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ABSTRACT

Nd,Fe14B/Al-5C0-0.45Sm composites were prepared via microwave sintering and hot
rolling. The effects of hot-rolling deformation on the microstructure and mechanical
properties of Nd,Fe4Bp/Al-5C0-0.4Sm composites were studied. The results showed
that the internal porosity of the composites significantly decreased when the hot-rolling
deformation rate was 45%. The Nd.Fe;4B particles were broken into fine particles under
rolling stress. Consequently, the particles were uniformly distributed. Moreover,
numerous high-density dislocations were observed around the particles, which
improved the strength and toughness of the material. When the deformation rate was
45%, the micro-nano hardness and elastic modulus of the interface of the composites
were 3.6 and 91 GPa, respectively. The interfacial deformation resistance of the
composites was significantly higher than that of the composites before rolling. The
tensile strength of Nd,Fe;4B,/Al-5C0-0.4Sm composites increased as the deformation
rate increased, whereas the elongation gradually decreased. Furthermore, when the
deformation rate was 45%, the tensile strength and elongation of the composites were
161 MPa and 6.5%, respectively. The tensile strength was 14.2% higher than that of the
unrolled sample.
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1. Introduction

The development of lightweight automobiles is one of the most effective measures to save energy and reduce
emissions. At present, automobile weight can be reduced by replacing traditional steel structural materials with
aluminum steel and carbon fiber composite structural materials. However, the weight reduction of the magnetic
materials has not been reported. The traditional magnetic materials mainly contain iron. For example, NdFe 4B
has a density of 7.5 g/m3, which is not conducive to lightweight automobiles. In addition, Nd,Fe4B is brittle and
has fracture toughness similar to ceramics [1, 2]. Particle-reinforced aluminum matrix composites have favorable
properties, including low density, high specific strength, high specific modulus, outstanding wear resistance, and
good electrical and thermal conductivities [3-6]. As a result, they are widely used in aviation, aerospace,
automotive, electronic devices, and other fields. In the study, to reduce the density and brittleness of existing
magnetic materials, Nd,Fe14B particle-reinforced aluminum matrix composites were prepared. The composites are
expected to exhibit excellent magnetic properties and good plastic toughness.

In previous work, powder metallurgy and microwave sintering were used to prepare Nd;FeisBp/Al and
Nd,Fe14Bp/Al-Co composites [7, 8]. Microwave sintering achieved rapid sintering at relatively low temperatures,
reduced the interface reaction between matrix and reinforced particles, and prevented the excessive growth of
crystal grains [9-15]. The Sm element was added to the composites to regulate the properties of Nd2Fe14Bp/Al-Co
composites. Sm interacted with Al at the interface between Al and NdFe 4B to form AlsSm, which improved the
bonding strength between Al and Nd:Fe14B particles and strengthened the interface. However, the porosity and
the particle segregation in the composites could not be eliminated. To further improve the microstructure and
comprehensive properties, secondary processing methods, such as rolling, forging, and hot extrusion, are usually
adopted. Among them, the rolling method can efficiently control the deformation rate of materials. Therefore, in
this study, the effects of the hot-rolling deformation rate on the microstructure and properties of Nd;Fe14By/Al-
5C0-0.4Sm composites were investigated.

The effects of rolling on the microstructure and mechanical properties of particle-reinforced aluminum matrix
composites have attracted considerable scholarly attention, and the related mechanisms have been explored [16].
El-Sabbagh studied the hot-rolling behavior of stirred cast SiC particle-reinforced Al6061 and Al6082 composites
and found that as the deformation rate increased, the porosity linearly decreased, and the particle agglomeration
significantly decreased [17-19]. Feng prepared the SiC,/2024Al composite sheets through the stirring casting-hot
extrusion-rolling process and found that the failure mechanism of the material mainly changed from SiC particle
pullout to SiC particle fracture. The finding also revealed that the high temperature deformation improved the
interface bonding between the reinforcement particles and the base alloy [20]. Chen conducted rolling research
on the forged Wp/2024 composite blank. Previous studies found that the forged Wp/2024Al composite materials
had a change process of densification, loosening, re-densification, and stabilization during the rolling process. Ran
investigated hot-rolled in situ ZrB, nanoparticle-reinforced AA6111 composites and found that the particle clusters
uniformly distributed and then agglomerated [21].

This study aimed to improve the mechanical properties of Nd2Fe14Bp/Al-5C0-0.4Sm composites using the hot-
rolling method. Modern testing technologies were used to investigate the mechanisms of deformation rate on
microstructure and mechanical properties. The study will provide valuable information for the research on the
hot-rolling secondary processing of advanced metal matrix composites with excellent magnetic and mechanical
properties.

2. Experimental
2.1. Materials
The raw materials used in this work were commercial powders of Al, Co, Sm, and NdxFe14B. The particle size of

aluminum powder was 10 pm. The particle sizes of NdzFe14B, Co, and Sm were 45 pym. The purities of these
powders were 99.9%. The Nd,Fe 4B was bonded Nd,Fe14B powder prepared using a rapid quenching method.
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The powder was ball-milled using a planetary ball mill in stages. First, Nd>Fe4B powder was ball-milled. Then,
all the powders were mixed using ball milling according to the proportion in Table 1. The ball milling medium was
a zirconia ball (diameters were 5, 10, and 15 mm with adding ratio of 4:2:1), and the ratio of the ball to the material
was 5:1. Absolute ethanol was used as a control agent in the ball milling process. The milling speed of NdzFe4B
single ball milling was 200 r/min, and the milling time was 12 h. The ball milling speed for the mixing process was
120 r/min with a ball milling time of 8 h. After each stage of ball milling, anhydrous ethanol was evaporated using
the vacuum drying box.

Table 1: Component of composites.

Powder Types Mass Ratio/wt%

Nd,Fe4B,/Al-5C0-0.4Sm Al: 74.6; Nd,Fe 4B: 20.0; Co: 5.0; Sm0.4

The dehydrated powder was transferred into a rubber mold, and two strong magnets were placed at the top
and bottom of the mold. Then, the mold was placed in a cold isostatic pressing device at a constant pressure of
300 MPa for 3min. The reason for placing two strong magnets was to make the magnetic powder obtain a
preliminary magnetic orientation.

Samples obtained by magnetic isostatic pressing were sintered in a vacuum microwave sintering furnace
(WBMW-JS2) at a heating rate of 30°C/min and a temperature of 580°C for 30 min to obtain high-compactness bulk
Nd.Fe4Bp/Al-5C0-0.4Sm composites.

2.2. Hot-rolling Process

The sintered composite materials were cut into 60 mm x 30 mm x 12 mm rectangular rolling samples using
wire cutting, and the edges and corners were polished. This experiment was conducted using a heated
asynchronous rolling mill with a rolling force of 14000 N and a speed of 6 m/min. Before the rolling process, the
samples of Nd;Fe14Bp/Al-5C0-0.4Sm composites were placed in a furnace and heated to 480°C at a rate of
400°C/h. The holding time of samples in the heating furnace at 480°C was 30 min. In addition, the mill was heated
to 100°C before rolling. The designed deformation rates of samples were 15, 30, 45, and 60%.

2.3. Testing Approach

Scanning electron microscope (SEM, S-3400 N) combined with the energy dispersive spectrometer (EDS, FEI
NovaNano450) and the transmission electron microscope (TEM, JEM-2100, Tecnai-G2) were used to characterize
the morphology, crystal grain, structure, and tensile fracture. The electronic universal testing machine (D2-200-N)
was used for tensile experiments. The size of the tensile sample is shown in Fig. (1). The nanoindentation
hardness tester (TTX-NHT3) was used to analyze the micro-nano mechanical properties of the matrix,
reinforcement, and interface of the composites. The loading pressure was set to 10 mN, the loading and
unloading rates were set to 20 mN/min, and the holding time was 10 s.
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Figure 1: Dimension of the tensile specimen (mm).
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3. Results and Discussion
3.1. Microstructure of Sintered Composites

Fig. (2) shows the SEM images of the microwave-sintered Nd.Fe14Bp/Al-5C0-0.4-Sm composites. Pores were
observed in Nd;Fe14B,/Al-5C0-0.4Sm composites before hot rolling. The Nd,Fe14B particles were large and
unevenly distributed in the matrix, and the non-particle area was large. Agglomerations of Nd.Feq4B particles
were observed in some areas (as shown in mark 1). Co particles were distributed at the grain boundaries of the
aluminum matrix, with a certain agglomeration.

Figure 2: SEM images of the microwave-sintered NdzFe14Bp/Al-5C0-0.4Sm composites.

Fig. (3) shows the SEM images of hot-rolled Nd,Fe14Bp/Al-5C0-0.4Sm with different deformation rates (15, 30,
45, and 60%). As shown in Fig. (3a), when the deformation rate of the Nd,Fe 4B ,/Al-5C0-0.4Sm composites was
15%, the distribution, size, and morphology of the Nd,Fe14B particles underwent some changes. The Nd,Fe14B
particles were elongated along the rolling direction and some clusters were retained, but the particle free area
was still large.

When the deformation rate was 30%, the uniformity of the distribution of Nd,Fe14B-reinforced particles
gradually increased (Fig. 3b), and the agglomeration of the particle decreased. As the deformation rate increased,
the aluminum matrix deformed. Owing to the high strength of Nd,Fe14B particles, the existing pressure could not
cause significant deformations of the Nd.Fe14B particles. To adapt to the deformation of the aluminum matrix,
the Nd,Fe14B particles flowed and rotated during the rolling process, which dispersed the originally agglomerated
Nd,Fe4B-enhanced particles and gradually reduced the cluster size. Finally, the Nd.Fe4B-reinforcing particles
were more evenly distributed in the aluminum matrix, which was beneficial to exert the pinning strengthening
effect of the Nd,Fe14B-reinforcing particles, thus significantly improving the performance of the composites.

As shown in Fig. (3c), when the hot-rolling deformation was 45%, defects such as internal pores in the
composites were significantly reduced. The brittle Nd.Fe4B particles were broken into fine particles under the
action of rolling stress, and the overall uniformity of distribution was improved, thus reducing particle
agglomeration. As shown in Fig. (3d), when the rolling deformation was 60%, the grains were further refined with
the increase in the rolling deformation. However, the internal stress of the material increased due to excessive
deformation, which led to fine pore defects between the reinforced phase and the matrix. Because different
materials have different bearing capacities, the breakage of Nd,FeisB particles will lead to an uncoordinated
collision and torsion in the deformation process, resulting in void defects.

When the thickness reduction percentage changed along 15%—30%—45%, the grains of the aluminum matrix
were gradually elongated and significantly oriented. The matrix grains were banded, and the width of the banded
grains became relatively narrow. This phenomenon was because, during the rolling process of the composite
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materials, the edge of the sample was subjected to the compressive stress of the roller, and the central area of the
sample was subjected to the outward extrusion stress. At a deformation rate of 60%, dynamic recrystallization
occurred, and local grains grew. This phenomenon was because the hot rolling was performed at a temperature
higher than the recrystallization temperature of composites. When the deformation was lower than the critical
deformation of recrystallization, only dynamic recovery occurred without dynamic recrystallization. Conversely,
when the deformation was higher than the critical deformation, complete recrystallization occurred, and partial
recrystallization occurred between the composites [22-25].

When the deformation rate changed along 15%—30%—>45%, the porosity of the composites gradually
decreased, and the compactness increased. When the deformation rate increased to 60%, the interfacial bonding
ability between Nd,Fe14B particles and the matrix worsened due to the crushing of many Nd.Fe 4B particles;
consequently, many holes appeared, decreasing compactness.

SEM microstructure analysis revealed that the rolling deformation rate of 45% was the best deformation rate
for the microstructure of the material, which greatly improved the performance of the material.

(@)15%; (b) 30%; (c) 45%; (d) 60% (along rolling direction).

Figure 3: SEM images of hot-rolled NdzFe14Bp/Al-5C0-0.4Sm at deformation rate.

Fig. (4) shows the typical phase and EDS analysis of NdxFe4Bp/Al-5C0-0.4Sm composites. In addition to the
discovered phases Nd;Feq14B, Co, and Ndx(Fe, Co)14B before adding Sm [8], a new phase AlsSm was found. The
analysis showed that the electronegativities of Sm, Al, and Co were 1.17, 1.61, and 1.88, respectively. The
electronegativity difference between Sm and Al was greater than that between Sm and Co, which was conducive
to the preferential formation of the Al-Sm compound.

Fig. (5) shows the selected area scanning map of NdFe14B/AI-5C0-0.4Sm composite with 45% deformation. Nd,
Fe, and B were uniformly distributed, and the corresponding positions were the same, which confirmed the
formation of the Nd,Fe14B phase.
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Figure 5: Selected surface scanning of NdzFe14Bp/Al-5C0-0.4Sm composites at a deformation rate of 45%.

There were three distribution behaviors of Co, as shown in marks 1-3. First, Co was attached to the surface of
Nd,Fe14B particles as a surface active element to improve the wettability between Nd,Fe4sB and Al matrix
interface. Then it partially entered NdzFe14sB and replaced Fe atoms, which changed the local structure and the
magnetic properties of Nd.Fe4B, as shown in mark 1. Finally, it was dispersed in the matrix in the form of
particles, playing a dispersion-strengthening role, as shown in mark 2.

From the distribution of Sm, part of Sm wrapped around the reinforcement particles greatly enhanced the
interface bonding between the reinforcement (Nd.Fe14B) and the matrix (Al), making the distribution of Nd,Fe 4B
particles in the matrix more uniform and the structure of Nd.Fe14B/Al-5C0-0.4Sm composites more compact. As
shown in mark 3, some Sm particles were dispersed in the matrix.

Fig. (6) shows a transmission electron microscope image of optimized hot-rolled Nd;Fe14By/Al-5C0-0.4Sm
composites at a 45% deformation rate. As shown in Fig. (6a), many dislocation tangles were observed close to
NdFe14B particles. The observed dislocation tangles were attributed to the non-uniform deformation between the
Nd;Fe4B particles and the aluminum matrix, which resulted in considerable distortion energy close to the
particles. Consequently, a large number of dislocations in the area increased and entangled. Fig. (6b) shows high-
resolution images of Nd.FesB and Al interfaces at mark (1) in Fig. (6a). Fig. (6c) shows the electron diffraction
pattern at mark (2) in Fig. (6b). No other phases were formed at the interface, and only Al and Nd;Fe14B phases
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existed. Fig. (6d) shows the inverse fast Fourier transform (IFFT) of mark (2) in (b). Severe lattice distortion occurred
at the interface because of the mismatch between the reinforcing particles and the matrix caused by different
crystal orientations, lattice spacing, and the mismatch of elastic modulus during rolling deformation. Fig. (6e)
shows Co particles of different sizes around the interface and dislocation accumulation. Micron-sized Co particles
were distributed in the aluminum matrix as a magnetic phase to strengthen the magnetic properties of the
composite. The existence of nanoscale Co particles pinned dislocations and hindered the movement of
dislocations, effectively improving the strength of composites.
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Figure 6: TEM images of hot-rolled NdzFe14Bp/Al-5C0-0.4Sm composites at a deformation rate of 45% (a) Nd2Fe14B and
dislocation; (b) High-resolution images of interfaces of mark (1) in (a); (c) Diffraction pattern of mark (2) in (b); (d) The inverse
fast Fourier transform of mark (2) in (b); (e) Co phase.

3.2. Micromechanical Properties

Numerous finite element simulation analyses in the literature show that residual stress and plastic strain are
concentrated close to the sharp angle of reinforced particles [26-28]. When the material is subjected to an
external load, the sharp corners of the particles are prone to fracture. Therefore, to eliminate the influence of
particle shape on dislocation formation and stress distribution around the interface, the smooth interface was
selected for indentation experiments. The samples were tested at multiple points, and the average effect was
taken. The corresponding test points were in the following order: aluminum matrix, external particles, and
Nd,Fe14Bp/Al interface.

Fig. (7a) shows load-displacement (P-h) curves at the matrix of Nd,Fe 4Bp/Al-5C0-0.4Sm composite materials
with different deformations. With the increasing deformation rate, the indentation depth gradually decreased,
indicating that the hardness of the matrix gradually increased. The numerical change trend of hardness and
elastic modulus in Fig. (7b) indicates that when the deformation rate is 45%, the hardness and elastic modulus of
the matrix is greatly improved compared with the unrolled sample. The hardness and elastic modulus of the
matrix were 1.1 and 76 GPa, respectively, which increased by 142% and 24% compared with those of the unrolled
sample, indicating that hot rolling can significantly improve the mechanical properties of the aluminum matrix.
When the deformation rate increased to 60%, the hardness and elastic modulus of the composites decreased due
to the recovery and recrystallization of the Al matrix.

Fig. (7c) shows the load-displacement (P-h) curves at the interface of Nd:Fe14Bp/Al-5C0-0.4Sm composite
materials with different deformations. The indentation depth first decreased and then slightly increased as the
deformation rate increased. Fig. (7d) shows the hardness and elastic modulus of the interface. The rolling
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deformation greatly influenced the mechanical properties of the material interface. When the deformation rate
increased in the following order 0%—15%—30%—45%, the hardness at the interface gradually increased, and the
hardness was 3.6 GPa at a deformation rate of 45%, which increased by 117% compared with that of the non-
rolled sample. At the same time, the elastic modulus fluctuated to a certain extent, reaching a maximum of 91GPa
at a deformation rate of 45%. Compared with the non-rolled sample, the microhardness and elastic modulus at
the interface of the rolled sample were improved, indicating that rolling strengthened the interface and
contributed to the interface-strengthening effect of the material. It is indirectly confirmed that hot rolling can
promote the bonding force and improve the interface strength between magnetic particles and the Al matrix to a
certain extent. However, when the deformation was 60%, the hardness and elastic modulus of the
reinforcement/matrix interface were reduced. When the rolling deformation rate was extremely high, the
breakage of the Nd,Fe14B particles reduced the bonding strength between the reinforcement and the matrix.
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Figure 7: (a) Matrix nanoindentation load-displacement (P-h) curve of the composite material under different deformation
rates; (b) hardness and elastic modulus at the matrix; (c) P-h curve at the interface; (d) the hardness and elastic modulus at the
interface position; (e) the P-h curve at the enhanced phase; (f) the hardness and the elastic modulus at the enhanced phase.
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Fig. (7e) and (7f) show the nanoindentation load-displacement (P-h) curves of hardness and elastic modulus at
the reinforcement of Nd,Fe14Bp/Al-5C0-0.4Sm composite materials with different deformations. The hardness of
Nd.Fe14B increased when the deformation rate increased from 0 to 45%.in When the deformation was 45%, the
maximum hardness and elastic moduli were 10.1 GPa and 191 GPa, respectively, contributing to the particle
strengthening effect. When the deformation rate was 60%, the hardness and elastic modulus of particles were
greatly decreased. The decrease of hardness and elastic modulus was due to the uncompact structure of Nd,Fe4B
particles. Therefore, the microhardness sharply decreased due to the crushing of Nd.FeisB under excessive
pressure.

3.3. Tensile Properties and Fracture Morphology

Fig. (8) shows the effect of deformation rates on the mechanical properties of composites. When the
deformation rate increased along 0—15%—30%—45%—60%, the tensile strengths gradually increased in the
following order 141—-148—152—161—and 173 MPa while the elongation decreased as follows:
8.9—8.6—7.2—6.5-5.7%. This phenomenon was consistent with the influence of deformation strengthening on
mechanical properties.
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Figure 8: Tensile strength and elongation of hot-rolled NdzFe14Bp/Al-5C0-0.4Sm composites with different deformation rates.

Fig. (9) shows the fracture surface of the NdFe14Bp/Al-5C0-0.4Sm composites with different deformation rates.
The tensile fracture morphology of all hot-rolled composites exhibited the characteristics of brittle-ductile mixed
fracture. There were numerous cleavage sections of Nd.Fe14sB particles or large-size Nd.Fe14B particles, voids
formed by particle exfoliation, tearing edges formed around the sections and voids, and small dimples formed by
fracture of Nd:Fe1sB and Al matrix. As the deformation rate increased along 15%—30%—45%, the distribution
uniformity of Nd>Fe14B in the matrix was improved, and the connectivity between the particles and the Al matrix
was greatly improved. Moreover, the interface bonding ability was enhanced, promoting the load transfer from
the Al matrix to Nd.Fe 4B particles. When the deformation was 60%, the connectivity between the Al matrix and
the Nd.Fe1sB became poor due to particle crushing, thus generating cracks. The cracks extended along the
particle/matrix interface, resulting in the easy failure of composites. The fracture was in the form of a brittle
fracture. The morphology of the fractured structure was consistent with the changing trend of mechanical
properties.

Based on the microstructure evolution and mechanical properties of the hot-rolled Nd.Fe14By/Al-5C0-0.4Sm
composites, the hot-rolled Nd;Fe14Bp/Al-5C0-0.4Sm composites with 45% deformation rate exhibited good
strength and plasticity due to the following points:

1) Fine-grain strengthening during deformation. The grain structure is one of the main factors affecting the
mechanical properties of composites [29, 30]. The refinement of the grains will increase the number of grain
boundaries, which will hinder dislocations when they move to the grain boundaries, thus increasing the yield
strength. The yield strength can be expressed using the Hall-Petch Equation [31],
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Figure 9: Tensile fracture morphology of hot-rolled Nd2Fe14Bp/Al-5C0-0.4Sm composites with different deformation rates (a)
15%; (b) 30%; (d) 45%; (d) 60%.

Ao;=K(d -dy ) (1)

where K = 0.07 is a constant, and d and do are the grain sizes before and after hot rolling. The reduction of grain
size improved the yield strength of the composite. Moreover, during the hot-rolling process, the uniformly
distributed Nd,Fe 4B particles significantly limited the movement of the grain boundaries, which led to further
refinement of the grains.

2) Dislocation enhancement. The dislocation strengthening effect of composites can be studied through the
Taylor dislocation strengthening mechanism [33-36].

Ao, =BGb,/p 2)

where B =1.25is a constant; G = 25.4 GPa, which is the shear modulus of the Al matrix; b = 0.286 nm, which is the
Burgers vector. Moreover, p is the dislocation density.

_ AAQATVp

" bd (1-Vp) 3

where A=10, which is a constant. 4a is the difference in thermal expansion coefficient between the aluminum
matrix and the Nd,Fe14B particles (the thermal expansion coefficient of Al is 26x10¢/°C and the thermal expansion
coefficient of Nd,Fe4B is 4x10/°C), AT (480°C) is the maximum temperature difference during the preparation
process, and V,(7vol.%) is the volume fraction of Nd;Fe14B particles.

Therefore, Aa is calculated as 12.36 MPa. As expressed in Equation (2), the greater the dislocation density, the
greater the strength of the composites.

3) Orowan strengthening mechanism of Nd;Fe14B [36-39]. Orowan strengthening is the strengthening effect
caused by the hard particles that can hinder the passage of dislocations. The moving dislocations cannot pass
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through the reinforcing particles but bypass the particles to leave dislocation loops. The smaller the spacing of the
particle, the greater the curvature of the dislocation around the particle, showing a stronger obstacle effect and
improving the yield strength of the material.

4. Conclusion
The following conclusions were drawn from this study:

1) When the deformation rate was 45%, the defects, such as internal pores, were reduced, and the grains of
the aluminum matrix were elongated, indicating an enhanced orientation of the grains. Brittle Nd,Fe14B
particles were broken into fine particles under the action of rolling stress. As a result, the particles were
more uniformly distributed, and the particle clusters significantly decreased. High-density dislocation
tangles were observed around the particles.

2) The nanoindentation test results revealed that the hardness and elastic modulus of each micro-zone were
in the following order: particle>interface>matrix. When the deformation rate was 45%, the nanoindentation
hardness values at the particle, interface, and matrix were 10.1, 3.6, and 1.1 GPa, respectively, with the
corresponding elastic modulus values of 191, 91, and 76 GPa.

3) From the perspective of tensile performance, as the deformation rate increased in the following order:
15%—30%—45%—>60%, the tensile strength gradually increased, whereas the elongation gradually
decreased. For the specimen at a deformation rate of 45%, the tensile strength and elongation were 161
MPa and 6.5%, respectively. The tensile strength ratio of the rolled sample increased by 14%.
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