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 This study examines the production and analysis of aluminum matrix composites reinforced 

with Fe-based metallic glass (FMG) using powder metallurgy techniques. FMG particles with 

nominal composition Fe75Si15B5Zr5 were synthesized using the mechanical alloying 

process. For the fabrication of composites, two methods were used: (a) mixing gas atomized 

pure aluminum (GA) powder with FMG powder and consolidating via spark plasma sintering 

(SPS) to form the GA/FMG composite, and (b) ball milling the GA powder before mixing with 

FMG powder and SPS consolidation to produce the (GA+BM)/FMG composite. As a control, 

pure aluminum powders before and after the ball milling process were also consolidated 

using SPS under identical conditions, which were designated as GA and GA+BM, respectively. 

Results showed a notable difference in relative density (approximately 5%) between the 

(GA+BM)/FMG and GA/FMG composites. Quantitative analysis revealed that reinforcing 

particles were more evenly distributed in the GA/FMG composite. The (GA+BM)/FMG 

composite exhibited a compressive yield strength of 156 MPa, double that of the GA/FMG 

composite, but with reduced ductility. Fractography indicated that the (GA+BM)/FMG 

composite was more brittle than its GA/FMG counterpart. 
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1. Introduction 

In recent years, there has been a growing 
demand for aluminum matrix composites with 
enhanced mechanical properties and reduced 
weight [1-4]. Incorporating various reinforcing 
particles, such as ceramic materials (e.g., SiC and 
Al2O3) and carbon-based materials (e.g., carbon 
nanotubes and graphene), into the aluminum 
matrix has significantly improved its strength 
and hardness [5-12]. However, due to differences 
in chemical composition and microstructure, the 
physical and chemical properties of the 
reinforcements, such as the coefficient of thermal 

expansion (CTE), differ from those of the metallic 
matrix [13]. As a result, the traditional 
reinforcements are often incompatible with the 
matrix, leading to weak interfacial bonding and 
the formation of micron-sized porosities, 
especially in the matrix/reinforcement 
interfacial region. This causes a significant 
decrease in the ductility and toughness of the 
composites [14, 15].  

Metallic glasses have emerged as promising 
reinforcements to address these challenges [16-
18]. Their exceptional mechanical properties, 
particularly high strength and toughness, make 
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them well-suited for bolstering metallic materials 
[19, 20]. Two major methods have been used to 
produce metal matrix composites: solid-state 
methods and liquid-state methods [21, 22]. 
Powder metallurgy (PM) is a widely used solid-
state method for synthesizing metallic glass-
reinforced aluminum matrix composites [23-27]. 

Solid-state methods process metallic 
materials at lower temperatures than liquid-state 
techniques, avoiding phase changes between 
liquid and solid states. This approach allows for 
better control of the metastable structure of 
metallic glass reinforcements during composite 
synthesis. In powder metallurgy (PM), ball 
milling stands out as a widely used and 
economical technique. It effectively improves the 
distribution of reinforcements in metal matrix 
composites [28-30]. S. Sankaranarayanan et al.. 
[31] investigated the effect of ball milling on the 
microstructure and mechanical properties of Mg-
(Ti + n-Al2O3) composites and found that ball 
milling positively influenced the distribution of 
reinforcing particles, resulting in enhanced 
strength and retention of ductility. Similarly, 
Salur et al. [32] successfully produced AA7075-
Y2O3 nanocomposites via the PM method and 
reported that ball milling led to a remarkable 
increase in the hardness and strength of the 
composite. 

After the preparation of solid powders, a 
consolidation process is required to produce bulk 
solids with full or near-full density. Several 
consolidation processes have been successfully 
used to achieve this goal, such as hot isostatic 
pressing (HIP) [33, 34], severe plastic 
deformation (SPD) [35, 36], and spark plasma 
sintering (SPS) [37-41]. SPS is a high-tech heating 
process that simultaneously applies direct 
heating and plastic deformation to the powders, 
resulting in the production of full or near-full 
dense bulk materials [42]. Several studies have 
investigated the microstructural and mechanical 
properties of metallic glass-reinforced 
composites produced by the SPS method. Guan et 
al.. [25] developed metallic glass-reinforced 
composites with core-shell structures by the 
surface crystallization of FMG particles via 
controlling the parameters of SPS and hot rolling. 
The results showed that the shell zone is effective 
in enhancing the mechanical properties of the 
composites. In another study by Kvashnin et al. 
[43], Fe-based metallic glass (FMG) particles 
reinforced 7075 aluminum matrix (Al-7075) 
composites that were prepared by the spark 
plasma sintering (SPS) technique. They found 
that adding FMG to Al alloy significantly improves 
the mechanical properties of consolidated 
samples. 

While metallic glass-reinforced metal matrix 
composites have been widely studied, a 

comprehensive analysis of microstructural 
changes caused by combined ball milling and 
spark plasma sintering (SPS) processes in these 
materials is lacking. This study addresses this gap 
by combining ball milling and SPS techniques to 
produce an aluminum matrix composite 
reinforced with Fe-based metallic glass (FMG) 
particles. We examine the composite's 
microstructure, densification behavior, and 
mechanical properties.  

2. Materials and Methods 

2.1. Preparation of the Reinforcement Powder 

Fe-based metallic glass (FMG) powder 
particles with a nominal composition (in at. %) of 
Fe75Si15B5Zr5 were produced using a high-
energy planetary ball mill. A powder mixture of 
elemental Fe, Si, B, and Zr metals was ball milled 
in a wet medium (benzene). The ball-to-powder 
ratio was 16:1, the milling speed was 300 rpm, 
and the diameter of the balls was 10 mm. The 
milling of the mixture was continued for 30 hours 
[44]. 

2.2. Preparation of the Matrix Powder 

Two types of powder particles were used for 
the matrix: (1) gas atomized high purity 
aluminum powder particles, and (2) the same gas 
atomized high purity aluminum powder particles 
that had been ball milled for 10 hours in a high-
energy planetary ball mill using 1 wt% stearic 
acid as a process control agent (PCA). The ball-to-
powder ratio of 8:1 and a milling speed of 300 
rpm were selected for both types of powder 
particles. 

2.3. Fabrication of the Composites 

The synthesized FMG powder particles (10 
vol. %) were mixed with the matrix powder 
particles (90 vol. %), which were prepared in gas 
atomized and gas atomized followed by ball 
milled conditions, using a low-energy horizontal 
jar mill. The reason for using low-energy milling 
was to restrict the detrimental reactions between 
the matrix powder particles and the amorphous 
reinforcing particles. The resulting composite 
powders were used to prepare bulk composite 
samples designated as GA/FMG and 
(GA+BM)/FMG, respectively. Monolithic gas-
atomized pure Al powders, named GA, were used 
as reference material. Low-energy ball milling 
was performed at a milling speed of 100 rpm for 
2 hours with a ball-to-powder ratio of 1:10. 

To produce the bulk samples, the pure Al and 
reinforced Al composite powder particles were 
sintered using the SPS method. Figure 1 shows 
the DSC curve of Fe75Si15B5Zr5 (FMG) particles. 
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According to the curve, no chemical reaction 
occurred for FMG particles during heating to 580 
°C (the glass transition temperature); hence, the 
sintering process should be performed below 
580 °C. The powder particles were placed into a 
graphite die with an inner diameter of 25 mm and 
sintered for 10 minutes to reach a temperature of 
550 °C. The heating rate and applied pressure 
were set to 50 °C/min and 40 MPa, respectively. 

 
Fig. 1. DSC heating curves of amorphous Fe75Si15B5M5  

(M = Si, Ti, Ta, Zr) powders obtained by wet milling [44]. 

2.4. Microstructure Observation and 
Mechanical Properties Tests 

The bulk samples produced had a cylindrical 
shape with a diameter of 25 mm and a height of 
20 mm. The density of the bulk samples was 
measured using Archimedes' method. This 
involved weighing the sample in air and then in 
distilled water using an electronic balance with 
an accuracy of ±0.0001 g. For degassing 
purposes, all the samples were boiled in distilled 
water for 40 minutes before weighing. The 
relative density of samples was calculated by 
dividing the measured density of each sample by 
its theoretical density. The microstructure and 
element distribution were analyzed using field 
emission scanning electron microscopy (FESEM, 
ZEISS Sigma 300) and energy-dispersive 
spectroscopy (EDS). The software ImageJ was 
used to quantify the microstructural features of 
powder and bulk samples. 

To analyze the phase of the samples, X-ray 
diffraction (XRD) was carried out using a 
diffractometer with Cu Kα radiation for a scan 
range of 20°-90°. To calculate the stored 
dislocation density from the XRD patterns, the 
Williamson-Hall equation was employed [45, 46]: 

𝐵 𝑐𝑜𝑠 𝜃 =
𝐾𝜆

𝐷
+ 4𝜀 𝑠𝑖𝑛 𝜃 (1) 

where B is the full width at half maximum 
(FWHM) of a peak, θ is the diffraction angle, K is 

a constant, and λ is the wavelength of the X-ray. 
The term B cos θ was plotted along the Y-axis and 
4 sin θ along the X-axis to construct the 
Williamson–Hall plots. Then, a straight line was 
fitted to the data points; its slope and y-intercept 
provided the microstrain (ε) and crystalline size 
(D), respectively. From the calculated lattice 
microstrain and crystallite size, the stored 
dislocation density was determined by using the 
following equation [47]: 

𝜌 =
2√3𝜀

𝐷𝑏
 (2) 

where ρ is the dislocation density and b is the 
Burgers vector. 

The standard compression test samples were 
machined with a height-to-diameter ratio of 1.5 
from the bulk samples. Hardness tests were 
carried out in the Brinell scale with an indenter of 
2.5 mm and a load of 31.25 kg. The uniaxial 
compression test was performed using a Santam 
apparatus according to ASTM E9, with a strain 
rate of 1.0× 10-3 s-1 maintained. The tests were 
continued until the onset of fracture. Each sample 
was tested 4 times, and took the average value 
was used to decrease the error. 

3. Results and Discussion 

3.1. Characterization of the Powders 

Figure 2 displays FESEM micrographs and 
related particle size distribution histograms of 
the synthesized FMG powder particles (i.e., the 
reinforcing particles) as well as the matrix 
powder particles before and after ball milling. As 
shown in Figure 2(a), the FMG powders are 
equiaxed and possess an irregular surface with 
an average size of 7 μm. Figure 2(b) illustrates the 
atomized pure Al powders, which are uniform in 
size and semi-spherical in appearance, with a 
smooth surface and an average particle size of 19 
μm. Figure 2(c) presents the pure Al powders 
after ball milling, which exhibit facetted 
morphology and have an average particle size of 
38 μm. This morphology is caused by the shear 
action of the balls. During further milling, 
particles start to fracture, leading to the creation 
of irregularly shaped particles having smaller 
sizes [48]. 
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Fig. 2. FESEM micrographs and related particle size 

distribution: (a) metallic glass particles, (b) GA powder, 
FESEM micrographs, (c) GA+BM powder 

Figure 3 illustrates the XRD patterns obtained 
from FMG powders as well as GA powders before 
and after the ball milling process. According to 
Fig. 3(a), a diffuse hump was observed around 
2=44° which indicates the amorphous structure 
of the synthesized FMG particles. As expected, 
Figure 3(b) shows sharp crystalline peaks that 
correspond to pure Al. However, after ball 
milling, some peak broadening, as well as a 
significant reduction in intensity, can be 
observed. These changes may be attributed to the 
impact force of milling media on the pure Al 
particles, which leads to lattice strain and the 
creation of microstructural defects such as 
dislocations. The lattice strain (ε) can be 
quantitatively calculated using the Williamson-
Hall method. 

The results indicate that the lattice strain of 
pure Al powders significantly increased from 
5×10-5 to 7×10-4 after the ball milling process. 

 

 
Fig. 3. XRD patterns: (a) synthesized FMG powder,  

(b) GA powder before and after BM process 

3.2. Characterization of the Consolidated 
Samples 

Figure 4 shows the density measurement 
results from this study. As expected, the GA 
sample achieved near full density after sintering. 
But, for GA+BM, the relative density decreased to 
approximately 0.94. As discussed in section 3.1, 
the ball milling process induces severe plastic 
deformation in pure Al powders, leading to more 
lattice strain and dislocations, and thus 
significantly increasing the powder's hardness. 
This, in turn, reduces the followability of pure Al 
particles, making microscopic pores more likely 
to form under imposed pressure during the 
sintering process. Adding FMG particles to the 
gas-atomized matrix (GA/FMG) and ball-milled 
matrix ((GA+BM)/FMG) had minimal impact on 
their relative density. This is due to the metallic 
nature of FMG particles, which makes them 
compatible with matrix powder particles and 
reduces the likelihood of pore formation in the 
matrix/reinforcement interface. 

 
Fig. 4. Relative densities of sintered samples 

Figure 5 displays the FESEM micrographs and 
corresponding EDS maps of sintered composite 
samples. The metallic glass reinforcements are 
visible in both micrographs as white areas, as 
confirmed by the EDS mapping images of the 
element Fe, which is the main constituent 
element of FMG particles. The distribution of 
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reinforcing particles in the matrix is a critical 
parameter that affects the behavior of composite 
materials. As shown in Fig. 5, the distribution of 
FMG particles is more homogeneous in the 
GA/FMG composite than in the (GA+BM)/FMG 
composite. 

 

 
Fig. 5. FESEM micrographs and EDS maps: (a) GA/FMG,  

(b) (GA+BM)/FMG. FMG clusters (yellow arrows), 
 interfacial porosities (white arrows) 

The quadrat method, a reliable statistical 
approach, helps quantify the spatial distribution 
of reinforcing particles [49, 50]. In this method, 
the image is divided into square cells (quadrats) 
of a size approximately twice the mean area per 
particle [51]. The number of particles per 
quadrant, Nq, is counted. For this study, quadrats 
with sides of 25 μm were considered based on the 
average size of FMG particles. Each micrograph 
was divided into 192 quadrants, and three 
images of each sample were analyzed. The results 
are shown in Fig. 6, where a more symmetric Nq 
distribution (closer frequency of empty quadrats 
and quadrats containing more than three 
particles) indicates a more homogeneous 
distribution of reinforcing particles [49]. The 
GA/FMG composite shows a much more 
homogeneous distribution of FMG particles in the 
matrix compared to the (GA+BM)/FMG 
composite, consistent with microstructural 
observations. This can be attributed to the lower 

hardness of GA powder particles before ball 
milling, allowing the matrix powder particles in 
GA/FMG composite to flow more easily between 
FMG particles during the sintering process and 
resulting in a more homogeneous distribution of 
FMG particles in the matrix. 

 
Fig. 6. Reinforcing particle distribution  

in the matrix of samples 

The formation of clean interfaces, devoid of 
any micro-pores or other discontinuities, 
between the matrix and FMG reinforcements in 
the GA/FMG composite, is evidenced by 
observations made in Fig. 5(a). This phenomenon 
can be attributed to the compatibility of the FMG 
reinforcements, which contain metallic elements, 
with the matrix. However, Fig. 5(b) shows some 
discontinuities (dark spots) in the 
matrix/reinforcement interface of the 
(GA+BM)/FMG composite. This may be due to the 
increased hardness of the matrix materials after 
ball milling, which could have reduced the 
compressibility and accommodation of both the 
matrix and reinforcement particles.  

Also, according to Fig. 7, which shows the 
distribution of elements in the Al/FMG region, no 
interfacial chemical products formed between 
the reinforcements and the matrix. This can be 
related to the short sintering time, which is one of 
the important features of the SPS process [52]. 
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Fig. 7. FESEM micrographs and EDS line analysis within the 
matrix/reinforcements interfacial region of (GA+BM)/FMG 

Figure 8 illustrates the XRD patterns of the 
sintered samples. Once again, the crystalline 
peaks of Al, serving as the matrix material, are 
observed in all samples. Additionally, the 
(GA+BM)/FMG composite exhibits lower 
intensity and greater broadening of crystalline 
peaks when compared to the other samples. A 
comparison between the patterns in Figs. 8 and 3 
reveal that the sintering process does not impact 
the characteristics of the crystalline peaks. Given 
the short holding time (about 5 minutes) at peak 
temperature during sintering, mass transport is 
limited to a few microns. As a result, the interior 
structure of the particles remains unaltered, 
allowing for most of the stored lattice strain to be 
preserved in the sintered samples. Furthermore, 
Fig. 8(b) indicates the presence of an amorphous 
halo at the 2θ angle of ~44° adjacent to the Al 
(200) peak. This suggests the stability of the 
metastable structure of the metallic glass 
reinforcements during the sintering process. 

 

 
Fig. 8. XRD patterns: (a) different samples, (b) enlarged 

pattern of (GA+BM)/FMG 

Figure 9 shows the values for the dislocation 
density of the different samples. These values 
were determined using the Williamson-Hall 
method. The figure reveals a substantial increase 
in the dislocation density of the ball-milled 
samples (GA+BM and (GA+BM)/FMG)) compared 
to the GA and GA/FMG samples. These alterations 
can be attributed to the intense plastic 
deformations experienced during the ball milling 
process. Also, the difference in the coefficient of 
thermal expansion (CTE) between FMG particle 
and aluminum matrix leads to the formation of 
dislocations in the matrix of composite samples 
(GA/FMG and (GA+BM)/FMG)) upon cooling 
from the sintering temperature. 

 
Fig. 9. Dislocation density values for various samples. 

3.3. Mechanical Properties of the Consolidated 
Samples 

Figure 10 shows the results of the Brinell 
hardness measurements for different samples. 
The results indicate that the hardness of the 
(GA+BM)/FMG composite is about 63.5 BHN, 
which is significantly higher than the GA/FMG 
composite (39.7 BHN). 

 
Fig. 10. Hardness values of different samples 

Figure 11 and Table 1 display the outcomes of 
the compression tests. The compressive 
properties of some previously developed Al 
matrix composites consolidated through SPS are 
also given in the table. The compressive yield 
strength of the sintered pure Al sample (GA) is 
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considerably enhanced upon the addition of 
metallic glass particles to the matrix (GA/FMG). 
This increase in strength and hardness has a 
minor impact on compressive ductility, as has 
been previously reported for metallic glass-
reinforced composites [53]. The metallic nature 
of metallic glass materials boosts the composite's 
strength and forms a strong 
reinforcement/matrix interface. This interface 
helps counteract the negative effects often seen in 
ceramic-reinforced composites, where cracks 
typically start during loading. It's important to 
note that FMG particle size influences the 
composite's strength and ductility. Generally, 
micron-sized reinforcements increase composite 
strength but reduce ductility [31, 54]. Thus, the 
minor reduction in ductility can be attributed to 
the size of the FMG particles. Moreover, the role 
of reinforcing particle morphology in the 
mechanical properties should not be ignored. The 
sharp edges of particles typically cause stress 

concentration near them during loading [55]. 
Therefore, the relatively rounded edges of FMG 
particles (Fig. 4) could be another reason for the 
exceptional ductility observed in the GA/FMG 
composite. 

 
Fig. 11. Compression stress-strain curves 

 for different samples. 

Table 1. Compressive mechanical properties of samples 

Sample 
Fabrication 
method 

0.2% Yield 
strength (MPa) 

Hardness 
(BHN) 

Strain to 
fracture 

Ref. 

GA SPS 48±3 28 0.42±0.04 This work 

GA/FMG SPS 85±4 39 0.38±0.02 This work 

GA+BM BM+SPS 112±4 42 0.23±0.01 This work 

(GA+BM)/FMG BM+SPS 156±7 63 0.19±0.02 This work 

Al/Al65Cu20Ti15 metallic glass SPS - 29 - [56] 

6061 aluminum alloy/AlCoCrFeNi 
high-entropy alloy 

SPS 94 - 0.12 [57] 

Al/FMG/SiC hybrid reinforced SPS 98  0.62 [42] 

 

Additionally, the (GA+BM)/FMG composite 
exhibited a significant increase of approximately 
83% in compressive yield strength when 
compared to the GA/FMG composite. However, 
this increase in strength was accompanied by a 
remarkable reduction in ductility, which 
decreased by approximately 50%. It is important 
to note that the high-energy ball milling process 
was performed only on the matrix material 
before adding the reinforcing particles, so its 
effects on the mechanical properties should be 
considered only in terms of the matrix. Moreover, 
the influence of the matrix's condition on the 
distribution of reinforcing particles and the 
matrix/reinforcement interfacial region should 
not be overlooked. Also, a comparison of the 
mechanical properties of samples developed in 
the current work with previously developed 
composites (Table 1) shows that the combination 

of ball milling and SPS processes results in better 
mechanical properties compared to SPS alone. 

The contribution of effective strengthening 
mechanisms in enhancing the yield strengths of 
the samples can be calculated through the 
following equation: 

𝜎𝑦 = 𝜎0 + ∆𝜎𝐺 + ∆𝜎𝐷𝑖𝑠 + ∆𝜎𝐿𝑜𝑎𝑑  (3) 

where 𝜎0 is the friction stress (~20 MPa), and 
∆𝜎𝐺 , ∆𝜎𝑑𝑖𝑠, and ∆𝜎𝐿𝑜𝑎𝑑  are the increases in the 
yield strength caused by grain refinement, 
dislocation, and load-bearing of reinforcements, 
respectively. 

∆𝜎𝑑𝑖𝑠 can be estimated by the following 
equation [58]: 

∆𝜎𝐷𝑖𝑠 = 𝑀𝛼𝐺𝑏√𝜌 (4) 
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where α is constant equal to 0.24 and ρ is the 
dislocation density stored in the lattice, which is 
illustrated in Fig. 9. 

The contribution of the load-bearing 
strengthening mechanism in the enhancement of 
yield strength can be calculated using [59]: 

∆𝜎𝐿𝑜𝑎𝑑 =
1

2
𝑉𝑃𝜎𝑀 (5) 

where 𝑉𝑃 is the volume fraction of FMG particles 
and 𝜎𝑀 represents the yield strength of the 
matrix. 

Based on the total yield strength of different 
samples (Table 1) and knowing the contribution 
of dislocation and load-bearing of reinforcements 
mechanisms, and according to equation (3), the 
contribution of grain refinement mechanism can 
be determined. Figure 12 shows the contribution 
of the above-mentioned mechanisms to the 
overall yield strengths of the different samples.  

 
Fig. 12. The contributions of the strengthening mechanisms 

to the yield strengths of the samples 

According to Figure 12, the contribution of 
dislocation and grain refinement mechanisms in 
the strengthening of material is more 
pronounced in ball-milled samples (GA+BM and 
(GA+BM)/FMG). The high-energy ball milling 
process imposed lattice strain on the pure Al 
powder used for producing GA+BM and 
(GA+BM)/FMG samples, which shows itself as 
dislocations in the microstructure. Hence, these 
two strengthening mechanisms can be 
considered responsible for the higher strength of 
ball-milled samples. However, the ball milling 
process negatively influences the ductility of 
consolidated samples in two ways: first, the 
distribution of reinforcing particles, and second, 
matrix/reinforcements interfacial 
characteristics. As previously discussed in 
Section 3.2, the ball milling process negatively 
affected the distribution of reinforcing particles 
in the matrix material during the SPS process. 
The non-homogeneous distribution of 
reinforcements in the matrix results in 
decreasing the distance between 

matrix/reinforcement interfaces. Therefore, 
under external loading, the propagation of cracks 
originating from the interfaces and linking them 
up with other cracks would be promoted, 
resulting in decreased ductility of the 
consolidated composite. Additionally, 
microscopic pores were created in the 
matrix/reinforcement interfacial regions of the 
(GA+BM)/FMG composite, as seen in Fig. 5. The 
presence of micropores negatively affected the 
strength of interface bonds and acted as crack 
initiation sites. Thus, the ductility of the 
(GA+BM)/FMG composite could be decreased 
again due to the propagation of interfacial cracks. 

3.4. Fracture Behavior 

Figure 13 shows the compressive fracture 
surfaces of the composite samples. Both samples 
exhibit shear bands, a common feature of their 
fracture surfaces. The distortion of the 
composites under compression loading leads to 
the formation of shear bands. As a result of 
uneven straining of distinct microstructural 
zones during compressive loading, more shear 
bands are visible in the GA/FMG composite, 
which has a softer aluminum matrix and hard 
reinforcements, than in the (GA+BM)/FMG 
composite. 

 

 
Fig. 13. Fracture surfaces: (a) GA/FMG, (b) (GA+BM)/FMG. 
Shear bands (yellow arrows), micro-cracks (white arrows) 

In contrast, Fig. 13(b) shows that the fracture 
surface of the (GA+BM)/FMG composite features 
micro-cracks that stem from segregated 
reinforcing particles, confirming the rationale 
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presented in section 3.3 for the reduced ductility 
of this composite relative to the GA/FMG 
composite. As loading continues, these micro-
cracks grow into larger cracks [60], visible in Fig. 
13(b), eventually leading to the composite's 
failure. 

4. Conclusions 

This study yielded several key findings: 

1) FMG-reinforced Al matrix composites 
were successfully produced using gas-
atomized matrix powder (GA/FMG) and 
gas-atomized then ball-milled matrix 
powder ((GA+BM)/FMG). 

2) The best densification behavior occurred 
for the GA/FMG composite.  

3) During sintering, micron-sized pores 
formed in the matrix/reinforcement 
interfaces of the (GA+BM)/FMG 
composite. 

4) The (GA+BM)/FMG composite showed 
markedly improved compressive yield 
strength (about 83% higher than the 
GA/FMG composite), but its ductility was 
limited due to the uneven distribution of 
FMG particles and high porosity. 

5) The predominant methods for the 
improvement of (GA+BM)/FMG strength 
were the grain refinement and dislocation 
strengthening mechanisms. 

6) Both (GA+BM)/FMG and GA/FMG 
composites displayed distortion-induced 
shear bands on their fracture surfaces. 
However, only the (GA+BM)/FMG 
composite showed micro-cracks.” 
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