled ceramic particles within the metallic matrix through—for example—high-
energy ball milling (HEBM), also known as mechanical alloying (MA). The resulting
composite powder is then compacted by means of one of the conventional press techniques
such as axial pressing or isostatic pressing. Using this approach, up to 15 vol% SiC parti-
cle fraction could be homogeneously distributed in the aluminum alloy AA2017, which
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significantly improved yield strength and tensile strength by about 96% and 60%, respec-
tively [3,4]. However, this increase in the tensile properties is accompanied by an increase in
hardness and wear resistance, making the final processing of AMCs, especially by machin-
ing, highly challenging and expensive due to the intensive abrasive behavior of the ceramic
reinforcements [5]. In order to overcome the geometry restriction by conventional methods
and minimize the post-processing of AMCs, additive manufacturing technologies such
as powder bed fusion (PBF) are increasingly considered an attractive processing option
for AMC parts. PBF’s capability for realizing such particle reinforced aluminum alloys
was demonstrated for e.g., in TiCp/AlSi10Mg [6], SiCp/AlSi12 [7], TiB2/AlSi10Mg [8],
TiN/AlSiMg [9], SiC/AlSi10Mg [10].

Compared to traditional powder compacting methods, the powder characteristics
like particle shape, particle size, apparent density, and powder flowability play a more
decisive role in the successful production of AMC parts. In this context, an investigation
by [11] revealed that powders with smaller particle size distribution could be easily melted
and yielded high density, high mechanical strength, and productivity. Furthermore, the
powder particles’ spherical morphology and smooth surface resulted in good flowability
and homogeneous layer distribution [12]. In the case of additive manufacturing of parts
from pure elements or alloy, a powder preparation step is necessary when producing
particle reinforced composites. In the literature, the individual powders (reinforcement
and matrix) were mixed together prior to the additive manufacturing process by using a
Turbula® shaker (Willy A. Bachofen AG, Muttenz, Switzerland) or planetary mill. The pa-
rameters used to prepare the mixtures were carefully determined to maintain the spherical
form of the powder in order to obtain the high flowability of the mixed powders during
the manufacturing process. Moreover, it aimed at achieving uniform dispersion of the
reinforcing components on the surface of the particles of the Al-powder or in the gaps
between them [13,14]. However, to exploit the full potential of a particle reinforcement,
especially for submicron particle dimensions, it is important to achieve an even particle
distribution within the matrix that is not realizable by powder mixing. Thus, dispersing
the reinforcing phase within the matrix in the powder preparation step could benefit the
additive manufactured AMC parts. HEBM is an established method to produce composite
powders from individual components with adequate homogeneity, even for nanoscale
reinforcements of aluminum [15,16] and magnesium [17–19]. As the process consists of
several mechanisms, e.g., particle deformation, particle breaking, and cold welding, the pro-
duction of composite powders is accompanied by a substantial change in the powder size
and morphology, which can negatively affect the powder processing by means of additive
manufacturing. Therefore, this article addresses the aspects of powder morphology and
size during the production of composite powders consisting of AlSi10Mg alloy reinforced
with SiC and Al2O3 reinforcements. In addition, it also considers different approaches
to influence the morphology of HEBM-powders for potential use as starting materials in
additive manufacturing to produce particle reinforced AMCs.

2. Materials and Methods
2.1. Powders

The powders used for the milling experiments are nitrogen-atomized Al-alloy AlSi10Mg0.4
(TLS Technik GmbH, Bitterfeld-Wolfen, Germany) with d10 = 28 µm, d50 = 43 µm, and
d90 = 93 µm. The chemical composition of the Al-alloy is listed in Table 1, and microscopic
images are shown in Figure 1. As reinforcements, alpha Silicon carbide (SiCp) (ESK-SiC
GmbH, Frechen, Germany) with d10 = 0.15 µm, d50 = 0.7 µm and d90 = 1.4 µm and alumina
powder (Al2O3p) with d10 = 0.25 µm, d50 = 0.37 µm, d90 = 1.12 µm (Alfa Aesar, Kandel,
Germany) were used. The aim was to study two composite powders with the same volume
content of particles but different reaction behavior in the aluminum melt.

(i) AlSi10Mg + 5 vol% SiCp
(ii) AlSi10Mg + 5 vol% Al2O3p



Materials 2022, 15, 3022 3 of 19

Table 1. Chemical composition of AlSi10Mg alloy according to the datasheet of the manufacturer.

Element Si Mg O Al

Content [m%] 9–11 0.20–0.45 <0.4 Bal.
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Figure 1. Gas-atomized Al-alloy powder AlSi10Mg0.4: (a,b) light microscopic images of the cross-
section of the powder; (c) SE-SEM image.

2.2. Powder Processing

The production of composite powders was conducted in the high-energy ball mill
Simoloyer CM08 (Zoz GmbH, Freudenberg, Germany) with a tank volume of 5 L that
uses milling balls of stainless steel G600 (X46Cr13) with a diameter of 4.762 mm. The
used ball to powder ratio was 10:1. Prior to the mechanical alloying, the individual
powders were homogenized in a tumble mixer for 15 min. To study the effect of different
milling parameters on the particle morphology, reference composite powders were also
produced with the milling parameters listed in Table 2, which is referred to as the Reference
program. Three other programs with varied parameters such as milling speed, process
control agent (PCA), and milling atmosphere were considered for the purpose of higher
composite powder roundness. Compared to the reference program, the period of the high
rotation speed (600 rpm) was split in Program1, and a lower milling speed of 200 rpm was
implemented. Higher milling speed involves higher impact force on the mill charge and
this, in turn, promotes the cold welding resulting in a rapid powder coarsening. Lowering
the milling speed in the last speed sequence should otherwise promote breaking up the
lamellar structure resulting from the cold-welding process to equiaxial particle form.

Table 2. Variation of milling parameters compared to the reference milling program.

Program Reference Program1 Program2 Program3

Changed Parameter - Milling speed PCA Atmosphere

Milling cycle 400 rpm for 5 min
600 rpm for 5 min

400 rpm for 5 min
600 rpm for 3.5 min
200 rpm for 1.5 min

400 rpm for 5 min
600 rpm for 5 min

400 rpm for 5 min
600 rpm for 5 min

Milling duration 6 h 6 h 6 h 6 h

PCA Stearic acid
0.0625 m%/h

Stearic acid
0.0625 m%/h

Menthol
0.0625 m%/h

Stearic acid
0.0625 m%/h

Milling atmosphere Air Air Air Argon

In Program2, the speed was kept unchanged, and the PCA stearic acid was replaced
by menthol, which is proven to be a suitable alternative to stearic acid and has a higher
refining effect concerning the particle size [20]. Due to its lower melting point compared
to stearic acid (Table 3), it minimized the cold welding and the adhesion of the powder to
each other and the rotor, grinding chamber, and grinding balls. The comparison shows
that stearic acid can withstand higher temperatures. Since the temperature in the collision
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points between the grinding balls is significantly higher than the process temperature, both
agents melt and coat the rotor, grinding balls, and powder grains.

Table 3. Comparison of properties between stearic acid [21] and menthol [22].

Stearic Acid Menthol

Aggregate state at 20 ◦C solid solid
Chemical formula C18H36O2 C10H20O

Density [g/cm3] 0.94 0.89
Melting point [◦C] 69 41–43
Boiling point [◦C] 371 212

In addition, each of the composite powders realized by the different milling programs
was subjected to a post-treatment process to change the powder morphology towards
a spherical form. An overview of the adopted approaches for spheroidization of the
composite powders is given in Figure 2. Basically, the post-treatment can be divided into
two main categories: mechanical treatments and thermal treatments.
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The mechanical post-treatment in planetary ball mill Fritsch Pulverisette 5 (Fritsch
GmbH, Idar-Oberstein, Germany) consisted of two experiments with the same milling
parameters (150 rpm for 1 h in air atmosphere). In the first experiment, the HEBM-powder
was milled with a ball to powder ratio of 5:1 with the mentioned lower milling speed aiming
to break up the lamellar towards more homogeneous particle size and more roundness. In
the second configuration, the milling balls were omitted, and the inner wall of the grinding
jar was equipped with sandpaper with a milling program-dependent grit size (120 rpm
for Reference and Program1, 240 rpm for Program2, and 16 rpm for Program3). This was
aimed to round the composite powder through abrasion by a relative rubbing against
the sandpaper.

The thermal treatment in the tube furnace covered a temperature range from 515 ◦C
(below the melting point of 576 ◦C of the AlSi10Mg alloy) up to 700 ◦C. In one experiment,
all composite powders based on SiC reinforcement with different milling programs were
kept at 515 ◦C for a holding time of 3.5 h. Further experiments included the thermal
treatment of 5 vol% SiC or 5 vol% Al2O3 reinforced composite powders (both milled
with 0.0625 m%/h Menthol for 7 h) at temperatures of 600 ◦C, 650 ◦C, and 700 ◦C for a
short holding time of 1 min to study the impact of the occurring melting phase on the
powder shaping. From preliminary tests, it is known that particle reinforced aluminum
powders have a lower tendency to pressureless sintering than the unreinforced alloy. Even
at temperatures above the melting point of the matrix alloy, the composite powders retain
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their solid shape. This, in addition to the short holding time of 1 min, is the reason behind
choosing a temperature above the melting point of the matrix.

The second variant of the thermal post-treatment included a thermal spraying process
(GTV TopGun G acetylene burner) of the HEBM-powder through a spray gun using an
acetylene/oxygen mixture at a temperature of 2600 ◦C. The total experiment time was
about 1 min for a powder amount of 150 g. The treated powder is then caught by a barrel
positioned at about 0.5 m from the spray device. The experimental setup is demonstrated
in Figure 3. To avoid a possible blocking of the spray gun during the feeding phase, the
HEBM-powder was sieved with a 70 µm sieve to remove coarse and oversized particles.

1 
 

 
Figure 3. Experimental setup of thermal spraying: (a) prior and (b) during powder treatment.

2.3. Powder Characterization

The analyses of the composite powders regarding their size and shape were carried
out on cross-sections of the composite powders. For this purpose, images obtained from an
inverse light microscope OLYMPUS GX51 (OLYMPUS EUROPA SE & CO. KG, Hamburg,
Germany) were further processed by an image analyzing software ImageJ [23] to detect
the particle size and morphology change depending on the varied milling parameters and
post-treatment. An example of an original (Figure 4a) and an analyzed picture is shown in
Figure 4b. According to the software algorithm, it can be distinguished between two form
factors. One is the circularity of the powder particles with the Equation (1):

Circularity = 4π × [Area]/[Perimeter]2 (1)

Equation (2) describes the roundness, which can be calculated by

Roundness (or the inverse of Aspect Ratio) = 4 × [Area]/(π × [Major axis]2) (2)
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A calculation of different particle shapes with a comparable particle (Table 4) demon-
strates the main difference between these two form factors. A perfect circular particle as
Particle 1 has a circularity and roundness of 1. In comparison, Particle 2 represents the
case of a round shape with a kind of clefts and pronounced uneven, rough surface. This
still results in high roundness values of 0.98 while the circularity sharply drops to 0.33 due
to a larger perimeter. Even in the case of elongated particles (Particle 3), the roundness
form factors give a more appropriate description of the particle shape. Therefore, the
roundness is mainly used to consider the change in the particle shape of the milled powder.
Another aspect of using the roundness is that the treated composite powders possess a
rough surface, and thus a precise determination of the perimeter is not possible. The use
of perimeter could lead to smaller circularity values, while the roundness value remains
less sensitive to this kind of artifact. The mean values of particle area and roundness were
calculated from three images of the representative area of the cross-section.

Table 4. Difference between roundness and circularity for various particle shapes.

Particle 1 Particle 2 Particle 3

Schematic
cross section
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Area [µm2] 575 563 573
Roundness 1 0.98 0.43
Circularity 1 0.33 0.77

The samples were further analyzed by scanning electron microscopy (SEM, Zeiss
Leo1455VP, Jena, Germany) to obtain more information about the phase composition and
possible reaction. The microscope is equipped with a secondary-electron detector (SE),
a backscattered-electron detector (BSE), and energy-dispersive X-ray microanalysis (EDXS).

Untreated AlSi10Mg powder has been considered a reference to assess the effect of
the chosen approach on the roundness of the composite powders. Particles that were
too close or particle agglomerations in the powder cross-sections were excluded from
the calculations.
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3. Results
3.1. Influence of Milling Parameters

An overview of the composite powders produced by the different milling programs is
given in Figure 5. The light microscopic images show a pronounced effect of the milling
parameters on the particle size. Compared to the initial spherical powder, a significant
change in the particle morphology can be observed for all milling programs. However,
differences exist among the different programs, especially regarding the particle size and
particle size distribution. The integration of low speed in Program1 leads, with respect to
the Reference program (Figure 5a), to an increase in particle size and better particle size
distribution (Figure 5b). Thus, a higher mean particle area of 14,700 µm2 (9500 µm2 for the
Reference program) is measured (Figure 6a). Nevertheless, the roundness of the composite
powder remains unchanged and stays similar to the Reference program with a value of
0.61. Oppositely, using menthol in Program2 instead of stearic acid results in completely
different composite powder characteristics. The light microscopic image in Figure 5c shows
the pronounced reduction in the particle size and area (1300 µm2), which is considerably
lower than that of the Reference program and comparable to that of the initial powder of
the aluminum alloy (1000 µm2) (Figure 6a). The PCAs are absorbed on the surface and act
as a separating layer that changes the cold welding effect.
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Figure 6. Results of (a) mean particle area and (b) roundness of composite powders produced with
different milling parameters.

It could be assumed that the lower melting temperature and smaller molecular size of
menthol provide better surface wetting compared to stearic acid. This indicates a profound
effect of menthol, which prevents cold welding of the powder and leads to more intensive
work hardening and breaking events during the milling process. Nonetheless, the flattened
or elliptical powder form in the case of menthol dominates, and thus the powder roundness
is reduced to about 0.39 (Figure 6b).

An opposite trend during the forming of composite powder is detected when replacing
rest air in the milling chamber with a constant flow of argon. As can be seen in Figure 5d,
milling under an argon atmosphere causes an obvious increase in the particle size so that
the mean particle area changes dramatically to a high value of 93,800 µm2 (Figure 5a).
The main increase in the particle size is noticed to accelerate from a milling time of 3 h.
This was also accompanied by a simultaneous roundness of the composite powders. The
comparative value of the reference sample of 0.62 was reached.

3.2. Influence of Post Treatment
3.2.1. Planetary Ball Milling (PBM)

The light microscopy results, the mean particle area, and the roundness of composite
powders after mechanical post-treatment are summarized in Figures 7 and 8, respectively.
Further milling of the reference composite powder in a planetary ball mill (with balls)
did not cause any noteworthy change in both the particle area (7700 ± 1000 µm2 vs.
9500 ± 2200 µm2 for untreated powder) and the roundness (0.59 ± 0.0 vs. 0.62 ± 0.1 for
untreated powder). The HEBM composite powders produced with modified speed se-
quences and a different process control agent (menthol) also showed similar behavior.
Conversely, the HEBM powders milled under an argon atmosphere experienced an in-
crease in the particle area accompanied by a decline in the particle roundness from 0.62 to
0.51, which was in contrast to the expected breaking effect of the lower speed applied in
the planetary ball mill.

No noteworthy change in particle size could be reported in the second milling experi-
ment carried out with the sandpaper (without milling balls). Additionally, no improvement
of the roundness could be reached with this approach (data not shown).

3.2.2. Tube Furnace

The light microscopic images in Figure 9 reveal that a thermal treatment, even at a
temperature near the aluminum alloy’s melting point, does not affect the roundness of the
composite powders. Measurements of the particle area and roundness of the heat-treated
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powders confirm this observation (Figure 10). Similar to the mechanical post-treatment,
the change in the roundness is very small and negligible. Only for the powders milled in
an argon atmosphere, a higher mean particle area of 233,400 µm2 and a lower roundness
value of 0.43 with a larger standard deviation are calculated.
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Figure 7. Light microscopic images of the HEBM composite powder: (a) Reference, (b) variation of
milling speed (Program1), (c) milled with menthol (Program2), and (d) milled in argon atmosphere
(Program3) after a mechanical post-treatment in a planetary ball mill (PBM).
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Figure 8. Results of (a) mean particle area and (b) roundness after a mechanical post-treatment in
planetary ball mill.
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Figure 10. Results of (a) mean particle area and (b) roundness after a thermal post-treatment in a
tube furnace at 515 ◦C for 3.5 h.
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In comparison, a remarkable change in the powder morphology is evidenced after
heat treatment above the alloy’s melting temperature. The light microscopic images in
Figure 11 demonstrate the response of composite powders reinforced with 5 vol% SiC and
5 vol% Al2O3 (both milled with menthol) to the different treatment temperatures and the
occurrence of a liquid phase. In the case of SiC reinforced composite powder, the treatment
at 600 ◦C causes a limited change in the powder shape. This becomes more obvious after
raising the temperature to 650 ◦C and 700 ◦C, whereby a simultaneous powder coarsening
due to particle sintering and the appearance of an unreinforced area of the Al-alloy is
observed (Figure 11). Measurements of the mean particle area and the particle roundness
also reflect the observed change in size and shape (Figure 12a,b), especially after the heat
treatment at 650 ◦C and 700 ◦C with a significant increase in the mean particle area from
400 µm2 (untreated) to 10,700 µm2 and 24,700 µm2, respectively. At the same time, the
roundness improves to 0.61–0.72 in the considered temperature range. Al2O3 reinforced
composite powders, on the contrary, show a different behavior during the heat treatment
under the same temperatures. As can be seen from Figure 11, the rounding of the particles
takes place even at 600 ◦C, and the particle coarsening and sintering remains to a limited
extent. This is also shown in Figure 12. The mean particle area changes between 1200 µm2

and 1700 µm2 when treated between 600 ◦C and 700 ◦C. The roundness reaches a value
of 0.72 at 600 ◦C (compared to 0.42 before treatment) with a slight increase with rising
temperatures (Figure 12b). It should be mentioned here that considering mean particle area
aims to express the relative development of the particle size. It is not the aim to measure
the real particle size.

3.2.3. Thermal Spraying

In the case of thermal spraying, the powder was sieved with a 70 µm sieve prior to the
treatment to avoid clogging the gun. Thus, only roundness is considered. Due to the high
process temperature, an obvious change in the particle morphology towards more rounded
particles is observed (Figure 13). In addition, the powder cross-section depicts that, apart
from the milling program used, the treated powders contain a certain number of hollow
particles (particles with cavities emerged during the process).

The results of the corresponding image analyses of the cross-sections are summarized
in Figure 14. An increase in the roundness is noticed for all composite powders produced
by different milling programs. The most significant improvement is determined for the
powder milled with menthol. In this case, the roundness increased by about 64% compared
to other milling programs with 6% for the reference, 17% for speed, and 12% for argon.

3.3. Reaction and Distribution of SiC in Thermally Treated Composite Powder

The reaction and distribution of the reinforcement are essential, especially when
rounding the composite powders is accomplished by applying thermal energy as in the
case of tube furnace and thermal spraying.

Since SiC is more probably to react with the Al-alloy than Al2O3, the temperature-
dependent change in the microstructure during the treatment in a tube furnace is demon-
strated for SiC reinforced composite powders in Figure 15.

A treatment at 600 ◦C causes the crystallization of silicon particles and forms the initial
powders’ eutectic structure with redistribution and agglomeration of SiC (Figure 15c,d).
This behavior is more pronounced after the heat treatment at higher temperatures of 650 ◦C
and 700 ◦C. Reinforcement-free regions appear surrounded by the Si-particles and obvious
redistribution and agglomeration of SiC. EDXS-Analysis showed that these regions consist
of α-Al. Furthermore, no reaction of SiC with Al can be detected under the experimental
conditions.

The spheroidization by means of thermal spraying also leads to redistribution and
agglomeration of SiC (Figure 16). In the compact, dense particles, only a restricted or no
appearance of SiC clusters is noticed (Figure 16b). On the contrary, in the hollow particles,
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the effect of redistribution and agglomeration is more identifiable, as shown in Figure 15c.
Moreover, the crystallization of the Si-particle is not observed.
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Figure 12. Mean particle area (a) and roundness (b) after a thermal post-treatment in a tube furnace
at different temperatures for 1 min above the melting point of the AlSi10Mg alloy for 5 vol% SiC and
Al2O3 reinforcement (composite powders produced with menthol as PCA).
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Figure 13. Thermal post-treatment by means of thermal spraying of HEBM-powder produced by
(a) Reference Program, (b) Program1, (c) Program2 and (d) Program3.
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Figure 14. Particle roundness of HEBM-powder treated by means of thermal sprayed HEBM-powder.
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Figure 16. SE-SEM micrographs of the composite powders (AlSi10Mg + 5 vol% SiC) milled with men-
thol: (a) before treatment, (b,c) after thermal spraying showing the redistribution and agglomeration
of SiC.

4. Discussion

The milling parameters and the post-treatments modify the particle morphology and
size to different extents. In this context, it is helpful to discuss the efficiency of the different
approaches primarily with respect to the relative roundness compared to the as-received
alloy. This is presented in Figure 17a for the different milling parameters/treatments and in
Figure 17b for tube furnace experiments at different temperatures above the melting point
of Al-alloy for composite powders with 5 vol% SiC and 5 vol% Al2O3 reinforcements.
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Figure 17. Relative roundness of composite powders produced with (a) different milling parameters
and different post-treatments and (b) the influence of treatment temperature.

The untreated powder milled with menthol possesses the lowest relative roundness
of 46%. This is basically due to the inhibition of cold welding by menthol so that the com-
posite powder is continuously deformed and broken, leading to flattened shaped and fine
powders. With regard to the Reference program, the integration of a low-speed sequence
of 200 rpm into the reference milling program does not affect the milling mechanisms. So
both programs result in particle roundness with a relative value of 74%. Similar rounding
of composite powders can be achieved using argon atmosphere, but with a significant
powder coarsening due to intense cold welding, which makes this powder inappropriate
for further processing in powder bed-based additive manufacturing.
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The powders that were post-treated in planetary ball mill and tube furnace at 515 ◦C
do not experience any remarkable change with respect to the particle roundness. Both the
milling speed in PBM and the treatment temperature of 515 ◦C (below the melting point of
the matrix) seem to be low to cause any particle reforming. Only after thermal treatment
through thermal spraying the relative roundness improves to a value range of 77–82%
for different milling parameters. During the process, the powders are subjected to a high
temperature for a very short time, and thus they are heated to a molten or semi-molten
state, which causes the reshaping of the particles. This can be deduced from the appearance
of SiC agglomeration (Figure 16b) and hollow particles with a pronounced SiC clustering
(Figure 16c). The observation of the original particle shape, rounded, and hollow particles
after thermal spraying could indicate that the individual particles of the composite powder
experience different process conditions in terms of exposure temperature and time. The
origin of the particle cavities is not well understood yet. Still, it presumably emerges
due to passing through a shortened molten state with a simultaneous escaping of the
process control agent. With regard to processing with additive manufacturing, porosity
formation during thermal spraying could be more disadvantageous than the occurred
limited SiC agglomeration.

The treatment in a tube furnace above the melting point of the matrix can be principally
compared to thermal spraying but with a longer exposure time to thermal energy in the
molten state. In addition, it guarantees more homogenous heating of all particles in the
treated composite powders. This approach significantly increases the relative roundness
of the powder even at 600 ◦C to around 85% for Al2O3 and 72% for SiC reinforcements
(Figure 15b). However, a further increase of the temperature to 650 ◦C and 700 ◦C leads to
a relative roundness of around 85% in the case of SiC, but with remarkable sintering of the
particles. This results in a coarsening of the powder and does not fulfill the requirements
of powder bed-based additive manufacturing technologies of small particle sizes. On the
contrary, particle coarsening of the Al2O3 reinforced composite powders remains on a
lower level, which indicates higher resistance to the sintering process. This could be related
to the reinforcement distribution in the milled powder prior to the thermal treatment. In
general, during the milling process and under the same parameters, faster incorporation of
SiC into the matrix particle than Al2O3 is observed (perhaps due to the smaller particle size
of Al2O3 powder). As a result, SiC is mainly distributed within the particle volume after
the milling process, while a higher amount of Al2O3 is still located on the particle surface,
hindering their fusion. Treating, for example, the milled unreinforced alloy at 600 ◦C
showed the forming of a large metallic sphere resulting from sintering, which can confirm
the role of the reinforcement and their distribution on the sintering behavior. Another
difference compared to thermal spraying is the obvious change in the microstructure of the
composite powder after treatment in a tube furnace. Due to the longer exposure time in the
molten state, the alloying elements silicon begins to crystallize. Larger Si-particles form
within the α-Al phase. This is also accompanied by a migration of the reinforcement to the
Si-particle-rich area leaving SiC/Al2O3 impoverished α-Al regions (Figure 15). The impact
of such change in the microstructure of composite powder on further processing using
additive manufacturing technologies cannot be easily derived. But it is not necessarily
disadvantageous since processing for instance in powder bed fusion could redesign the
microstructure regarding the matrix phase and reinforcement distribution (melting and
high cooling rates).

5. Conclusions

High-energy ball milling (HEBM) ensures the incorporation of nanoscale reinforce-
ments such as SiC/Al2O3 into a metallic matrix-like AlSi10Mg. It thus enables the produc-
tion of composite powder, which can be further processed with additive manufacturing
technologies. However, during the HEBM, the particle shape of the composite powder
becomes irregular and hence deviates from the preferred spherical shape for additive man-
ufacturing. Consequently, this can impair the powder feeding and part building. For this
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purpose, the influence of different approaches, including milling process parameters (speed,
menthol as a process control agent, argon as milling atmosphere) and post-treatments (me-
chanical and thermal) on the particle shape (roundness) and coarsening were investigated.
The results of the applied approaches are summarized as the following:

• Influence of milling parameters: Implementing a low-speed sequence into the stan-
dard milling program or using argon as a milling atmosphere has no influence on the
roundness compared to the Reference program. Particles possess an irregular shape
with a relative roundness of 74% (with respect to the virgin non-milled AlSi10Mg
powder). In the argon case, this was also accompanied by remarkable cold welding
and powder coarsening so that it can be excluded for use in additive manufacturing.
Replacing stearic acid with menthol as a process control agent significantly reduces
the cold welding, resulting in a very fine powder but with a lamellar shape and low
relative roundness of 47%.

• Influence of different post-treatments: The relative roundness remained unchanged
after mechanical treatment in a planetary ball mill or thermal treatment in a tube
furnace at 515 ◦C (below the alloy’s melting temperature). On the contrary, an increase
in relative roundness up to 77–82% was observed after thermal treatment by thermal
spraying. However, this approach leads to the formation of hollow particles in the
powder. Moreover, a partial redistribution and SiC clustering occurred, presumably
due to passing through a molten state for a very short time (less than a second).

• Influence of thermal post-treatment in tube furnace above the melting point of the
alloy: A longer thermal aging in the molten state at 600 ◦C, 650 ◦C, and 700 ◦C for
composite powders with SiC or Al2O3 reinforcement results in an obvious change in
the microstructure. This includes the precipitation of silicon particles from the original
dendritic structure and the redistribution and agglomeration of the reinforcements.
With regard to the relative roundness, values between 85% and 90% for temperatures
in the range of 600–700 ◦C can be attained for Al2O3 reinforcements with a limited
particle coarsening. The treatment of such composite powders above the melting point
showed the best results concerning a subsequent possessing. On the other side, SiC rein-
forced composite powder also showed improvements in relative roundness. However,
extensive powder sintering hinders further processing in additive manufacturing.

Among all investigated approaches in this article, thermal-based treatment represents
the most effective and suitable way for the spheroidization of composite powders. However,
the treatment temperature should be adjusted to the kind of reinforcement, its amount, and
distribution. The simplest way of providing the required thermal energy is a treatment in a
tube furnace with the main drawback of not complete spheroidization of all particles. To
avoid this and to process larger amounts of powder, it is imaginable to circulate the powders
using inert gas in a closed chamber or tubes at the appropriate process temperature. This
process is already known in the industry, but for powder drying purposes. Promising is
also the thermal spraying process, even though controlling the process parameters e.g.,
temperature could be challenging.

Author Contributions: Conceptualization, M.T. and H.A.; methodology, M.T. and H.A.; investi-
gation, M.T. and H.A.; data curation, H.A.; writing—original draft preparation, M.T. and H.A.;
writing—review and editing, G.W.; visualization, H.A.; supervision, G.W.; project administration,
G.W. and M.T.; funding acquisition, G.W. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors thank the German Research Foundation (Deutsche Forschungsgemeinschaft,
DFG) for its financial support within the research project “Mechanism-based investigation of additively-
manufactured aluminium matrix composites (AMC) for enhanced mechanical strength” (WA 1665/11-1).
The publication of this article was funded by Chemnitz University of Technology and the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)–491193532.



Materials 2022, 15, 3022 18 of 19

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Nico Reimann for supporting the production of the
composite powders and Gerd Paczkowski from the Professorship Materials and Surface Engineering,
the Chemnitz University of Technology for the realization of thermal spraying tests.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Chawla, N.; Shen, Y.-L. Mechanical Behavior of Particle Reinforced Metal Matrix Composites. Adv. Eng. Mater. 2001, 3, 357–370.

[CrossRef]
2. Lloyd, D.J. Particle reinforced aluminium and magnesium metal matrix composites. Met. Powder Rep. 1994, 49, 50. [CrossRef]
3. Siebeck, S.; Roder, K.; Wagner, G.; Nestler, D. Influence of Boron on the Creep Behavior and the Microstructure of Particle

Reinforced Aluminum Matrix Composites. Metals 2018, 8, 110. [CrossRef]
4. Schmidt, A.; Siebeck, S.; Götze, U.; Wagner, G.; Nestler, D. Particle-Reinforced Aluminum Matrix Composites (AMCs)—Selected

Results of an Integrated Technology, User, and Market Analysis and Forecast. Metals 2018, 8, 143. [CrossRef]
5. Barnes, S.; Pashby, I.R. Machining of aluminium based metal matrix composites. Appl. Compos. Mater. 1995, 2, 31–42. [CrossRef]
6. Gu, D.; Wang, H.; Chang, F.; Dai, D.; Yuan, P.; Hagedorn, Y.-C.; Meiners, W. Selective Laser Melting Additive Manufacturing

of TiC/AlSi10Mg Bulk-form Nanocomposites with Tailored Microstructures and Properties. Phys. Procedia 2014, 56, 108–116.
[CrossRef]

7. Manfredi, D.; Calignano, F.; Krishnan, M.; Canali, R.; Paola, E.; Biamino, S.; Ugues, D.; Pavese, M.; Fino, P. Additive Manufacturing
of Al Alloys and Aluminium Matrix Composites (AMCs). In Light Metal Alloys Applications; Waldemar, M., Ed.; IntechOpen:
London, UK, 2013.

8. Astfalck, L.; Kelly, G.K.; Li, X.; Sercombe, T.B. On the Breakdown of SiC during the Selective Laser Melting of Aluminum Matrix
Composites. Adv. Eng. Mater. 2017, 19, 1600835. [CrossRef]

9. Li, X.; Ji, G.; Chen, Z.; Addad, A.; Wu, Y.; Wang, H.; Vleugels, J.; Van Humbeeck, J.; Kruth, J. Selective laser melting of nano-TiB2
decorated AlSi10Mg alloy with high fracture strength and ductility. Acta Mater. 2017, 129, 183–193. [CrossRef]

10. Gao, C.; Wu, W.; Shi, J.; Xiao, Z.; Akbarzadeh, A. Simultaneous enhancement of strength, ductility, and hardness of TiN/AlSi10Mg
nanocomposites via selective laser melting. Addit. Manuf. 2020, 34, 101378. [CrossRef]

11. Wang, Z.; Zhuo, L.; Yin, E.; Zhao, Z. Microstructure evolution and properties of nanoparticulate SiC modified AlSi10Mg alloys.
Mater. Sci. Eng. A 2021, 808, 140864. [CrossRef]

12. Spierings, A.; Herres, N.; Levy, G. Influence of the particle size distribution on surface quality and mechanical properties in AM
steel parts. Rapid Prototyp. J. 2011, 17, 195–202. [CrossRef]

13. Manfredi, D.; Ambrosio, E.; Calignano, F.; Krishnan, M.; Canali, R.; Biamino, S.; Pavese, M.; Atzeni, E.; Iuliano, L.; Fino, P.
Direct Metal Laser Sintering: An additive manufacturing technology ready to produce lightweight structural parts for robotic
applications. Metall. Ital. 2013.

14. Chang, F.; Gu, D.; Dai, D.; Yuan, P. Selective laser melting of in-situ Al4SiC4 + SiC hybrid reinforced Al matrix composites:
Influence of starting SiC particle size. Surf. Coat. Technol. 2015, 272, 15–24. [CrossRef]

15. Nestler, D.; Siebeck, S.; Podlesak, H.; Wagner, S.; Hockauf, M.; Wielage, B. Powder Metallurgy of Particle-Reinforced Aluminium
Matrix Composites (AMC) by Means of High-Energy Ball Milling. In Integrated Systems, Design and Technology 2010; Springer
Science and Business Media LLC: Berlin/Heidelberg, Germany, 2011; pp. 93–107.

16. Wagner, S.; Siebeck, S.; Hockauf, M.; Nestler, D.; Podlesak, H.; Wielage, B.; Wagner, M.F.-X. Effect of SiC-Reinforcement and
Equal-Channel Angular Pressing on Microstructure and Mechanical Properties of AA2017. Adv. Eng. Mater. 2012, 14, 388–393.
[CrossRef]

17. Ghasemi, A.; Penther, D.; Kamrani, S. Microstructure and nanoindentation analysis of Mg-SiC nanocomposite powders synthe-
sized by mechanical milling. Mater. Charact. 2018, 142, 137–143. [CrossRef]

18. Kamrani, S.; Penther, D.; Ghasemi, A.; Riedel, R.; Fleck, C. Microstructural characterization of Mg-SiC nanocomposite synthesized
by high energy ball milling. Adv. Powder Technol. 2018, 29, 1742–1748. [CrossRef]

19. Penther, D.; Ghasemi, A.; Riedel, R.; Fleck, C.; Kamrani, S. Effect of SiC nanoparticles on manufacturing process, microstructure
and hardness of Mg-SiC nanocomposites produced by mechanical milling and hot extrusion. Mater. Sci. Eng. A 2018, 738, 264–272.
[CrossRef]

20. Nestler, D.; Siebeck, S.; Podlesak, H.; Wielage, B.; Wagner, S.; Hockauf, M. Beitrag zum Einfluss von Trennmitteln und Atmo-
sphären zur Prozesskontrolle beim Hochenergie-Kugelmahlen bei der Herstellung von partikelverstärkten Aluminiummatrix-
Verbundwerkstoffen. Mater. Werkst. 2011, 42, 580–584. [CrossRef]

http://doi.org/10.1002/1527-2648(200106)3:6&lt;357::AID-ADEM357&gt;3.0.CO;2-I
http://doi.org/10.1016/0026-0657(94)91985-2
http://doi.org/10.3390/met8020110
http://doi.org/10.3390/met8020143
http://doi.org/10.1007/BF00567375
http://doi.org/10.1016/j.phpro.2014.08.153
http://doi.org/10.1002/adem.201600835
http://doi.org/10.1016/j.actamat.2017.02.062
http://doi.org/10.1016/j.addma.2020.101378
http://doi.org/10.1016/j.msea.2021.140864
http://doi.org/10.1108/13552541111124770
http://doi.org/10.1016/j.surfcoat.2015.04.029
http://doi.org/10.1002/adem.201100253
http://doi.org/10.1016/j.matchar.2018.05.023
http://doi.org/10.1016/j.apt.2018.04.009
http://doi.org/10.1016/j.msea.2018.09.106
http://doi.org/10.1002/mawe.201100832


Materials 2022, 15, 3022 19 of 19

21. National Center for Biotechnology Information. PubChem Compound Summary for CID 5281, Stearic Acid. Available online:
https://pubchem.ncbi.nlm.nih.gov/compound/Stearic-acid (accessed on 8 April 2022).

22. National Center for Biotechnology Information. PubChem Compound Summary for CID 16666, l-Menthol. Available online:
https://pubchem.ncbi.nlm.nih.gov/compound/l-Menthol (accessed on 8 April 2022).

23. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

https://pubchem.ncbi.nlm.nih.gov/compound/Stearic-acid
https://pubchem.ncbi.nlm.nih.gov/compound/l-Menthol
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834

	Introduction 
	Materials and Methods 
	Powders 
	Powder Processing 
	Powder Characterization 

	Results 
	Influence of Milling Parameters 
	Influence of Post Treatment 
	Planetary Ball Milling (PBM) 
	Tube Furnace 
	Thermal Spraying 

	Reaction and Distribution of SiC in Thermally Treated Composite Powder 

	Discussion 
	Conclusions 
	References

