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A B S T R A C T

Al–Fe based alloys exhibit excellent high heat-resistance property but suffer from low strength and hardness 
because the soft aluminum matrix is interrupted by coarse needle/flake-like Al3Fe phases. To refine Al3Fe phases 
and strengthen Al matrix, we developed an in-situ liquid-solid reaction strategy based on Al–Mg–Fe2O3 system to 
fabricate a MgAl2O4 particle-reinforced Al–2Fe composite. Results show that the formation of MgAl2O4 particles 
is primarily governed by the diffusion of Mg, Al, and O elements and the substitution of Mg and Al for Fe in 
Fe2O3. MgAl2O4 particles with nano and submicron sizes are uniformly dispersed in Al matrix. Those in-situ 
formed nano and submicron particles serve as heterogeneous nucleation sites of Al3Fe crystals by providing 
coherent interfaces; while only the nanosized MgAl2O4 particles acted as nucleation sites of Al crystals. 
Compared with the Al–2Fe alloy, the sizes of Al grains and Al3Fe phases in composite were reduced by 54.7 % 
and 34.5 %, respectively, accompanied by increases of 36.9 %, 47.7 %, and 40.5 % in yield strength, ultimate 
tensile strength, and Vickers hardness. Furthermore, the elongation was slightly decreased from 16.5 % to 13.0 
%. The improvement of mechanical properties are attributed to the in-situ-formed MgAl2O4 particles, which 
refine the Al grains and Al3Fe phase and strengthen the Al matrix.

1. Introduction

Al–Fe alloys are used to fabricate assemblies subjecting to heat, 
corrosion, and wear. In this case, high strength, hardness, and plasticity 
are essential for the plastic processing and applicability of products. 
However, the mechanical properties of Al–Fe alloys are severely wors
ened owing to the coarse needle/flake-like Al3Fe phases separating Al 
matrix [1,2]. The key to improving the properties lies in refining the 
microstructure and strengthening of Al matrix, in which melts modifi
cation is an effective strategy.

The introduction of refiners such as Al–Ti–B, Al–Ti–C and TiB2 [3,4], 
as well as modifiers of rare earth [5,6] and other alloying elements [7,8] 
can facilitate nucleation of α-Al and Al3Fe crystals or resist their growth 
in solidification, thereby enhancing the plasticity. However, these ap
proaches exert only a limited influence on strength and hardness; 
although increasing the addition of alloying elements can improve 
strength and hardness, it largely reduces the plasticity. Additionally, 
speed-up of cooling rate [9], semisolid casting [10], and squeezing 
casting [11] can also refine the microstructure by strengthening crys
tallization, however, these methods are difficult to be used for 

fabrication of large-bulk ingots.
Despite those limitations in improving the mechanical properties of 

Al–Fe based alloys, the development of particle-reinforced composites 
has emerged as an effective strategy, with reinforcements including 
Al2O3, AlN, TiB2, TiC, and ZrB2 [12]. Notably, uniformly distributed fine 
particles with coherent relationships to Al crystals have minimal adverse 
influence on plasticity; however, the larger particles located at grain 
boundaries show only secondary strengthening effect, and significantly 
reduce plasticity. This indicates that formation of the fine particles is 
crucial for preparation of high-quality Al based composites [13–15].

Many pioneer works have confirmed the feasibility of fine particles 
inducing mechanical reinforcement. Li et al. [16] fabricated nanosized 
SiC particle-reinforced Al-based composites; they found that when the 
volume fraction of SiC particles reached to 7 vol%, the average grain size 
of α-Al was refined from 270 μm to 90 μm, the yield strength and tensile 
strength were increased by 172 % and 156 %, respectively, while the 
elongation was greatly decreased from 40 % to 28 %. Su et al. [17] 
incorporated nanosized Al2O3 particles into AA2024 aluminum alloys; 
when the mass fraction of Al2O3 particles reached to 2 wt%, the yield 
strength and tensile strength were increased by 37 % and 81 %, 
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respectively, the elongation was reduced to only 0.5 %. Arun et al. [18] 
synthesized the B4C nanoparticle reinforced AA8011 alloy by a 
high-energy stirring casting; addition of the nanosized B4C had signifi
cant improvements on hardness, strength, and fatigue life but resulted in 
a transition of fracture mode from ductile to brittle. 1.5 wt% B4C addi
tion made the yield strength, ultimate strength, and hardness increase 
from 33.3 MPa, 107.0 MPa, and 36.0 HV to 61.7 MPa, 123.0 MPa, and 
49.7 HV respectively, but the elongation was reduced from 26.4 % to 
18.2 %.

Importantly, it was noticed that these researches mainly adopted ex- 
situ particle reinforcements, which may have weaker combination with 
Al matrix because the particle surfaces are prone to contamination prior 
to processing. These particles are difficult to form coherent relationships 
with Al matrix to refine the microstructure and therefore greatly 
decrease the plastic properties of alloys.

To overcome the limitations of ex-situ reinforcements, in-situ liq
uid–solid and solid–solid reactions provide an effective route to fabri
cate particle-reinforced Al-based composites, since the in-situ formed 
particles avoid surface contamination and exhibit strong interfacial 
bonding with the Al matrix [19,20].

The in-situ-generated spinel (MgAl2O4) particles is regarded as the 
most effective grain-refiner and reinforcement in Al-Based alloys [21,
22] because of (i) its outstanding heterologous nucleation ability, (ii) 
better wettability to Al melts, (iii) good compatibility to Al matrix (α-Al) 
[23], which effectively reduces interfacial energy and significantly in
creases the nucleation rate during solidification. Moreover, spinel is 
thermodynamically stable and cannot be dissolved or decomposed in the 
melts, thereby avoiding refinement recession [24].

Many kinds of oxides such as ZnO, SiO2, CuO, and B2O3 can be used 
as the oxygen source; however, Mg addition is essential for formation of 
MgAl2O4 reinforcement in each system. Jia et al. [25] prepared an 
in-situ formed MgAl2O4 particle-reinforced Al–Zn–Mg composite based 
on the Al–Mg–ZnO system using reactive sintering combined with ball 
milling. The results showed that the submicron MgAl2O4 particles 
formed within the composite significantly refined the Al grain size from 
2.47 μm to 1.39 μm. The yield strength and tensile strength reached 
347.0 MPa and 505.0 MPa, respectively, representing increases of 27.1 
% and 28.8 % compared to the matrix alloy. Crystallographic analysis 
revealed a specific orientation relationship between the MgAl2O4 par
ticles and the Al matrix, denoted as [211]P//[011]Al and (204)P/ /

(111)Al. Based on mismatch calculations, the interface was determined 
to be semi-coherent. This interfacial structure can act as an additional 
source of geometrically misfit dislocations, thereby effectively 
enhancing the work hardening of the material. Additionally, approxi
mately 59 % of the MgAl2O4 particles were distributed within the grains, 
with an average size of about 526 nm, which is smaller than that of the 
particles located at grain boundaries (approximately 906 nm). This 
combined intragranular and intergranular distribution of particles syn
ergistically pinned the grain boundaries, leading to significant grain 
refinement, while the elongation of the material only decreased slightly 
from 7.5 % to 5.1 %. Que et al. [26] achieved uniform dispersion of 
naturally formed MgAl2O4 particles within the matrix of an 
Al–Mg–Si–Fe–Mn alloy melt by employing high-intensity shear pro
cessing. The experimental results demonstrate that after shear treat
ment, the average grain size of α-Al was significantly refined from 423 
μm in the untreated specimen to 151 μm. The study indicates a distinct 
crystallographic orientation relationship between the dispersed 
MgAl2O4 particles and the α-Al matrix, specifically expressed as (111)Al/

/(222)P and [110]Al//[110]P. This confirms that MgAl2O4 particles can 
act as effective heterogeneous nucleation sites for α-Al, thereby pro
moting grain refinement. Moreover, the formation of this orientation 
relationship is also modulated by the presence of other alloying ele
ments. Kumar et al. [27] in situ synthesized nano-sized MgAl2O4 parti
cles in an Al–Mg–SiO2 system via an ultrasonic-assisted stir-casting 
process to reinforce an Al–2Mg–1Si alloy. The study revealed that the 

α-Al grain size decreased continuously with increasing MgAl2O4 particle 
content. When the volume fraction of MgAl2O4 reached 2 vol%, the 
mechanical properties of the composite achieved their optimum values, 
with hardness and tensile strength increasing by 82.6 % and 46.0 %, 
respectively, while no reduction in elongation was observed. Chen et al. 
[23] synthesized MgAl2O4 and Al2O3 particle co-reinforced Al–Mg 
composite by in-situ reactions (1) and (2) in melts and using CuO 
powder as oxygen source. 

4Al+3CuO + Mg = 2Al2O3 + MgAl2O4 + 3[Cu] (1) 

8Al+ 3Cu2O + 2Mg = 4Al2O3 + 2MgAl2O4 + 6[Cu] (2) 

The optimal process parameters with high nucleation rate are: CuO 
particle size of 5 μm, stirring temperature of 675 ◦C, CuO content of 0.15 
wt%, and Mg content of 1 wt%. The ultimate tensile strength, elonga
tion, and elastic modulus of Al–Mg alloy were increased by 20.1 %, 28.9 
%, and 14.4 % respectively. This study indicates that the Mg content and 
temperature of melt have the greatest influence on the heterogeneous 
nucleation rate of Al grains. Raghu et al. [28] synthesized MgAl2O4 
particles in situ by introducing a boric acid precursor into an Al-4 wt% 
Mg melt. These particles exhibited a uniform distribution within the 
matrix, with an average size of approximately 350 nm. The addition of 
MgAl2O4 particles reduced the grain size of the matrix alloy by a factor 
of 3–4, while the tensile strength of the composite increased by 30 MPa 
compared to that of the base alloy, along with the retention of 85 % 
elongation.

Al-2 wt% Fe alloy is a near-eutectic alloy, which has a good casting 
property and is an important engineering material in fabrication of heat 
sinks, cover of electric wires, sheet of carriage body, etc. However, the 
refinement of microstructure and strengthening of Al matrix depending 
on alloying methods are limited as mentioned above; the ectogenic 
particle reinforced composites always have shortage of low plasticity.

These studies demonstrate that in-situ-formed MgAl2O4 particles can 
effectively refine the microstructure and significantly enhance the me
chanical performance of various Al-based alloys, while also imparting 
superior heat and wear resistance owing to the intrinsic stability of the 
spinel phase. However, such in situ MgAl2O4 reinforcement strategies 
have rarely been explored in Al–Fe alloys, particularly in the near- 
eutectic Al–2Fe system.

Therefore, the present study employed the in-situ reaction technol
ogy to fabricate a MgAl2O4 particle-reinforced Al–2 wt% Fe based 
composite through reactions of Fe2O3 powder in Al–Mg melts. The for
mation process of MgAl2O4 particles and the morphology, size, distri
bution, and microstructure of MgAl2O4 particles were analyzed, and 
their effects on microstructure and mechanical properties of composite 
were fully investigated, resulting in that the in-situ-generated MgAl2O4 
particles greatly refine the microstructure and improve the mechanical 
properties of the alloy.

2. Materials and methods

2.1. Raw materials

The raw materials included industrial-grade Al ingot (Al ≥ 99.7 wt%, 
Fe ≤ 0.12 wt%, Baotou Aluminum Ltd, China), Fe2O3 powder (Fe2O3 ≥

99.9 wt%, average size of 0.5 μm, Beasley New Materials Ltd., China), 
and Mg–10Al master alloy (self-made). The composition of raw mate
rials was designed as Al-3.0 wt% Fe2O3-0.9 wt% Mg, accounting for 
losses of 6.4g of Mg and 2.4g of Fe2O3 during melting. The actual 
amounts of raw materials are shown in Table 1. Theoretically, 1.9 wt% 
MgAl2O4 and 2.0 wt% [Fe] can be obtained at the present composition 
by calculation according to Eq. (3). 

6Al(L) +3Mg(L) + 4Fe2O3(S) = 8[Fe] + 3MgAl2O4(S) (3) 

H. Lian et al.                                                                                                                                                                                                                                     Journal of Materials Research and Technology 41 (2026) 1630–1643 

1631 



2.2. Preparations

967.8 g of Al ingot was melted at 780 ◦C, and 10.0 g of Mg–Al master 
alloy was added to form Al–Mg melts. 30.0 g of Fe2O3 powder was 
preheated to 300 ◦C. The melt was stirred at 300 rpm using stainless 
steel blades coated with AlN. The temperature of melts was decreased to 
700 ◦C to enhance its viscosity and thereby facilitate the incorporation 
of the powders into the melt. The preheated Fe2O3 powder was then 
introduced into the vortex of melts. After finished addition of the 
powders, an asbestos plate was covered on the top of furnace to avoid 
contacting of the melts to air. The temperature was then increased to 
900 ◦C at a rate of 30 ◦C/min and held for 25 min in stirring. During this 
process, much less slag film was observed on the surface of melts, which 
manifests the oxidation of melts was not serious and the powder was 
effectively incorporated into the melts. 33.0 g Na3AlF6 powder was 
added to eliminate slag and unreacted Mg (2Na3AlF6 + 3Mg = 6NaF +

2Al + 3MgF2). When the temperature decreased to 750 ◦C, the melt was 
poured into a steel mold preheated to 200 ◦C to produce cylindrical 
samples with a diameter of 15.0 mm. An Al-2 wt% Fe alloy reference was 
prepared using the same conditions without adding any powder. The 
chemical composition of both products (Table 2) was analyzed using a 
direct-reading spectrometer (Equis T4, Wuxi Jiebo Tech. Co.). The 
contents of Fe and Mg prove the products to meet the chemical 
composition of Al–2Fe alloy.

2.3. Characterizations

The phase composition of samples was analyzed using an X-ray 
diffractometer (XRD, D/MAX-2500/PC, Rigaku), with a scanning speed 
of 3◦/min and CuKα target. The microstructure was characterized by a 
scanning electron microscope (SEM, SU-8220, Hitachi), equipped with 
an energy-dispersive spectrometer (EDS, X-MaxN, Oxford); the surface 
of samples was coated with Pt using an ion sputtering coater (JFC-1600, 
Hitachi); especially, the samples for analysis of MgAl2O4 particles were 
deeply etched by a solution of 2 mL HF + 6 mL HNO3 + 92 mL H2O for 
60 s to fully exposing the three-dimensional morphology. The 
morphology of Al grains was also characterized using a polarized mi
croscope (DM4P, Leica) to show the refinement effect; the samples were 
treated by an anodic oxidation (HBF4 solution, at 20 V for 120 s). The 
statistical analysis of the sizes of Al grains, MgAl2O4 particles, and Al3Fe 
phases were conducted using an Image-J image software against 5–10 
randomly selected SEM images. A transmission electron microscope 
(TEM, Talos F200X, Thermo Fisher Scientific) was used to characterize 
the interfacial structure of MgAl2O4 to Al and Al3Fe crystals.

Mechanical properties of samples were tested using a universal 
testing machine (5982, Instron) at a loading speed of 1.5 mm/min. The 
hardness was inspected by a Vickers hardness tester (FM-810, Future- 
Tech) using a quenched steel ball indenter with a diameter of 5.0 mm 
and a pressure of 250 g for 15 s. Five samples were used for each group to 
obtaining the average of properties.

3. Results

3.1. Evolution of microstructure of particle zone in reactions

Fig. 1 shows the microstructure of a particle zone at a reaction time 
of 5 min. It is evident that Mg, Al, and O elements enriched at the re
action boundary between Al melts and Fe2O3 particles. In particular, the 
Mg concentration is higher than that in the melt but lower than that of Al 
(Fig. 1c and d). Moreover, Fe is absent in this interfacial region, indi
cating that Mg and Al have diffused into the Fe2O3 particle zone. These 
indicate that Mg had stronger adsorption affinity to Fe2O3 particles than 
Al elements.

Al elements formed a concentration gradient of decreasing from 
melts to particle zone; while Mg elements yielded concentration gradi
ents of increasing from the melts to reaction boundary and then 
decreasing from the reaction boundary to particle zone. The adsorbed 
elements ignited the reaction to Fe2O3, which made it decompose to 
discharge out O elements rather than Fe; the gradients necessitate the 
elements enter Fe2O3 particle zone to sustain the reactions towards 
MgAl2O4.

At the reaction time of 10 min, the particle zone evolved into a dense 
body from its initial morphology (Fig. 2a), and become enriched in Al 
and Mg elements (Fig. 2d), indicating that Al and Mg completely diffuse 
into this zone. Numerous particles with size of about 0.1 μm were 
dispersively formed on the Al substrate (Fig. 2b). and contained Al, Mg, 
Fe, and O elements (Fig. 2c), indicating the formation of spinel structure 
of (MgFe)Al2O4, an interphase of MgAl2O4.

At the reaction time of 20 min, the liquid channels were produced in 
the body as indicated by green arrow (Fig. 3a) because it was composed 
of Al, Mg, Fe elements and a small amount of O (Fig. 3c). Occurrence of 
O elements in the liquid channel is due to that the liquid may include the 
unreacted Fe2O3 particles or O2− discharged into the channels, more
over, the spot of electronic beam involved the neighbour Fe2O3 particles. 
The liquid channels cracked the body and connected it to the sur
rounding melt, which is expected to promote the decomposition of the 
body as the reaction time increase. The edge of the body (boundary) was 
also loosed and the MgAl2O4 particles with size of less 1.0 μm occurred 
(Fig. 3b and e). In addition, the Al–Fe phase was presented in the Al 
matrix (Point B, Fig. 3d). These observations suggest that the composite 
is formed through gradual decomposition of the reaction zone, concur
rent formation of spinel particles within both the body and its 
boundaries.

3.2. Microstructure and phase composition of composite

3.2.1. Microstructure
Fig. 4a and b displays the microstructure of composite. By consulting 

to the EDS results (Fig. 4c–e), the phase at Point A (Fig. 4a) corre
sponded to the Al matrix. Absence of Mg in Al matrix indicates the Mg 
elements remained in melts to be mostly removed by the purification, 
which well agreed to the chemical composition (Table 1). The short rod- 
shaped phase at Point B (Fig. 4a) shows an atomic ratio of Al to Fe of 
approximately 3:1, corresponding to Al3Fe. (Fig. 4d). Meanwhile, fine 
granular phases dispersed in the matrix (Fig. 4b) are enriched in O, Al, 
and Mg with an atomic ratio of ~4:2:1 (Point C in Fig. 4e), indicating the 
formation of MgAl2O4 particles. This confirms that the Al–2Fe alloy 
contained the MgAl2O4 particles.

3.2.2. Phase composition
Fig. 5 presents the X-ray Diffraction (XRD) patterns of the Al–2Fe- 

based composite and Al–2Fe alloy (Reference). For both samples, the 
dominant diffraction peaks can be indexed to Al (PDF# 04-003-1376), 
indicating that Al remains the primary matrix phase. In the Al–2Fe 
alloy (Fig. 5b), several additional peaks corresponding to the Al13Fe4 
intermetallic phase (PDF# 00-050-0797) are clearly observed, con
firming the formation of Fe-rich intermetallics in the alloy.

Table 1 
Theoretical and actual amounts of raw materials.

Raw materials Theoretical (g) Actual (g)

Fe2O3 28.6 30.0
Mg–10Al master alloy 3.6 10.0
Pure Al 967.8 967.8
Total 1000 1007.8

Table 2 
Main chemical composition of both products, wt%.

Materials Fe Mg Si Al

Composite 1.96 0.12 0.08 Bal.
Al-2 Fe alloy 1.92 – 0.06
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In contrast, the XRD pattern of the Al–2Fe-based composite (Fig. 5a) 
not only shows the diffraction peaks of Al and Al3Fe (a.k.a. Al13Fe4), but 
also exhibits extra weak peaks that can be indexed to spinel MgAl2O4 
(PDF# 98-000-0407). This indicates the successful in situ formation of 
MgAl2O4 particles in the composite. The relatively low intensity of the 
MgAl2O4 peaks suggests that the spinel phase is present in a small 
amount and/or with fine particle size, which is consistent with the 
microstructural observations.

No other impurity phases (for example, Fe2O3) are detected in either 
sample, implying that the in-situ reaction proceeds effectively and does 

not introduce undesirable by-products. These results confirm that the 
composite consists of an Al matrix reinforced by Al3Fe intermetallics and 
in-situ-formed MgAl2O4 particles When compared to the referenced 
Al–2Fe alloy (Fig. 5b).

3.3. Quantitative analysis of morphology and size of phases

3.3.1. MgAl2O4 particles
The granular MgAl2O4 particles were uniformly embedded in matrix 

without distinct aggregation (Fig. 6a), indicating that the in situ reaction 

Fig. 1. Microstructure of a reaction zone at reaction time of 5 min. (a) SEM image; (b) EDS mapping; (c–e) EDS results at Points A–C.

Fig. 2. Microstructure of a reaction zone at reaction time of 10 min. (a) SEM image; (b) Magnification of frame area; (c) EDS result at Point A; (d) EDS mapping 
of Fig. (b).
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facilitates a homogeneous dispersion of the reinforcement. The particle 
size ranged from 0.05 μm to 0.6 μm (Fig. 6b), with an average size (μg) of 
0.15 ± 0.01 μm. This means that the in-situ produced spinel particles 
were mostly nano and submicron grades. Such fine crystals are essential 
to serve as heterogeneous nucleation substrates for refinement of the 
phases.

3.3.2. Al grains
Fig. 7 shows the grain morphology and size distribution of Al in the 

Al–2Fe alloy and the Al–2Fe-based composite. The Al–2Fe alloy (Fig. 7a) 
exhibits coarse and irregularly shaped grains with pronounced size in
homogeneity. In contrast, the Al–2Fe-based composite (Fig. 7b) displays 
much finer and grains with a more uniform distribution throughout the 
matrix, indicating a significant grain refinement effect induced by the in- 

Fig. 3. Microstructure of a reaction zone at reaction time of 20 min. (a) SEM image; (b) SEM image of magnified edge zone; (c) EDS results at Point A (liquid 
channel); (d) EDS result at Point B (Al3Fe phase); (e) EDS result at Point C (MgAl2O4).

Fig. 4. Microstructure and EDS results of composite. (a) BSE image; (b) Magnification of grain boundary; (c) EDS result at point A (Al matrix); (d) EDS result at point 
B (Al3Fe); (e) EDS result at point C (MgAl2O4).

H. Lian et al.                                                                                                                                                                                                                                     Journal of Materials Research and Technology 41 (2026) 1630–1643 

1634 



situ formed MgAl2O4 particles. The corresponding grain size distribu
tions are shown in Fig. 7c and d. For the Al–2Fe alloy, the grain sizes are 
mainly distributed in the range of 125–200 μm, with an average size of 
178.5 μm. After the introduction of MgAl2O4 particles, the average grain 
size of the composite is markedly reduced to 80.8 μm, and the distri
bution shifts toward smaller sizes, with most grains below ~100 μm. 

This corresponds to a grain size reduction of approximately 54.7 %.
Such pronounced refinement of Al grains can be attributed to the 

uniformly dispersed nano and submicron MgAl2O4 particles, which act 
as effective heterogeneous nucleation sites during solidification and 
simultaneously impede grain growth through a pinning effect. The 
refined grain structure is expected to contribute significantly to the 

Fig. 5. XRD patterns of samples. (a) Al–2Fe based composite; (b) Al–2Fe alloy.

Fig. 6. Morphology and size distribution of MgAl2O4 particles in composite. (a) Deeply-etched morphology of particles; Notably, some of the particles were lost by 
wearing and deep etching during the preparation of samples (b) Size distribution was obtained by analyzing totally 133 particles from 10 pictures.

Fig. 7. Morphology and size distribution of Al grains. (a and c) Al–2Fe alloy; (b and d) Al–2Fe based composite.
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improved mechanical properties of the Al–2F alloy composite.

3.3.3. Al3Fe phases
The Al3Fe phases in both samples are mainly distributed along the Al 

grain boundaries and appear in various morphologies, including needle, 
rod, eutectics, and particles. (Fig. 8a and b). In the Al–2Fe alloy (Fig. 8a), 
coarse needle-like Al3Fe phases are prevalent, forming a partially 
continuous network along grain boundaries, which is detrimental to 
mechanical performance. In contrast, the composite (Fig. 8b) exhibits a 
much lower fraction of needle-like Al3Fe phases, which is shorter, finer, 
and more uniformly dispersed compared to that of the Al–2Fe alloy. By 
further referring to the statistic results for the geometric parameters of 
Al3Fe phases (Fig. 8c and d), it is found that the size of Al3Fe phases 
ranged from 0.5 μm to 3.1 μm (average: 2.9 μm) and from 0.5 to 1.6 μm 
(average: 1.9 μm) respectively, the average size was reduced by 34.5 % 
when comparing to those of alloy. This information more clearly dem
onstrates that introduction of the in-situ MgAl2O4 particles significantly 
reduced the size and increased the distribution uniformity of Al3Fe 
phases.

3.4. Interfacial structure of MgAl2O4–Al3Fe and MgAl2O4–Al

3.4.1. MgAl2O4–Al3Fe
The interfacial structure of MgAl2O4–Al3Fe, which are critical to the 

compatibility with the α-Al matrix, were further investigated by trans
mission electron microscopy (TEM). The TEM image in Fig. 9a reveals 
that the MgAl2O4 particles are embedded in the Al matrix and are in 
direct contact with Al3Fe phases, which were identified by EDS mapping 
result (Fig. 9b). Particularly, the highly-crystallized MgAl2O4 particles 
exhibited flat and straight interface with Al3Fe (Fig. 9c), indicating a 
well-defined interfacial structure. The lattice fringes across the interface 
are continuous without obvious amorphous layers or interfacial defects, 
suggesting a good atomic matching between the two phases. In addition, 
the MgAl2O4 had a face-centered cubic structure under the observation 
direction of [112] (Fig. 9d), which provided a coherent relationship of 
(115)Al3Fe//(131)MgAl2O4 

for Al3Fe (Fig. 9c); the lattice mismatch was 
calculated to be 2.8 %. Such a small lattice mismatch and the formation 
of a semi-coherent interface indicate that MgAl2O4 particles can effec
tively act as heterogeneous nucleation substrates for the Al3Fe phase 

during solidification. The presence of this crystallographic compatibility 
significantly reduces the nucleation energy barrier for Al3Fe, thereby 
promoting its nucleation on MgAl2O4 surfaces and suppressing the for
mation of coarse needle-like Al3Fe.

Notably, to the best of our knowledge, this is the first experimental 
evidence revealing a direct crystallographic orientation relationship 
between in-situ formed MgAl2O4 particles and Al3Fe in Al–Fe-based 
systems. This finding provides new insight into the refinement mecha
nism of Al3Fe phases induced by MgAl2O4 and highlights the unique role 
of in situ spinel particles in tailoring the interfacial structure and 
microstructural evolution of Al–Fe composites.

3.4.2. MgAl2O4–Al
In addition to the interfacial structure of MgAl2O4–Al3Fe, MgAl2O4

–Al interface was detailed explored. MgAl2O4 particles with submicron 
(at points A) and nanoscale (at point B) in Fig. 10a were identified by 
EDS mapping (Fig. 10b–d). Regarding the submicron MgAl2O4 particle 
at Point A, no crystallographic orientation relationship existed between 
the submicron MgAl2O4 and Al although their interface was straight 
(Fig. 10e), suggesting that this interface is essentially incoherent and 
that such submicron MgAl2O4 particles are unlikely to serve as effective 
heterogeneous nucleation substrates for α-Al. In contrast, the nanoscale 
MgAl2O4 exhibited ‘cube-on-cube’ orientation relationships to Al under 
observing direction along [112] axis (Fig. 10f), which were 
(111)Al//(222)MgAl2O4

, (131)Al//(262)MgAl2O4
, and (220)Al//(440)

MgAl2O4 in the FFT patterns (Fig. 10g and h). The lattice mismatch was 
calculated to be 0.17 %, 0.16 %, and 0.21 %, respectively, indicating an 
nearly perfect lattice matching between α-Al and MgAl2O4 at the 
nanoscale. Such extremely small lattice mismatches imply the formation 
of a highly coherent interface, which significantly lowers the interfacial 
energy and nucleation barrier for α-Al. Therefore, the nanoscale 
MgAl2O4 particles can act as highly effective heterogeneous nucleation 
sites for Al during solidification, whereas the larger submicron particles, 
despite forming straight interfaces, lack crystallographic matching and 
thus do not contribute to Al nucleation. These results provide direct 
atomic-scale evidence that the nucleation potency of MgAl2O4 is 
strongly size-dependent, with only nanoscale spinel particles exhibiting 
the crystallographic compatibility required for promoting α-Al nucle
ation. This finding further explains the pronounced grain refinement 

Fig. 8. Microstructure and size distribution of Al3Fe phases. (a and c) Al–2Fe alloy; (b and d) Al–2Fe based composite.
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observed in the composite and highlights the critical role of in situ 
generated nanoscale MgAl2O4 in tailoring the solidification 
microstructure.

3.5. Mechanical properties of composite and alloy

3.5.1. Strengths
The stress-strain curves of samples are shown in Fig. 11a. A distinct 

sawtooth-like flow was observed during the plastic deformation stage of 
the composite, in contrast to the smooth flow behavior of the alloy. This 
phenomenon is known as the Portevin-Le Chatelier (PLC) effect [29,30], 
which raises from the periodic interaction between dislocations and 
hard particles in Al grains. Fig. 11b summarizes the mechanical prop
erties of the materials. The composite exhibit a yield strength (YS) of 
77.8 MPa and an ultimate tensile strength (UTS) of were 77.8 MPa, 
which represent significant increases of 36.9 % and 47.7 %, respectively, 
compared with those of the Al–2Fe alloy (YS: 56.8 MPa and UTS: 113.6 
MPa). Although the elongation decreases from 16.5 % for the alloy to 
13.0 % for the composite, this value still indicates sufficient ductility, 
confirming that the composite remains a plastically deformable material 
suitable for subsequent forming and processing.

The plastic property of the Al–2Fe based composite was further 
explored. It can be clearly seen that both the Al–2Fe alloy and the Al–2Fe 
based composite display dimpled fracture morphologies characteristic 
of plastic fracture mode. The average size of dimples was measured to be 
10.2 μm and 5.6 μm (Fig. 12), manifesting the in-situ generated MgAl2O4 
particles refines the microvoid structure and increases the strength of 
the matrix, thereby moderately reducing the ductile fracture tendency 

while retaining overall plastic fracture behavior.

3.5.2. Hardness
Beyond strengths, the hardness is also evaluated. The average 

hardness of the Al–2Fe alloy is 84.4 HV, whereas that of the Al–2Fe 
based composite significantly increases to 118.6 HV. This corresponds to 
an enhancement of approximately 40.5 % upon the introduction of in 
situ formed MgAl2O4 particles. The relatively small scatter of the 
measured values indicates good reproducibility and a homogeneous 
microstructure in both samples.

The significant increase in hardness can be attributed to the com
bined effects of grain refinement of the Al matrix, refinement of the 
Al3Fe phases, and the dispersion strengthening provided by the uni
formly distributed MgAl2O4 particles, which effectively impede dislo
cation motion and enhance resistance to plastic deformation.

4. Discussions

4.1. Formation of spinel particles in in-situ reactions

4.1.1. Thermodynamic analysis
The possible reactions in Al–Mg–Fe2O3 system are represented by 

thermodynamic equations (4)–(8): 

12Al(L) +6Mg(L) + 8Fe2O3(S) = 10[Fe] + 6(MgFe)Al2O4(S) (4) 

2Al(L) +Fe2O3(S) = 2[Fe] + Al2O3(S) (5) 

Fig. 9. TEM image of MgAl2O4–Al3Fe interface. (a) High-Angle Annular Dark-Field (HAADF) image; (b) Energy-Dispersive X-ray Spectroscopy (EDS) maps, elements 
identities are unambiguously confirmed by the corresponding EDS elemental maps of O, Mg, Fe, and Al; (c) High-Resolution Transmission Electron Microscopy 
(HRTEM) image of the MgAl2O4–Al3Fe interface; (d) Fast Fourier Transform (FFT) pattern.
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3Mg(L) + Fe2O3(S) = 2[Fe] + 3MgO(S) (6) 

4Fe2O3(S) +6Al(L) = 5[Fe] + 3FeAl2O4(S) (7) 

6Al(L) +3Mg(L) + 4Fe2O3(S) = 8[Fe] + 3MgAl2O4(S) (8) 

The Gibbs free energy (ΔGΘ
T , kJ/mol) of reactions are expressed by 

equations 9–13 according to thermodynamic data in literature [31]: 

ΔGΘ
5 = -703.47 + 0.06T (9) 

ΔGΘ
4 = -847.46 + 0.08T (10) 

ΔGΘ
3 = -1017.62 + 0.10T (11) 

ΔGΘ
2 = -2681.83 + 0.20T (12) 

ΔGΘ
1 = -3739.11 + 0.34T (13) 

The Gibbs energy of reactions remain negative over the practical 
temperature range, indicating that these reactions are spontaneous 
process thermodynamically. At 900 ◦C, the standard Gibbs free energy 
changes (ΔGΘ

T ) are − 649.5 kJ/mol, − 77.1 kJ/mol, − 926.8 kJ/mol, 
− 2500.6 kJ/mol, and − 3434.8 kJ/mol for the formation of (MgFe) 
Al2O4, Al2O3, MgO, FeAl2O4, and MgAl2O4, respectively. Notably, the 
MgAl2O4 is the thermodynamically stable phase among the products 
owing to its lowest free energy; consequently, any interphase are ex
pected to be progressively converted into MgAl2O4 in the reaction par
ticle zone or the melt given sufficient reaction time under dynamic 
conditions.

4.1.2. Reaction process
Formation process of MgAl2O4 is mainly governed by diffusion of 

atoms and ions [25], specifically in this case, it is the diffusion of Al and 

Fig. 10. HRTEM image of MgAl2O4–Al interface. (a) HAADF image; (b)–(d) EDS mapping, elements identities are unambiguously confirmed by the corresponding 
EDS elemental maps of O, Mg, and Al; (e) and (f) HRTEM images; (g) and (h) FFT patterns.

Fig. 11. Tensile stress-strain curves of the Al–2Fe alloy and Al–2Fe based composite. (a) Stress-strain cures; (b) Mechanical properties.
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Mg into Fe2O3 particles as indicated in Fig. 14. The adsorption of Mg and 
Al on surface of Fe2O3 particles plays a key role in stimulating the re
actions leading to the formation of MgAl2O4. As observed in the inter
facial region (Fig. 1), Mg exhibits a higher adsorption ability than that of 
Al (Fig. 1). This behavior arises because adsorption is a thermodynam
ically spontaneous process, and Mg acts as a more “surface-active 
element” than Al. Consequently, Mg adsorption significantly reduces the 
interfacial energy between the melts and oxides, thereby facilitating 
interfacial reactions and subsequent spinel formation [32,33]. In addi
tion, Mg has a lower electronegativity than Al, leading to a stronger 
electrostatic attraction of Mg2+ and O2− than between Al3+ and O2− . 
This facilitates the preferential adsorption of Mg2+ on on the surface of 
Fe2O3 particles.

The adsorbed Mg species initially react with Fe2O3 to form a MgO 
thin layer with a loose structure. Certainly, it is possible to form (MgFe) 
O3 with an insufficient substitution of Mg for Fe. Subsequent reactions 
between Al and MgO, (MgFe)O3, and residual Fe2O3 progressively 
disrupt this layer and lead to the formation of intermediate spinel 
phases, including (MgFe)Al2O4 and FeAl2O4, as well as the eventual 
product MgAl2O4 (Fig. 2). These reactions continuously consume Mg 
and Al, thereby driving fresh Mg and Al diffuse into the contacting zone 
to sustain the reactions [33,34]. Owing to its lowest (ΔGΘ

T of MgAl2O4, 
these interphases are thermodynamically driven to further transform 
into the most stable MgAl2O4 through continuous replacements of Mg 
and Al for Fe in the particle zone and melts. Meantime, the discharged Fe 
atoms from the Fe2O3 tend to aggregate as particles at the boundary of 
Fe2O3 particles to minimize their interfacial energy [35].

Afterwards, Al and Mg gradually enrich in the Fe-rich regions, 
resulting in formation of low-melting-point Al–Mg–Fe micro melts that 
propagate from the outer surface toward the interior. (Fig. 3). The micro 
melts extend inwards to form the branched melts channels, which 
facilitate the transportation of Al and Mg because diffusion in liquid is 
faster than in solid [36,37]. The melts channels separate the densified 
particle zone, which eventually collapses under the continuous reactions 
and mechanical stirring. Thus, the particle-like products are involved 
into the melts and dispersed by the continuous stirring [38]. Given the 
abundance of Al and Mg in the melts, the interphases of (Mg,Fe)Al2O4, 
FeAl2O4, Al2O3, and MgO, even formed, will be converted into MgAl2O4 
in the melts by further elemental substitutions. Meanwhile, the liberated 

Fe species dissolve into the melt and subsequently participate in forming 
the Al–Fe matrix of the composite during solidification [39]. This 
deduction was confirmed by the phase composition (Fig. 4) and 
microstructure (Fig. 5) of the composite, in which the Al, Al3Fe, and 
MgAl2O4 phases are found to coexist.

4.2. Refinement of microstructure

The binary Al–2Fe alloy is a near-eutectic alloy and it is typically 
composed of coarse α-Al grains and needle/flake-like Al3Fe phases 
(Fig. 8a). Refinement of both phases is therefore essential for improving 
the mechanical performance of the alloy because it can simultaneously 
enhance the strength and plasticity of the metal materials.

In the present case, the Al3Fe phases and Al grains were significantly 
refined by introducing in-situ generated nano-submicron MgAl2O4 
crystals in the melts (Figs. 7 and 8), which acts as the heterogeneous 
nucleation substrates for Al3Fe phases and α-Al grains (Figs. 9 and 10). 
The refinement mechanism of MgAl2O4 for α-Al grains has been reported 
in other systems. Wang et al. [40] observed the orientation relationships 
of (111)Al//(111)MgAl2O4 

and (022)Al//(113)MgAl2O4 
between nanosized 

MgAl2O4 and Al matrix in the vacuum hot pressing of Al–Mg–B2O3 
system. Wang et al. [41] found that the submicron MgAl2O4 provides an 
orientation relationship of (042)Al//(020)MgAl2O4 

to Al crystals in the 
reactive sintering of Al–Mg–ZnO system. Thakur et al. [42] observed no 
orientation relationship to exist between the micron MgAl2O4 particle 
and Al to occur in the Al–Mg–SiO2 system through casting route. This 
indicated that many orientation relationships cam be formed between 
MgAl2O4 and Al matrix because they have the same crystal structure and 
very closed crystal parameter that yield much less mismatch. Moreover, 
the formation of orientation relationships is strongly size-dependent: the 
smaller particles, particularly the nanoscale ones, exhibit a greater 
tendency toward structural compatibility with the coherent or 
semi-coherent interfaces. This enables them to act as effective hetero
geneous nucleation substrates for Al crystals.

Notably, in the present study, three orientation relationships 
of (111)Al//(222)MgAl2O4

, (131)Al//(262)MgAl2O4
, and (220)Al//

(440)MgAl2O4 
were identified by the FFT patterns (Fig. 10g and h), which 

uncovers the new refinement routes by the different orientation 

Fig. 12. Fracture morphology of samples. (a and b) Al–2Fe alloy; (c and d) Al–2Fe based composite.
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relationships from previous reports. Particularly, for the first time, 
MgAl2O4 crystals are experimentally shown to act as the heterogeneous 
nucleation substrate for Al3Fe phases by the coherent relationship of 
(115)Al3Fe//(131)MgAl2O4

.
Moreover, the growth of MgAl2O4 crystals is effectively resisted in 

present condition because the Al melts contain only limited amount of O 
elements and the supply of necessary elements of Al and Mg for crystal 
growth is disturbed by the stirring [27]. Thus, the majority of spinel 
particles are retained at small sizes (Figs. 4 and 6).

The in-situ MgAl2O4 crystals play an intrinsic role in refinements of 
both Al and Al3Fe phases because it reduces the nucleation energy by 
providing the coherent substrates. The stirring makes the particles uni
formly disperse in the melts [43], ultimately, obtaining a 
nano-submicron MgAl2O4 particle-reinforced Al–2Fe based composite.

Compared with the previously reported MgAl2O4-reinforced Al- 
based composites, three differences are identified in the present 
approach. First, this study reports for the first time that MgAl2O4 crystals 
can establish a coherent crystallographic relationship with Al3Fe phase, 
enabling their heterogeneous nucleation and refinement. Second, the 
new coherent orientation relationships between MgAl2O4 and Al, 
different from the previous, are uncovered, indicating the strong crys
tallographic compatibility of MgAl2O4 with the Al matrix. Third, the 
reduced Fe elements directly act as the alloying element of Al–Fe alloy, 
leaving out addition of Fe-containing raw materials. Therefore, intro
duction of the in-situ MgAl2O4 particles in Al–Fe alloys provides mul
tiple advantages on the formation and enhancement of the 
microstructure.

4.3. Strengthening of composite

The coarse Al3Fe phases and Al grains in Al–2Fe alloy are fatal factors 
to worsen the strength and plasticity. The effects of grain refinement and 
phase composition on mechanical properties of alloys are extensively 
studied. Fine grain together with suitable combination of soft and hard 
phases are essential for enhancing the strength, plasticity, and hardness 
simultaneously [44–47]. Grain refinement promotes dislocation move
ment by providing multiple slip directions; while the increased grain 
boundary in turn inhibits the dislocation movement by interfacial 
strengthening. Thus, a suitable combination of soft and hard phases 
enables more uniform distribution of applied loads, yielding a balance 
on strength, hardness, and ductility.

In the present case, the in-situ reactions produced fine MgAl2O4 
particles in the alloy, which largely improved the strength and hardness 
while had less negative influence on plasticity (Figs. 11 and 13). This is 
because fine spinel particles further realized multi-dimensional refine
ment and reinforcement effects [48]. 

(1) Spinel crystals have coherent interfaces to Al3Fe and Al phases, 
which strengthen the interfacial combination to reduce the 
cracking trend along the interfaces under loading [49].

(2) The dispersively distributed spinel crystals largely inhibit the 
movement of dislocations; which strengthens the soft Al matrix 
[50].

(3) The refined Al grains make dislocations migrate in more slipping 
directions, which has positive effect on the plastic deformation 
[51]. Moreover, the refined brittle Al3Fe phases significantly 
reduce their segregation effect to Al matrix and the stress con
centration at their tips, which delays cracking of the interface. 
The fine Al3Fe particles play similar resistant role in dislocation 
movement as MgAl2O4 particles [52]. These effects are reflected 
in the sawtooth fluctuation in plastic deformation by pinning and 
unpinning of dislocations repeatedly (Fig. 11) [53].

(4) The hard particles of Al3Fe and MgAl2O4 result in earlier hard
ening of Al matrix and accumulation of stress at interfaces to 
reduce the plasticity [54,55]. However, the finely dispersed 
MgAl2O4 particles, refined Al grains and Al3Fe phases, and 
coherent interfaces offset the negative effect of hard particles in 
some extent; therefore, the composite retains good plasticity, 
with only a slight reduction in elongation

The strengthening effect of Al grain refinement and dislocation 
(Orowan) on yield strength of materials induced by MgAl2O4 particles 
can be calculated using following equations 14–16. The grain 
refinement-induced strengthening effect (ΔσHP) was calculated using 
the Hall-Petch relation [56,57]: 

ΔσHP = ky

(
d-1/2-d-1/2

0

)
(14) 

Where d and d0 represent the grain sizes of Al in the composite and 
Al–2Fe alloy respectively (Fig. 7). ky denotes the Hall-Petch coefficient 
for Al–Fe alloy [58].

The Orowan strengthening effect (ΔσOrowan) can be calculated using 
the following equations [59] 

ΔσOrowan =
0.8Gb

λ
ln

d
2b

(15) 

λ= d

[(
1

2fv

)1/3

-1

]

(16) 

Where G is the shear modulus of the Al matrix, b is the Burgers vector of 
Al [60]. λ is the interparticle distance; d and fv represent the average size 
and volume fraction of MgAl2O4 particles, which can be estimated from 

Fig. 13. Hardness values of Al–2Fe based alloy and composite.

Fig. 14. Sketchmap of the formation process of MgAl2O4 particles.
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the distribution and size of MgAl2O4 particles (Figs. 6 and 8). The values 
of the parameters were given in Table 3.

The calculated values of ΔσHP is 15.3 MPa, with the values of Δ 
σOrowan is 7.1 MPa; the resulted total contribution (22.4 MPa) is slightly 
higher than the experimentally measured value (21.0 MPa), which can 
be attributed to casting defects such as pores formed during high- 
temperature remelting and mechanical stirring, effects that are not 
accounted for in the strengthening model and tend to reduce the yield 
strength. The theoretical calculation confirms that the introduction of 
MgAl2O4 particles exactly improved the strength of composite. The 
strengthening effect of Al3Fe refinement can not be calculate because the 
Orowan mechanism is not suitable for large particles more than 1 μm 
[61]; the present Al3Fe phases had an average particle size of 5.9 μm.

4.4. Potential application and theoretical contribution of the research

The large-bulk ingots always have coarse microstructure and 
nonuniform mechanical properties due to the slow solidification rate. 
Straightening cooling is not effective; advanced techniques such as 
squeeze casting, semi-solid casting, and spray deposition are not suitable 
for the fabrication [9–11]. An effective strategy is to modify the melt 
nature to promote heterogeneous nucleation and thereby refine the 
microstructure. However, conventional melt modifications with refiners 
(Al–Ti–B, Al–Ti–C, TiB2) [3,4] and modifiers of rare earth and other 
alloying elements [5–8] are not effective on simultaneous enhancement 
of strength, hardness, and plasticity.

Compositing of aluminum alloy represents an effective technique for 
improving the mechanical properties of large-bulk alloys. However, ex- 
situ particle reinforcement, as a conventional compositing method, has a 
distinct shortage of low plasticity, which is unsuitable for the fabrication 
of deformable alloy ingots.

In contrast, the present in-situ solid-liquid reaction method demon
strates its advantages in the production of large-bulk alloys because the 
in-situ-generated spinel particles play an intrinsic role in refinement of 
microstructure. This self-generated refinement capability depends less 
on the melts volume and external technical conditions. When compared 
to the modifications with refiners and alloying elements, the present 
technique possesses a promising engineering potential for preparation of 
large-bulk alloys with refined uniform microstructure, and compre
hensive mechanical properties. This in-situ liquid-solid reaction method 
has been applied in other systems. Its effectiveness was confirmed, the 
grain size was refined (Figs. 7 and 8), the coherent relationships 
occurred (Figs. 7 and 8), so the mechanical properties were improved 
(Figs. 11 and 13). Moreover, the obtained composite melts can also be 
combined into the squeeze casting and semi-solid casting for further 
improvement of the properties.

Admittedly, industrial implementation is more challenging than 
laboratory processing as rapid control of melt temperature is difficult 
and powder addition requires longer processing times. Nevertheless, 
these challenges are worthwhile to address, given the potential to pro
duce high-quality ingots with superior and uniform properties.

From the formation process and modification mechanism of the 
composite, it can be recognized that this core technique lies in the co
ordinated regulation to the nature of alloys in terms of cross-scale 
(micro-submicro-nano), heterogeneity (spinel ceramic phase, Al3Fe in
termetallics, metal matrix), and interface (coherency), which offers a 
new paradigm for solving the common contradiction of metallic mate
rials between strengthening and embrittlung.

The core scientific contribution of the research lies in the extension 
of pursuit from material's homogeneity to heterogeneous system, 
embodying the overall novelty on concept of materials design. It is 
helpful to deeply understand the relationship between the materials 
design, technical implementation, and regulation to material's micro
structure and macroscopic properties.

5. Conclusions

The spinel (MgAl2O4) particles reinforced Al–2Fe composite was 
successfully prepared by the in-situ solid-liquid reactions in Al–1.5 wt% 
Mg melts by adding 3.1 wt% Fe2O3 powder, stirring at 700 ◦C, reacting 
at 900 ◦C for 25 min, and purring at 750 ◦C.

Formation of the MgAl2O4 particles is primarily govern by the 
diffusion of Mg and Al elements and their reactions with Fe2O3.

Mg exhibits a stronger adsorption affinity to Fe2O3 than Al, which 
initiates the interfacial reactions to Fe2O3; the resulting concentration 
gradients of Mg and Al continuously sustain the formation of MgAl2O4.

The reaction pathway involves the sequential transformation of in
termediate phases, including MgO and (MgFe)Al2O4, into the thermo
dynamically most stable MgAl2O4 spinel.The initially loose Fe2O3 
particle aggregations are sintered into a dense entirety, which is then 
decomposed by formation of liquid channels, leading to the separation 
of MgAl2O4 particles and Fe elements.

The in-situ generated spinel particles exhibit excellent crystallinity 
and nano-micron sizes, which were dispersively distributed in Al matrix.

Nanoscaled spinel crystals have coherent relationships of 
(111)Al//(222)MgAl2O4

, (131)Al//(262)MgAl2O4
, and (220)Al//(440)MgAl2O4 

for Al and (115)Al3Fe//(131)MgAl2O4 
for Al3Fe crystals, respectively, 

enabling MgAl2O4 to act as effective heterogeneous nucleation sub
strates for both phases.

The presence of MgAl2O4 particles leads to pronounced refinement of 
the α-Al grains and Al3Fe intermetallics, with average size reductions of 
54.7 % and 34.5 %, respectively, compared with the Al–2Fe alloy.

The spinel particle reinforced Al–2Fe composite exhibited excellent 
mechanical properties, yield strength of 77.8 MPa, tensile strength of 
167.8 MPa, hardness of 118.6 HV, and elongation of 13.0 %, corre
sponding to increases of 36.9 %, 47.7 %, and 40.5 %, respectively, and a 
only moderate decrease in ductility (− 21.1 %).
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Table 3 
The given values of the parameters in equations.

Parameters Al grains MgAl2O4 particles

d d0 d fv λ

values 178.5 μm 80.8 μm 0.28 μm 1.41 vol % 2.3 μm
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