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Abstract

In this article, a Nd2Fe14Bp/2024Al composite was prepared using high-energy ball milling,
magnetic field cold isostatic pressing, and microwave sintering. The influence of powder
particle size on microstructure and mechanical properties was discussed. The experimental
results demonstrated that a ball milling duration of 10 h yielded powders with an average
particle size of 5 µm, resulting in a refined and homogeneous microstructure, with a
hardness value of 115 HV. Additionally, the densification process of the microwave-sintered
sample was analyzed. When the sintering temperature was 490 ◦C, in-depth analysis was
conducted on the effect of Nd2Fe14B addition on the microstructure and properties of the
composite. The results showed that when the addition of Nd2Fe14B was 15 wt.%, the
microstructure of the composite was uniform with fewer pores, and the Nd2Fe14B phase
was evenly distributed on the matrix. At the same time, the compactness, microhardness,
yield strength, and compressive strength of the composite also reached their optimal
values, which were 94.3%, 136 HV, 190.5 MPa, and 248.9 MPa, respectively. When the
addition of Nd2Fe14B reached 20 wt.%, the magnetic properties of the composite were
slightly better than those of 15 wt.% Nd2Fe14B addition. However, based on the goal of
preparing a high-magnetic and high-performance aluminum-based composite, considering
the microstructure, mechanical properties, and magnetic properties comprehensively, it is
believed that 15 wt.% is the optimal addition amount of Nd2Fe14B.

Keywords: composite; Nd2Fe14B; microstructure; properties

1. Introduction
As the “power heart” and “information nerve” of modern industry, innovations in the

performance of magnetic materials profoundly influence the development landscape of key
fields such as energy conversion, information storage, and transportation. Conventional
rare-earth permanent magnet materials, typified by neodymium iron boron (Nd2Fe14B),
have maintained a dominant position in applications due to their superior magnetic en-
ergy product ((BH)max), high remanence (Br), and coercivity (Hcj), providing a powerful
magnetic source for devices such as electric motors, loudspeakers, and sensors. However,
as the requirements for comprehensive material performance in cutting-edge technology
fields increase exponentially, such traditional magnetic materials, which are mainly iron-
based, are increasingly revealing their inherent physical and chemical limitations: high
density (generally higher than 7.6 g/cm3) leads to bulky systems; the chemical activity
of iron elements makes them highly susceptible to oxidation and failure in humid, hot,
and corrosive environments; and more prominently, their intrinsic hard and brittle nature
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(with fracture toughness generally less than 5 MPa/m2) makes them unable to withstand
complex stress environments, resulting in processing difficulties and safety hazards [1,2].
These shortcomings severely restrict their application in emerging scenarios that pursue
ultimate performance and reliability [3]. With the rapid development of industries such
as new energy vehicles and rail transportation, new requirements have been placed on
magnetic materials, such as light weight, miniaturization, and high strength and toughness,
in order to achieve safety, energy efficiency, and ease of processing for magnetic devices
like magnetic bearings, motors, and relays [4–6].

As early as 1978, the Laboratory of the Department of Production Engineering at
a Japanese university first attempted to prepare magnetic aluminum alloys by adding
ferrite composite powder to aluminum melt [7]. However, due to the excessively high
temperature of the aluminum melt, the magnetic powder reacted rapidly upon contact
with aluminum, and metal compounds were formed at the interface, which greatly reduced
the magnetism. Eventually, only low-magnetic aluminum materials were obtained. In
1987, the Kobe Steel Research Institute in Japan, utilizing its advanced technologies such
as magnetic material manufacturing, aluminum alloy powder production, and powder
mixing and solidification molding, successfully prepared finished magnetic aluminum
alloy products. Nevertheless, these products had poor stability, low magnetic properties,
and their reliability could not be guaranteed. In 2012, Indian researcher Chandan [8]
prepared a composite with cobalt ferrite magnetic nanoparticles dispersed in the aluminum
matrix, which had a magnetization of 17.07 emu/g and a coercivity of 0.058 T, both lower
than the performance levels achieved in previous studies. Analyzing the reasons, this
may be attributed to the insufficient magnetic properties of the magnetically reinforcing
particles, as well as the conventional sintering process which resulted in insufficiently
dense microstructure and poor uniformity of particle dispersion. In 2015, Egyptian scholar
Fathy and his colleagues [9] conducted an experimental study on the role of Fe element in
the microstructure, mechanical properties, and magnetic properties of aluminum matrix
composites synthesized by powder metallurgy. The experimental results showed that the
magnetization of the sample with 5%Fe added was 0.3816 emu/g, while that of the sample
containing 10 wt.% Fe increased to 0.6597 emu/g. However, this was still much lower than
the 33.06 emu/g obtained in previous experiments. Moreover, due to the excessively high
iron content, a large number of iron-containing brittle phases were formed, resulting in the
low strength and toughness of the material.

In the preliminary research of our research group, we attempted to add neodymium
iron boron (Nd2Fe14B) in the form of fine particles to aluminum melt. However, due to
the high melting temperature of aluminum melt, the Nd2Fe14B particles reacted with the
aluminum matrix to form complex intermetallic compounds, resulting in a decrease in
the magnetic properties of Nd2Fe14B. Subsequently, powder metallurgy methods (such
as sintering) were used to prepare Nd2Fe14Bp/aluminum composites and high-entropy
alloys (HEA) [10–12]. Among all the existing sintering methods, microwave sintering is
considered the best choice due to its advantages, such as obtaining better microstructure
and mechanical properties [13,14], fast heating speed, selective sintering, and activation
sintering effect [15–17].

In this study, the 2024Al was used as the matrix and the Nd2Fe14B particles were
used as the reinforcing phase. Nd2Fe14Bp/2024Al composite was prepared through high-
energy ball milling, magnetic field cold isostatic pressing, and microwave sintering. The
influence of Nd2Fe14B powder size and addition on the microstructure and properties of
the composite was studied in depth, and the optimal addition amount was determined.
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2. Experimental Setup
2.1. Materials and Methods

In the present study, 2024Al powder with a purity of 99.99% (average particle size of
10 µm, Changsha Tijo Metal Materials Co., Ltd., Changsha, China) and Nd2Fe14B powder
with a purity of 99% (average particle size of Nd2Fe14B powder is about 45 µm, Guangdong
Xinnuode Transmission Parts Co., Ltd., Guangzhou, China) were used as the main raw
materials, as shown in Figure 1a. First, the 2024Al powder and Nd2Fe14B powder were
placed in the planetary ball mill for high-speed ball milling to further refine them into fine
and uniform powders. Ball milling was performed using zirconia grinding media with
diameter ratios of 15 mm/10 mm/5 mm at 1:2:4 (mass ratio). Anhydrous ethanol was
employed as the process control agent. The ball milling was conducted at a rotation speed
of 200 r/min for 12 h. After ball milling, the powder was filtered and then placed in a
vacuum drying oven, where it was dried at 72 ◦C for 48 h. The purpose of this process was
to obtain submicron-sized 2024Al and Nd2Fe14B powders. Then, the two powders were
mixed and ball-milled together. The prepared mixed powder was placed in a drying oven
for drying and then subjected to cold isostatic pressing in the magnetic field atmosphere.
During the sintering process, based on the previously optimized sintering process, the
pressed samples were first heated to 200 ◦C and held for 5 min. Then, the temperature was
increased at a rate of 10 ◦C/min until 490 ◦C, and was held for 30 min [18]. The preparation
process of the samples is shown in Figure 1b, and the dimensions of the samples are
illustrated in Figure 1c. To achieve the magnetic properties of the composite, the sintered
samples were placed in a magnetizing device for magnetization.

Figure 1. (a) The SEM morphology of 2024Al powder and Nd2Fe14B particles; (b) schematic diagram
of the composite preparation process; (c) the dimensions of one of the prepared samples.

2.2. Testing and Characterization

The particle size of the mixed powder was measured by a laser particle size analyzer
(model: Masterizer-2000, Malvern, UK). The particle size testing range was 0.02–2000 µm,
and the scanning speed was 1000 times per second.
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Microstructure observations of the samples were carried out using an optical micro-
scope (model: BA310MET, Motic, Xiamen, China) and an SEM (model: Nova NanoSEM450,
FEI, Portland, OR, USA). The samples were cut into a uniform size of Φ 8 mm × 12 mm
through wire cutting, and the etching agent used was Kohler reagent. The backscattered
images of the sample were collected on the surface for microstructure analysis, and the
accelerating voltage was 5.00 kV.

X-ray diffraction (XRD, Bruker, D8 Advance, Karlsruhe, Germany) was used to per-
form phase analysis on the prepared samples, and the anode target material was Cu target.
Prior to testing, the samples were cut into cylindrical shapes of Φ 8 mm × 12 mm, and the
surface to be tested was polished flat and shiny.

Microhardness testing was performed with a DYDUV-1000 microhardness tester. The
testing process is as follows: 7 points were uniformly dispersed on a flat and smooth
sample surface for hardness testing, and the data were processed: the extreme values were
removed, and the middle 5 effective values were selected to calculate the average value.

The compactness of the samples was measured using the Archimedes drainage
method [19]. Firstly, the composite sample was placed in an ultrasonic cleaning device for
cleaning. After complete drying, we weighed the mass of the sample in the air as m1. Then
we placed the sample in distilled water and weighed it as m2. The actual density of the
composite can be calculated by Formula (1).

ρ =
m1

m1 − m2
ρ1 (1)

In the formula, ρ1 is the density of distilled water at room temperature.
According to the mixing law, the theoretical density of composite samples can be

obtained from Formula (2).
ρ0 = ∑ ρiXi (2)

In the formula, ρi is the theoretical density of element i, and Xi is the corresponding
atomic fraction of this element. From this, it can be concluded that the comprehensive
compactness I of the composite material is obtained by Formula (3).

I =
ρ

ρ0
(3)

The compressive performance was tested by a DDL-100 electronic testing machine.
The size of the compression test sample is Φ 8 mm × 12 mm, and both ends need to be
polished smooth and flat. The downward pressure speed during testing is 0.5 mm/min.

The magnetic properties were measured using a vibrating sample magnetometer
(model: LakeShore7407, Columbus, OH, USA). The maximum external magnetic field
range of the equipment was (−4 T, 4 T). The sample was cut into small pieces of
3 mm × 3 mm × 3 mm, and the hysteresis loop of the composite was measured from
this. Then, the residual magnetism Br, coercive force Hcj, and maximum magnetic energy
product (BH)max were obtained through the hysteresis loop.

3. Results and Discussion
3.1. Influence of Powder Particle Size on Microstructure and Mechanical Properties

Figure 2a–c show a particle size distribution diagram of the composite mixed powder
prepared under different ball milling times. The ball diameter ratio is 1:2:4, the ball-to-
powder ratio is 5:1, and the ball milling times are 6 h, 8 h, and 10 h. The average particle
sizes of the prepared composite powders are 25 µm, 10 µm, and 5 µm, respectively. When
the ball milling time is 6 h, the mixed powder undergoes a relatively short duration,
resulting in insufficient mechanical alloying. The coarse particles are not fully impacted
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and crushed, leading to a larger average particle size of the powder. According to the
action principle of microwave sintering on metal particles, powder with such a particle
size is not suitable for microwave sintering materials [20]. With the increase in ball milling
time, the average particle size of the mixed powder decreases significantly. When the ball
milling time is 10 h, the average particle size of the powder drops to about 5 µm. It is found
that sufficient ball milling time can significantly increase the number of collisions between
grinding balls and the ball mill tank, as well as between grinding balls themselves. At the
same time, it increases the system energy inside the ball mill tank, enabling the powder to
be fully impacted and crushed, thus effectively improving the mechanical alloying effect of
ball milling.

Figure 2. Effect of ball milling time on particle size distribution of composite powder: (a) ball milling
time is 6 h; (b) ball milling time is 8 h; (c) ball milling time is 10 h.

Figure 3a–c show the optical metallographic structure diagrams of Nd2Fe14Bp/2024Al
composites with different powder particle sizes (25 µm, 10 µm, 5 µm) prepared by mi-
crowave sintering, where the addition amount of Nd2Fe14B powder is 15% and the sintering
temperature is 490 ◦C. It can be seen that the particle size of the mixed powder has a signifi-
cant impact on the microstructure of the composite. When the powder particle size is 25 µm,
the grain size of the composite sample is relatively coarse and uneven, with the grain size
in some local areas reaching 43 µm (as marked in Figure 3a). Most of the Nd2Fe14B phases
in the composite present sharp acute angles, which can easily split the matrix and destroy
the continuity of it, and are not conducive to the exertion of the mechanical properties of
the composite. When the powder particle size is 10 µm, the grain size of the composite
is optimized, the average grain size is reduced to about 20 µm, the interface between
the matrix and the particle phase is well bonded, and the morphology of the Nd2Fe14B
phase is improved with relatively uniform distribution. As the powder particle size is
5 µm, the grain size of the 2024Al matrix in the composite is significantly reduced, with an
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average grain size of about 10 µm (as shown in Figure 3c). The surface morphology of the
matrix is uniform and flat, and the distribution uniformity of the Nd2Fe14B particle phase
is significantly improved, showing a characteristic of dispersed distribution. It is found
that during microwave sintering, a smaller particle size is helpful for microwaves to fully
penetrate into the core of metal particles. The overall heating mode of powder particles
from the surface to the interior, where microwave energy is converted into heat energy,
achieves higher heating efficiency, and gives full play to the advantage of “low-temperature
and fast sintering” of microwave sintering. Under higher superheat, it promotes phase
transformation nucleation during the sintering process, the number of crystal nuclei is
greatly increased, and the grains are refined [21].

  

Figure 3. OM morphologies of 15 wt.%Nd2Fe14Bp/2024Al composites with different powder sizes:
(a) 25 µm; (b) 10 µm; (c) 5 µm.

As depicted in Figure 4, the microhardness of the composites increased monotonically
with decreasing powder composites and increased monotonically with decreasing powder
particle size, peaking at 115 HV for the 5 µm sample. When the powder particle size is large,
the Nd2Fe14B particle phase is coarse and distributed in the matrix in an irregular shape
with sharp corners (as shown in Figure 3a), which is not conducive to the interface bonding
between the reinforcing phase and the matrix. When the average particle size of the powder
is 5 µm, the Nd2Fe14B phase is mainly in a nearly spherical shape and distributed relatively
uniformly in the matrix, thus making the composite show a higher overall hardness.

Analysis indicates that the factors influencing the hardness of the composite mainly
include compactness, the morphology and quantity of reinforcing phase particles, and their
distribution state in the 2024Al matrix. During the sintering process, the densification of the
green compact is mainly achieved through the diffusion and rearrangement of atoms. When
the particle size of the composite powder is small, the grains of the composite synthesized
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by microwave sintering are also small, and its mechanical properties such as strength and
toughness are better. In this experiment, a small powder particle size may be closer to
the skin depth δ of the microwave used, and the proportion of the particle depth that
microwaves can penetrate is larger. Therefore, the composite powder with a small particle
size can better absorb microwave energy and convert it into heat energy, reaching the preset
sintering temperature in a shorter time, which is conducive to the rapid densification of
the material. From a thermodynamic perspective, metal powders with small particle sizes
have a larger specific surface area, thus higher surface energy and greater activity, which
further promotes the densification process during sintering.

Figure 4. Hardness of 15 wt.%Nd2Fe14Bp/2024Al composites fabricated with different powder sizes:
(a) 25 µm; (b) 10 µm; (c) 5 µm.

Figure 5 is a schematic diagram showing the densification process of the sample
compact during microwave sintering. Figure 5a presents the state of particles inside the
compact before the start of sintering, that is, the state after cold isostatic pressing. During
the cold isostatic pressing process, migration and deformation occur between particles,
leading to an increase in the number of internal defects in the particles. The increase in
defects will promote the diffusion of atoms during microwave sintering. Meanwhile, under
the high-strength load of cold isostatic pressing, tight bonds are formed between powder
particles, which helps to promote the formation of sintering necks between particles during
sintering. Figure 5b shows the formation of sintering necks during the sintering process.

When the compact is sintered, under the action of the microwave field, material
migration first occurs on the surface layer of the compact. Among them, the migration
phenomenon is most significant in adjacent particles or areas with small gaps between
them, and the material migration mainly proceeds through volume diffusion. The result
of material migration is the formation of “bubbles” on the surface of powder particles
due to the aggregation of atoms, as shown in Figure 5a. With the continuous aggregation
of atoms during the heating process, the “bubbles” continue to grow and connect with
the surfaces of adjacent particles or between “bubbles”, realizing the connection between
powder particles and forming sintering necks (as shown in Figure 5b).
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Figure 5. Schematic diagram of metal powder densification principle during microwave sintering
process: (a) the interior of the metal compact at the initial stage of microwave sintering; (b) formation
of particle sintering neck within the compaction; (c) consolidation process of composite materials.

Table 1 shows the compactness of bulk composites calculated from the theoretical
density and actual density for the three samples. As the particle size of the composite
powder decreases, the measured density of the samples gradually increases, and the
corresponding density gradually increases. When the average particle size is 5 µm, the
compactness is 94.3%. It can be known that the same metal powder has the same penetration
depth in the microwave field of the same frequency [22]. For compacts with the same
mass and volume, the finer the original powder, the more particles it contains. Therefore,
combined with the microwave sintering densification principle, when the microwave
penetration depth is constant, the finer the original powder particles in the compact, the
larger the volume ratio penetrated by microwaves, the more sufficient the microwave
absorption, and the higher the quality of microwave sintering. On the other hand, the finer
the powder particles, the higher their surface energy and surface activity [23], and the lower
the activation energy required in the microwave sintering process, which is conducive to
achieving a high densification process of the composite at a lower temperature in a short
time. This is also in line with the “low-temperature and fast sintering” characteristics of
microwave sintering.

Table 1. Compactness of 15 wt.% Nd2Fe14Bp/2024Al composites fabricated with different pow-
der sizes.

Particle Size of
Powder (µm)

Theoretical
Density (g/cm3)

Actual Density
(g/cm3) Compactness (%)

25 3.71 3.23 93.2
10 3.71 3.30 93.8
5 3.71 3.33 94.3
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3.2. Influence of Nd2Fe14B Addition Amount on the Microstructure

Figure 6a–d show the SEM morphology of Nd2Fe14Bp/2024Al composites with dif-
ferent amounts of Nd2Fe14B added. When the addition is 5 wt.%, the Nd2Fe14B phase is
relatively sporadically distributed on the matrix. At this time, the grain size of the matrix is
relatively coarse and has poor uniformity, and some pores can be observed in the matrix,
as shown in the marked area of Figure 6a. When the addition of Nd2Fe14B reaches 10 wt.%
(Figure 6b), the grain size of the 2024Al matrix decreases, and the pores between the grains
reduce compared to Figure 6a. The distribution of the Nd2Fe14B phase on the matrix is
relatively uniform, but the morphology tends to exhibit irregular and sharp angular shapes.
When the addition is 15 wt.% (Figure 6c), compared to Figure 6b, the number of grains
with sharp angular morphology has notably decreased, and the distribution in the matrix
is relatively uniform, with no obvious aggregation observed. Additionally, the number
of visible pores in the matrix has also decreased. When the addition of Nd2Fe14B reaches
20 wt.% (as shown in Figure 6d), the packing density of the Nd2Fe14B particle phase on the
matrix is higher, and nearby particles tend to stick together and aggregate [24]. Meanwhile,
it is evident that a larger number of pores are formed at the interface between the Nd2Fe14B
phase and the 2024Al matrix, as indicated by the green dashed lines in Figure 6d. Therefore,
from the perspective of the microstructure, when the addition of Nd2Fe14B is 15 wt.%, the
microstructure of the Nd2Fe14Bp/2024Al composites is more ideal.

 

Figure 6. (a–d) The SEM morphologies of Nd2Fe14Bp/2024Al composite with different Nd2Fe14B content.

For particle-reinforced aluminum matrix composites prepared by powder metallurgy,
there is a limit to the addition amount of reinforcing phase particles. When the volume
fraction of the reinforcing phase exceeds this limit, agglomeration occurs. The influenc-
ing factors of this limit value mainly include the particle morphology of the matrix and
reinforcing phase, the size ratio of matrix particles to reinforcing phase particles, and the
preparation process of the composite. At present, the calculation method for the maximum
volume fraction of enhanced phase particles is mostly based on the mathematical model ob-
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tained from the mixing ratio, while research on the influence trend of ball mill preparation
parameters on particle distribution is relatively rare. For the calculation of the limit value
of the volume ratio of reinforcing phase particles, the model proposed by Slipenyuk et al.
is commonly used [25], as shown in Formula (4).

Wcrit = δ[1 − (1 +
(

d
D

)3
+

(
2√
λ
+ λ

)(
d
D

)2
+

(
1
λ
+ 2

√
λ

)
d
D
)−1] (4)

In the formula, Wcrit represents the maximum volume ratio at which the particle
reinforcing phase in the composite can be uniformly distributed in the matrix; δ is a
constant whose value is based on parameters such as the particle size distribution and
morphology of the actual powder particles, and the commonly used value is 0.18; d is the
actual diameter of the reinforcing phase particles; D is the actual diameter of the matrix
phase particles; λ is the extrusion ratio. In this experiment, the limit value of the particle
volume ratio of the Nd2Fe14B phase calculated by using this model formula is 13.1%.
However, as shown in Figure 6, when the addition amount of the Nd2Fe14B phase reaches
15%, it is still uniformly distributed in the composite matrix. This indicates that the previous
high-energy ball milling has promoted the uniform distribution of the Nd2Fe14B phase.

Figure 7a shows the XRD patterns of the composite before and after sintering. It can
be seen that no new phases were generated after sintering, as the sintering temperature
was 490 ◦C, which is far below the melting point of Nd2Fe14B (1150 ◦C) and 2024Al
(655 ◦C). Moreover, the XRD peaks of Nd2Fe14B are consistent with each other, showing no
changes or shifts. This indicates that the structure of Nd2Fe14B remains stable during the
sintering process, thereby ensuring the magnetic properties of Nd2Fe14B. Meanwhile, no
other new phases or oxides are formed in the composite, as the sintering process is carried
out under the protection of an argon atmosphere, which effectively inhibits the oxidation
of the composite. The EDS spectroscopy (Figure 7b) analysis was conducted on points
A and B in Figure 6c, indicating that the compositions are 2024Al matrix and Nd2Fe14B
phase, respectively.

 

Figure 7. (a) The XRD patterns of the composite before and after sintering; (b) the element composition
at spot A and spot B in Figure 6c.

3.3. Mechanical Characterization

Figure 8a shows the trend of the compactness of the composite as the content of
Nd2Fe14B changes. When Nd2Fe14B is not added, the compactness of the 2024Al alloy
is approximately 95.5%. However, after adding different amounts of Nd2Fe14B powder,
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the compactness of the composite first decreases and then increases. As the addition
varies at 5 wt.%, 10 wt.%, and 15 wt.%, the compactness of the composite gradually
increases, reaching the highest value at the addition of 15 wt.% Nd2Fe14B. As the amount
of Nd2Fe14B increases, the thermal effect of the reinforcing phase in the composite during
the microwave sintering process becomes more significant, contributing increasingly to
the absorption and conversion of microwave energy in the overall heating, and resulting
in a more uniform microstructure and refined grains, thus increasing the compactness.
However, when the addition of Nd2Fe14B reached 20 wt.%, the mobility of the Nd2Fe14B
particles was weakened during the cold isostatic pressure process, leading to aggregation
and an increase in the number of gaps between particles [26], which subsequently decreases
the compactness of the composite.

(a) (b) 

Figure 8. (a) The compactness of Nd2Fe14Bp/2024Al composite with different Nd2Fe14B content;
(b) the microhardness and compressive properties of Nd2Fe14Bp/2024Al composite with different
Nd2Fe14B content.

Figure 8b shows the trend of the mechanical properties of the composite with different
Nd2Fe14B content. As the amount of Nd2Fe14B increases, the microhardness, yield strength,
and compressive strength first increase and then decrease, reaching the peak when the
Nd2Fe14B content is 15 wt.%, at 136 HV, 190.5 MPa, and 248.9 MPa, respectively. Compared
to the control sample, these values are increased by 17.9%, 10.6%, and 6.6%, respectively.
As the content of Nd2Fe14B increases to 20 wt.%, the microhardness, yield strength, and
compressive strength of the composite slightly decrease. The Nd2Fe14B phases have
extremely high hardness, they are distributed in the 2024Al matrix as the reinforcing
phases. With the increase in the addition amount, the surface area of Nd2Fe14B particles on
the matrix is expanded, the effective load-bearing capacity of the composite is improved, the
ability of the composite to bear deformation is enhanced, and the deformation resistance of
the micro-regions of the material is increased. In other words, the dispersively distributed
Nd2Fe14B particles restrict the deformation of the matrix grains in local regions, thus
improving the macroscopic hardness of the composite. However, when the addition
amount of Nd2Fe14B particles reaches 20 wt.%, the Nd2Fe14B phases agglomerate to a
certain extent, as can be seen from Figure 6d. This is not conducive to the improvement of
the effective load-bearing capacity of the composite; on the contrary, it may even reduce
it [27]. Moreover, it will cause uneven deformation resistance in various regions of the
material surface, so the mechanical property decreases.
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3.4. Characterization of Magnetic Properties

Figure 9a–d show the VSM (vibrating sample magnetometer) curves of composites
with different Nd2Fe14B content, which were measured and characterized using an os-
cillating sample magnetometer to assess the magnetic properties of the materials. The
magnetic properties’ parameters of the composite, such as remanence (Br), coercivity (Hcj),
and maximum magnetic energy product ((BH)max), can be calculated through the VSM
curve, as shown in Figure 9e.

Figure 9. (a–d) The VSM curves of the Nd2Fe14Bp/2024Al composites with different Nd2Fe14B
content; (e) magnetic properties of the composite with different Nd2Fe14B content.

From Figure 7a,b in Section 3.2, it can be seen that no new phases were generated
during the sintering process. Therefore, the magnetic properties of composite are closely
related to the amount of Nd2Fe14B added. It is generally believed that the magnetic prop-
erties of composite increase with the increase in Nd2Fe14B content, and the experimental
results have also verified this. At the same time, we also noticed that when the Nd2Fe14B
content increased from 15 wt.% to 20 wt.%, the increasing trend of the magnetic perfor-
mance parameters of the composite slowed down, with only an increase of 14.4%, 1.1%,
and 11.8%, all significantly lower than the previous growth level.

The magnetic properties of the composite are influenced by both the amount of
Nd2Fe14B added and the microstructure and compactness. The pores inside the composite
and the sharp corners of irregularly shaped particles have low energy barriers. When
magnetized, these defects are prone to form uneven and dispersed reverse magnetic fields,
leading to the occurrence of the demagnetization phenomenon (as shown in Figure 10)
and reducing the magnetic properties of the material [28]. When the addition amount is
20 wt.%, the Nd2Fe14B particles agglomerate and there are more pores in the microstructure
(Figure 6d). These areas can form more reverse magnetic fields during the magnetiza-
tion process, affecting the exchange coupling between Nd2Fe14B magnetic particles and
resulting in a decrease in the overall magnetic properties of the composite.
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Figure 10. Schematic diagram of magnetization and inverse magnetization.

Based on the comprehensive effect of Nd2Fe14B addition on the compactness, mechan-
ical properties, and magnetic properties of the composite, from the perspective of preparing
high-magnetic and high-performance aluminum-based composite, it is believed that the
optimal value for Nd2Fe14B addition is 15 wt.%

4. Conclusions
In the present work, the influence of Nd2Fe14B powder size and addition on the

microstructure, mechanical properties, and magnetic properties of the Nd2Fe14Bp/2024Al
composite were discussed, and the following conclusions were drawn:

(1) When the ball milling time was 10 h, the average particle size of the obtained
powder was 5 µm, and the microstructure of the sample was fine and uniform, with a
hardness value of 115 HV.

(2) Sintering was carried out at 490 ◦C, and no new phases were generated in the
Nd2Fe14Bp/2024Al composite, ensuring the magnetic properties of the Nd2Fe14B phase.
When the addition of Nd2Fe14B is 15 wt.%, the microstructure of the Nd2Fe14Bp/2024Al
composite is uniform, and the Nd2Fe14B phase is smooth and evenly distributed on the
matrix. At this point, the compactness, mechanical properties, and magnetic properties of
the composite have all reached their optimal values.

(3) The magnetic properties of the 20 wt.% Nd2Fe14Bp/2024Al composite are slightly
higher than those of the 15 wt.% Nd2Fe14Bp/2024Al composite. However, a comprehen-
sive evaluation of the microstructure, mechanical properties, and magnetic performance
indicates that 15 wt.% Nd2Fe14B represents the optimal composition for achieving balanced
performance in the composite.
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