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Abstract: Ultra high-pressure sintering (UHPS) was used to prepare AA6061/SiCp composites
with different contents and the effect of sintering temperatures on microstructure and mechanical
properties was investigated in this study. The results showed that a uniform distribution of nano-SiC
particles (N-SiCp) is obtained by the UHPS method. With the increase in N-SiCp contents, the higher
hardness and better wear resistance could be inspected. The interfacial reactions and Al4C3 phase
appeared above 550 ◦C. The relative density of composites first increased and then decreased; with the
temperature raising it reached 99.58% at 600 ◦C. The hardness and wear property showed the same
trend with the hardness reaching 52 HRA and wear rate being 1.0 × 10−6 g/m at 600 ◦C. Besides,
the wear mechanism of the composites is mainly composed of abrasive wear and adhesive wear.
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1. Introduction

Al matrix composites reinforced by micron-sized particles can significantly improve the properties
of materials, such as the hardness, wear-resistance, etc. [1–4]. However, the large size particles in
composite materials may contribute to the appearance of holes around the reinforcement during the
preparing process and will break or crack during service, reducing the mechanical properties of the
composite. Thus N-SiCp is increasingly used as the reinforcement for composites. Commercial N-SiCp
is mostly with irregular shapes, and hence, cracks occur at the sharp corners of the SiCp during the
sintering process or service due to stress concentration. However, the N-SiCp prepared by high-energy
ball milling is approximately spherical, which can significantly avoid the stress concentration and
reduce the generation or propagation of cracks, resulting in the enhancement of the properties of
composites. Although N-SiCp can improve the strength of the composite without reducing its plasticity
in the related research [2–4] on Al matrix composites reinforced by N-SiCp, there are still some
problems in the research of composites reinforced by nanoparticles due to the large specific surface area,
easy agglomeration, and the low volume fraction of N-SiCp. Besides, the reinforcement particles are
inclined to agglomerate and are not easy to sinter for the composite with the large volume fraction [5–8].
Chao [8] pointed out that the smaller SiCp represented the larger interface area between SiC and
matrix in composite materials is, indicating an increased yield strength and tensile strength. Liu [9,10]
pointed out that N-SiCp could make the yield strength and tensile strength of composites reach up to
102.5 and 175.0 mPa, respectively, leading to an augment of 50% and 30% than that of matrix alloy.
Gao [11] pointed out that the grain size of the Al matrix composites reinforced by single N-SiCp could
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be significantly refined, showing an improved hardness and wear resistance. Zhang [12] prepared Al
matrix composites reinforced by micron SiCp and N-SiCp through the stirring casting method. It was
discovered that the nanoparticles can significantly improve the tensile strength and yield strength of the
composites. Omyma et al. [13] also studied the hot-pressed sintered Al matrix composites reinforced by
N-SiCp. The results showed that the hardness and compressive strength of composites reinforced by
N-SiCp were higher than that reinforced by micro-SiC at the same volume fraction. Besides, the grain
refinement effect of N-SiCp is significantly better than that of micron SiC.

In summary, researchers have gradually studied the effect of particle size on Al matrix composites
from micron to single nanometer [14–16]. During the stirring casting process, matrix and reinforcement
were mixed through mechanical stirring or magnetic stirring, followed by casting, which makes the
SiC more easily agglomerated because of the large specific surface energy of the N-SiCp and the
poor wettability between the reinforcement and matrix [17]. Although powder metallurgy combined
with ball mill dispersion can reduce the agglomeration phenomenon, the sample with a low density
and poor bonding is still prone to generating cracks. There are some certain disadvantages for the
preparation methods with the low pressure in previous studies about Al/micro-SiC composites—for
example, low density, low strength, shrinkage, and porosity due to the insufficient pressure [14,16].
Therefore, an effective preparation method is particularly important and in urgent need. UHPS, which is
characterized by ultra-high-pressure during sintering, has received considerable attention over the
past few years because it could solve the problem of the defects produced during conventional powder
metallurgy techniques [18]. It was reported [19] that UHPS not only could improve the relative density
of composites, but also delay the melting point, which could effectively inhibit the interface reaction.
In this study, AA6061/N-SiCp composites were effectively prepared by UHPS above 1 GPa combined
with ball milling (N-SiCp+AA6061 pre-dispersion). The effects of the volume fraction of N-SiCp and
sintering temperature on the microstructure and mechanical properties of AA6061/N-SiCp composites
were analyzed, aiming at the good sintering property.

2. Materials and Experiments

AA6061 alloy powders with an average size of 40~53 µm prepared by JW-25 vacuum metal
atomization furnace (Chenhua Science Technology Corp., Ltd., Shanghai, China) were used as matrix
material. The measured density and the purity are 2.65 g/cm3 and 99.8%, respectively, and have the
color of silver gray, as shown in Figure 1. The N-SiCp, with an average size of 50 nm, the density
of 3.227 g/cm3, gray-green color, ellipsoidal shape, purity of 99.9% and the specific surface area of
60 m2/g, is depicted in Figure 2a. The N-SiCp were used as reinforcement and provided by Yaotian
New Material Technology Co. Ltd. in Shanghai, China. The chemical compositions of the AA6061 are
listed in Table 1. N-SiCp weighed in 1, 3, 5, 10, and 15 vol.% were premixed with AA6061 alloy powder
in a mortar and then milled into a high-speed vibrating ball mill (NanDa Instrument Plant, Nanjing,
China). The mixing time and speed is 2 h, 300 r/min, respectively. The mixed powders are shown in
Figure 2b. To make N-SiCp distribute partly on the surface of the Al particles, the Al particles and the
N-SiCp were mixed in a mortar according to the patent CN201210103182.6. The surface energy of the
nanoparticles is high, and the coating layer improves the wettability of the material, hence it reduces
the agglomeration of the SiC particles.

Table 1. Chemical component of AA6061 (wt%).

Si Cu Mg Zn Mn Ti Gr Fe Al

0.393 0.246 0.96 0.001 0.086 0.015 0.05 0.1 balance
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Figure 1. SEM morphology of AA6061 powder.

Figure 2. SEM micrographs of N-SiC powder (a) and AA6061/N-SiC powder mixture (b).

The 6MK-3WY-60 six-face pressing machine was used as the sintering equipment. The powder
is pre-compressed and then filled into the pyrophyllite block for sintering at 4.5 GPa, which is
selected according to the experimental data, for 40 min and at 450, 550, 600, and 650 ◦C, respectively.
The pressure was produced by a pressure cylinder, which is connected to a hinge. It uses oil pressure in
the pipeline to generate high pressure, which is adjusted by the cross-sectional area. The pressure could
be calculated according to Equation (1). P1, P, S1, S, stands for the pressure generated by a pressure
cylinder, the pressure applied to the sample, the cross-sectional area of the hammer, the area contacted
between the sample, and the hammer, respectively. An optical microscope (OM, Olympus GX-51, Tokyo,
Japan) and a field emission scanning electron microscope (SEM, Merlin Compact, Carl Zeiss NTS GmbH,
Jena, Germany) were used for microstructure characterization of the polished specimens. An X-ray
diffractometer (XRD, SmartLab, Rigaku Corporation, Tokyo, Japan) was used for phase analysis
using CuKα radiation in the step scan mode and with the scanning speed of 10◦/min. The interface
microstructure was characterized using a high-resolution transmission electron microscope (TEM,
JEM-2100, JEOL Ltd., Tokyo, Japan). The density was measured by the Archimedes method using the
density tester (ED-300C, TecFront Electronics Corp., Shanghai, China). The hardness was measured by a
Rockwell hardness tester (HBE-300, Wobot Measuring Instruments Co., Ltd, Shanghai, China), under the
load of 50 Kgf for 10 s. The wear tests were conducted by a wear tester (M-2000, Hongda Testing
Instrument Co. Ltd., Jinan, China). Every test was repeated three times to check the reproducibility
and the reliability of the results.

P = P1S1/S (1)

3. Results and Discussion

3.1. Effect of the Volume Fractions of N-SiCp on Microstructure and Interface

Figure 3 shows the microstructures of the composites with 1, 3, 10, 15 vol.% N-SiCp sintered
at 550 ◦C under the compacting pressure of 4.5 GP. As shown in Figure 3a,b, Al particles without
the agglomerations are uniformly coated with a small layer of the N-SiCp. There are uniform grains
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with a small difference and smooth grain boundaries. The particles change from a hexagon shape in
Figure 3a–d to more circular shapes in Figure 3e at 4.5 GPa. Increasing the volume fraction of the
N-SiCp, agglomeration appears at the boundary of the matrix in Figure 3c,d and the roundness of the
Al particles increases gradually from an irregular polygon to a circular shape, as shown in Figure 3e.
During the process of UHPS, the Al particle is pressed and deformed with each other. As the volume
fraction of the N-SiCp increases, the N-SiCp particles surrounded by the Al particles begin to withstand
the certain sintering pressure, resulting in the Al particles retaining a good roundness [20]. Besides,
as the content of the N-SiCp continues to rise, the particle becomes uneven and increasingly small.
During the sintering process, the pores between the particles will diffuse and migrate to the boundary
of the matrix, and the small pores merge into the large pores, which make the pores disappear, and the
volume of the Al particles becomes smaller.

Figure 3. OM micrograph of AA6061/N-SiCp composites sintered at 550◦C with 1 (a), 3 (b), 5 (c), 10 (d)
and 15 (e) vol.% N-SiCp.

Figure 4 presents a high-magnification microstructure of AA6061/N-SiCp sintered at 4.5 GPa
and 550 ◦C with different contents of N-SiCp particles. As shown in Figure 4a for AA6061/3 vol.%
N-SiCp, N-SiCp lined at the grain boundary of Al particles. What is more, the discontinuous short
rod phase (off-white color) appears at the boundaries of Al particles in Figure 4c. The EDS point of
Area 1 in Figure 4c is analyzed for the phase, as shown in Figure 5a. The elemental content of this
point was obtained from the EDS point analysis. Based on the elemental content, the bulk composition
could be judged roughly in the first step. The main elements are Al and O, and the C element is
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relatively low, which was obtained from Figure 5a. Depending on the element content, it can be
judged that the bulk phase is Al4C3 or Al2O3. The line scan analysis of Area 2 in Figure 4d is shown
in Figure 5b. The C element and the O element is relatively stable throughout the whole scanning
distance. Al content begins to reduce at the intersection of SiC and Al when scanning distance is
about 6 µm. In comparison, Si content presents an increasing trend. The lowest Al content could be
found at approximately 7.5 µm distance and the infiltration zone lasts for 1 µm. Similarly, an elemental
interpretation zone of about 0.8 µm appears on the other side at 13 µm. The interdiffusion of the
elements promotes the reaction between the elements in the interface region, causing the formation of
compounds. However, the bonding strength increases when the amount of Al4C3 is small. When the
amount of Al4C3 reaches a critical value, the interface will be damaged. The influence of the specific
product content on the properties of the composite material has not been specifically reported before.

Figure 4. SEM micrographs of AA6061/N-SiC composites sintered at 550◦C with 3 (a), 5 (b), 10 (c) and
15 (d) vol.% N-SiCp.

To further determine the composition of the phase, X-ray diffraction was used to examine the
constituents of the AA6061/N-SiCp composites with different volume fractions of N-SiCp, as shown
in Figure 6. With the increase in SiCp content, the peak intensity of SiC gradually increases at 32◦.
For AA6061/5 vol.% N-SiCp, the two main peaks of the Al4C3 phase are detected at 2θ of 31◦~32◦ while
the peak is not detected for the sample with 1 or 3 vol.% N-SiCp. Combined with the SEM micrograph
of AA6061/3 vol.% N-SiCp, a short rod-like phase appears at a certain position. The larger volume
fraction of N-SiCp content is, the more N-SiCp around the Al particles, and the larger the interface
surface exists between N-SiCp and Al particles. Moreover, the probability of reaction will increase,
resulting in more product.
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Figure 6. XRD diffraction pattern of AA6061/N-SiCp sintered at 4.5 GPa and 550 ◦C with different
content of N-SiCp particles.
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Figure 7a shows the TEM micrographs of AA6061/1 vol.% N-SiCp. Figure 7b shows the
high-resolution microstructure of the interface in Figure 7a. The dark gray ellipsoidal particles
in Figure 7a are N-SiC particles with a size of 50 nm, and the white edge is the Al matrix. The interface
of the AA6061/1 vol.% N-SiCp is clean and combined tightly and continuously. Figure 7c shows an
inverse Fourier transform diagram of the high-resolution map of the C region in Figure 8b. There are
many dislocations near the N-SiCp interface. There usually exist thermal misfit dislocations at the
interface due to the difference in the thermal expansion coefficient during sintering and cooling.
Miller and Humphrey [21] derived the formula of the dislocation density increment for the ideal cubic
shape reinforcement particle composite:

∆ρ= 12∆α∆TVP/BD (2)

where ∆α and ∆T are the difference in thermal expansion coefficient between the reinforcement and
the matrix and the temperature difference between the sintering temperature and room temperature,
respectively. B means Berner vector, which could be determined by the Berner loop of the dislocation,
the Berner vector of the dislocation loop, or half-dislocation loop, which is relatively complicated [22].
D and Vp are the average sizes of the reinforcement particles and the volume fraction of the
reinforcement, respectively.

Figure 7. (a) TEM micrograph of AA6061/1 vol.% N-SiCp sintered at 550 ◦C and 4.5 GPa, (b) IFFT
image of zone D in Figure 7c, (c) HRTEM image of zone E in Figure 7a.
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Equation (2) illustrates that the dislocation density is related to the thermal expansion coefficient
of the reinforcement material and the matrix material, the sintering temperature, the size and volume
fraction of the reinforcement particles. The smaller the reinforcement is, the larger dislocation densities
that can be obtained. Furthermore, increased dislocation density can also improve the strength of
the material.
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3.2. Effect of the Sintering Temperature on Microstructure and Interface

The samples in this work were fabricated by UHPS method. In this case, the sintering temperature
is different from that under normal pressure conditions. Under UHSP conditions, the melting point
increase with the pressure rising, according to the Simon–Glatzel Equation (3) [23]

Tm = Tm0(P/(A + 1))B (3)

where P is pressure in GPa and Tm0 is melting temperature in Kelvin at 100 kPa. Therefore, it plays a
great role in melting. Yuan [24] prepared AA6061/30 vol.% N-SiCp composite by hot pressing sintering
in vacuum at 540, 560, 580, 600, 650 ◦C, and 70 mPa, respectively. At 540 ◦C, SiC particles agglomerated
in the microstructure of composite material, resulting in more obvious voids between each other. As the
temperature increases, the voids between the SiC particles became fewer, and there were no large
voids in the matrix. At 600 ◦C, the SiC particles were filled with the Al matrix, and no reinforcement
voids appeared, suggesting that the interface bonding is good. Li et al. [25] prepared an Al/SiC powder
mixture by high energy ball milling and sintered it by spark plasma sintering at 540 ◦C and 40 mPa.
From the perspective of the microstructure, the overall distribution of SiC particles is uniform in the
Al/SiCp composite. For the same content of SiC particles, the agglomerations of nano-scale Al/SiC
composites are more common and serious than those of micro-scale Al/SiC composites. For the same
size of SiC particles, the Al/SiC composites show more agglomeration as the SiC content increases.

Figure 8 presents the microstructure of AA6061/5 vol.% N-SiCp composites sintered at different
temperatures at 4.5 GPa. It seems that, as the temperature increases, the composite has a slight
agglomeration of N-SiCp. The boundary between the Al particles and the N-SiCp layer is smooth at
450 ◦C as indicated in Figure 8a. However, from the enlarged figure in Figure 8b–d, as the temperature
rises, some glitch from the interface to the Al particles, indicating that the particles extend from
the boundary to the Al particles on both sides, which makes the boundary rough. Additionally,
an increasing number of small size particles could be inspected. Because of the low temperature,
there are a large number of connected pores between the Al particles or between the N-SiCp, and
between the Al particle and N-SiCp. These small pores could diffuse on the sample surface. Due to the
continuous reduction and disappearance, the micropores begin to increase, and the similar small pores
can be merged by the micropores. This will contribute to the reduction in the total pores and the volume
fraction of the composite, as well as the increases in the density. As the temperature further increases,
the pore surface becomes smooth and begins to round, but the pores do not reduce or disappear. At this
time, under the action of the pressure, the pores move toward the surface of the Al particles, and the
atoms in the Al particles move in the opposite direction. The pores are filled and grown into smaller Al
particles, illustrating the increment of small-sized particles in the metallographic photograph.

Figure 9 shows the high-magnification microstructure of AA6061/5 vol.% N-SiCp composites at
different sintering temperatures and 4.5 GPa. Judging from the microstructure at 450 ◦C in Figure 9a,
the boundary between the particles is relatively smooth. The granules begin to appear at 550 ◦C,
as shown in Figure 9b. The increasing temperature could provide more energy required for the
reaction, so the particles tend to grow, as shown in Figure 9d. To determine the phase at the boundary,
the XRD analysis was performed on the sample. As shown in Figure 10, the diffraction angle 2θ was
partially magnified from 30◦ to 32.5◦. It was observed that no diffraction peak appeared at 450 ◦C.
The diffraction peaks appeared at 550, 600, and 650 ◦C. The diffraction peak is mainly composed of
the Al4C3 phase, indicating that the temperature has a significant effect on the interfacial reaction of
Al/N-SiCp composites.
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Figure 10. XRD patterns of AA6061/5 vol.% N-SiCp sintered at different temperatures: 450, 550, 600,
and 650 ◦C.

3.3. Evolution Law of Density of Composite Materials

Figure 11 shows the density tendency of AA6061/N-SiCp composite. Figure 11a shows a variation
trend of the composite density with volume fraction at 4.5 GPa and 550 ◦C. It can be seen that the
density gradually decreases as the volume fraction of SiCp increases. The density of pure AA6061
reaches 99.38%. For AA6061/1.0 vol.% N-SiCp, the density decreases to about 98%. At this time,
the content of N-SiCp is relatively small, and there is no obvious agglomeration. For the small amount
of N-SiCp around the Al matrix, the UHSP causes the Al particles to become irregular, and the contact
area between particles increases, thereby promoting the diffusion of the elements and leading to the
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large density of the material. When the volume fraction is increased to 15 vol.%, the density drops to
about 95%. In this condition, more agglomeration of the N-SiC could be discovered in the composites.
Due to the small self-diffusion coefficient of SiC, and poor ability of sintering, the sintered material
seldom achieves full densification. The sintering temperature of the SiC ceramic at normal pressure
is as high as 2000 ◦C, and the density is only 96%. After being sintered at 4.5 GPa and 1300 ◦C by
UHSP, the density of the SiC reported by Xie [26] can just reach 93%. Although UHSP can improve
the densification of SiC, to some extent, the volume shrinkage between SiCp is small, and the density
cannot reach that of pure Al. Therefore, the larger the volume fraction of N-SiCp is, the smaller the
volume shrinkage is during sintering. The small pores between the particles reduce the density of
the material.

Figure 11. The curve of the relative density of AA6061/N-SiCp composite: Relationship between
relative density and volume fraction for AA6061/5 vol.% N-SiCp sample (a). Relationship between
relative density and sintering temperature at 4.5 GPa for AA6061/5 vol.% N-SiCp sample (b).

Figure 11b draws the density variation of AA6061/5 vol.% N-SiCp composites sintered at different
temperatures and 4.5 GPa. As the temperature increases, the density of the composite rises gradually.
The density is 98% at 650 ◦C. Ultrahigh pressure could promote the plastic flow of the Al matrix.
The higher temperature usually represents the better plastic flow, more volumetric shrinkage, and higher
density of the material. Combined with the analysis of the microstructure of the material in Section 3.1,
due to the high-temperature effect, the internal atoms of the Al matrix migrate to the large pores
formed at the initial stage of sintering, and the filled pores could further increase the density.

3.4. Evolution of Hardness

Figure 12 shows the hardness variation of the AA6061/N-SiCp composite. Figure 12a shows the
hardness variation curve at 4.5 GPa and 550 ◦C. It can be seen that the hardness gradually increases
with the addition of the N-SiCp. The hardness of the AA6061/15vol.% N-SiCp reached up to 48.3 HRA,
which was 52.8% higher than that of pure AA6061. For the AA6061/N-SiCp composite, the higher
content of N-SiCp can lead to better deformation resistance of the SiC. When the indenter contacts
the surface, the higher hardness of the composite could be found. When the volume fraction is high,
despite there being many agglomerations in the material interior, the distance among the nanoparticles
is very small, therefore the agglomeration has the same bearing capacity for the indenter load. It can
be seen from Figure 12b that the hardness of the AA6061/5 vol.% N-SiCp increases with the augment
of the temperature at 4.5 GPa. With the temperature increasing, small-sized Al particles crowd more
tightly in the microstructure and the interfacial area between N-SiCp and Al matrix increases. It can
improve the dispersion uniformity of SiC, dispersion strengthening effect, and the hardness value.
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However, the hardness is slightly decreased at 650 ◦C. According to the microstructure analysis in
Section 3.1, the SiC can react with the Al substrate at 650 ◦C according to the following reaction:

4Al + 3SiC→ Al4C3 + 3Si (4)

The reaction is controlled by a dissolution–diffusion mechanism [27]. The Al4C3 phase is an
excessive brittle phase which reduces the interfacial bonding strength between SiC reinforcement and
Al matrix. Correspondingly, the mechanical properties are degraded. When the indenter is pressed into
the surface, the ability to transfer the load at the interface is lowered, thereby lowering the hardness.

Figure 12. The curve of the hardness of AA6061/N-SiCp composite at 4.5 GPa: Relationship between
hardness and volume fraction: 0, 1, 3, 5, 10, 15 vol.% (a), Relationship between hardness and sintering
temperature: 450, 550, 600, 650 ◦C (b) for AA6061/5 vol.% N-SiCp sample.

3.5. Research on Mechanical Property

Some of the literature [27–32] studied the tensile strength of Al/N-SiCp composites with the
different content of SiCp. In this paper, AA6061/N-SiCp composites with 3, 5, and 10 vol.% were
prepared at 550 ◦C. It showed the largest tensile strength of the composite, 314.7 MPa for AA6061/3 vol.%
N-SiCp without further treatment. Compared with the AA6061/N-SiCp prepared by powder metallurgy
at 600 ◦C, the tensile strength increased by about 88.2%. The fracture morphology is shown in Figure 13.
The surface of the port has a stone-like fracture morphology, which is due to the dispersion of N-SiCp
at the grain boundary. The dispersion of N-SiCp forms a large number of fine dimples distributed
along the grain boundary. The N-SiCp location is inclined to cause stress concentration, and thus the
crack is easy to form at the grain boundary and expands along the grain boundary, resulting in brittle
grain boundary fracture. Therefore, the fracture mechanism is an intergranular fracture.

Predecessors [28–35] studied the different Al/SiCp composites with different particle sizes and
sintered them at different temperatures. The tensile properties of the Al/SiC matrix composites make a
difference at various temperatures.

In this study, AA6061/5 vol.% N-SiCp composites were sintered at 450, 550, and 600 ◦C, respectively.
The highest tensile strength of the composite was obtained at 550 ◦C, which was about 227 MPa.
The fracture morphologies of sample sintered at different temperatures are shown in Figure 14.
Figure 14a shows the fracture morphology of AA6061/5 vol.% N-SiCp composites. The fracture mode
is similar to that of intergranular fracture. The irregularity in this figure is attributed to the AA6061
particles, which are pressed against each other under UHPS, and are changed from spherical particles
to polyhedral shapes. The material fracture first occurs at the sintered neck between the particles.
The micro-oxidation of the impurities on Al particles causes the performance of the sintered neck to
reduce, corresponding to the internal grain boundary of the material. Thereby, it causes fracture from
the neck and leads to intergranular fracture.
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Figure 13. Fracture morphology of AA6061/3 vol.% N-SiCp composite sintered at 550 ◦C.

Figure 14. SEM micrograph of the fracture surface of AA6061/5 vol.% N-SiCp composites produced
sintered at 450 (a), 550 (b), 600 ◦C (c), respectively.

Figure 14b shows the fracture morphology of AA6061/5 vol.% N-SiCp composites prepared
at 4.5 GPa and 550 ◦C. The fracture mechanism is a quasi-cleavage fracture, and there is a flat
“cleavage-like” region in the figure. The small plane and micropores appear. The sample of Figure 14b
is similar to the sample in Figure 14a. Increasing the temperature is more conducive to the elimination
of voids and defects so that the sintered neck with excellent performance is formed between the
AA6061 particles. The fracture morphology in Figure 14b has a great difference from that in Figure 14a.
During the tensile process, the AA6061 matrix is plastically deformed, but N-SiCp distributed among
them are small. The uncoordinated deformation causes micro-voids to occur in the small range,
which nucleate, grow, and finally connect. Therefore, breaking, dimples, and tearing edges can be
inspected. Figure 14c shows the fracture morphology of AA6061/5 vol.% N-SiCp composites sintered
at 600 ◦C. It can be discovered that there are many smaller dimples on the fracture surface. This is
mainly due to the agglomeration of N-SiC in the localized area and the SiC will be pulled out during
the stretching process.

3.6. Research on Wear Resistance

3.6.1. Effect of Volume Fraction of SiCp on Friction and Wear Properties

Figure 15 shows that the wear rate of the AA6061/N-SiCp composite decreases gradually with
the increase in the volume fraction of the N-SiC particles. When N-SiCp increases from 3 vol.% to
15 vol.%, the wear rate decreases from 0.55 × 10−5 g/m to 0.1 × 10−5 g/m, indicating the wear resistance
is improved. This is consistent with the conclusions reported by Zhang et al. [36], who studied the dry
sliding friction and wear properties of AA2009/20 vol% SiCp.
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Figure 15. Effect of N-SiCp volume fraction on the wear rate of the composite under 4.5 GPa and
550 ◦C.

Figure 16 shows the friction and wear morphology of AA6061/N-SiCp composites with different
content. For AA6061/3 vol.% N-SiCp in Figure 16a, the wear model of the composite is mainly abrasive
wear and slight adhesive wear. There are many furrows with different depths on the surface of the
sample. The reinforcement effect of SiC is not obvious at the low content of N-SiC. During the wear
process, the surface temperature increases, and the Al matrix softens. Under the friction of the grinding
disc, the surface layer plastically deforms. Due to the intermolecular force, the Al substrate is cold
welded to the surface of the grinding disc. Under the effect of shear stress, the welded joint is sheared
and adhered to the surface of the grinding disc, causing the formation of a peeling block. As the
friction and wear process progresses, the adhered Al matrix is detached from the surface and forms
abrasive grains. Under the effect of the normal load or the forward load of the grinding disc, the Al
substrate is cut and the surface is shaped, forming a large number of furrows. For AA6061/5 vol.%
N-SiCp, as shown in Figure 16b, the wear form is mainly abrasive wear and adhesive wear. The furrow
depth becomes shallow, but the area of the peeling block formed by adhesive wear becomes large.
Figure 16c shows the wear morphology of the AA6061/10 vol.% N-SiCp composite. Generally, a greater
hardness of the composite surface means better resistance to deformation, and smaller wear rate
(only 0.25 × 10−5 g/m for AA6061/10 vol.% N-SiCp composite). It can be viewed that the number of
surface furrows is small, and the wear mechanism is mainly stripping wear. For AA6061/10 vol.%
N-SiCp, there are obvious agglomeration phenomena in the microstructure, and defects such as
agglomerated pores. Under the effect of tangential load and normal load, the grinding disc is deformed
on the sub-surface of the Al matrix. Cracks are nucleated at the pore locations, and the cracks grow or
propagate under the external load, which finally shear to the surface and form a peeling layer.

For AA6061/15 vol.% N-SiCp, the wear rate is only 0.1 × 10−5 g/m. In the meantime, the wear
model exhibits mainly fatigue wear, as shown in Figure 16d. Slight scratches and fatigue cracks can
be inspected on the surface. For the high content of AA6061/N-SiCp, the surface hardness is high.
The periodic load during the wear process causes the subsurface layer to plastically deform, bulge,
and generate fatigue cracks. The excessive interface will also reduce the bonding strength, and the
convex portion will be crushed to form wear debris. At this time, the abrasive chips are mainly
composite particles of N-SiCp and Al particles, and the roundness is good. It is different from the
polygonal micro-SiC cutting into the Al substrate. The bonding of the Al substrate and the grinding disc
is appropriate, resulting in the enhancement of the wear resistance. The AA6061/N-SiCp composites
have a very small size of N-SiCp, and the surface damage is less after the formation of abrasive chips;
therefore, it is suggested that the wear resistance is better.
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3.6.2. Effect of Sintering Temperature on Wear Resistance

Figure 17 shows the temperature versus wear rate for AA6061/5 vol.% N-SiCp. Figure 17 shows
that increasing temperature will cause the wear rate to first decrease and then increase. Wear rate can
reach up to the minimum at 600 ◦C, 0.225 × 10−5 g/m. As the temperature increases, the hardness will
increase, suggesting a better wear resistance of the sample. At 650 ◦C, the wear rate increases again.
This is mainly due to the Al4C3 brittle phase generated at the interface making the bond between
the reinforcement and the Al matrix not tight at high temperature and is easily peeled off during the
wear process.

Figure 17. Effect of sintering temperature on the wear rate of AA6061/5 vol.% N-SiCp under 4.5 GPa.
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Figure 18 shows the friction and wear morphology of AA6061/5 vol.% N-SiCp sintered at 450, 550,
600, and 650 ◦C, respectively. A large number of exfoliated blocks appear on the surface in Figure 18a.
At 450 ◦C, the density and hardness are relatively low, and the surface has a large plastic deformation
zone during the wear process. Additionally, the subsurface layer of the initiation deformation zone of
cracks will spall. At 550 ◦C in Figure 18b, the wear resistance is improved, and some shallow furrows
and a small number of peeling pits can be found. It can be assumed that temperature increases the
interfacial bonding strength and the hardness, so the wear rate is reduced. With the temperature further
increasing up to 600 ◦C, the wear rate is just 0.22 × 10−5 g/m. There are fewer small slim scratches
and peeling blocks on the surfaces in Figure 18c than those in Figure 18a–d, which means the lightest
damage. Meanwhile, a large number of Al particles exists in the microstructure, and the light interface
reaction enhances the combination strength, resulting in the best wear resistance. Then, at 650 ◦C,
the wear rate increases, and wear resistance is reduced. A few deep furrows and spalling appear on
the surface in Figure 18d. It might contribute to the Al4C3 phase produced at a high temperature.
During the wear process, cracks are easily generated at the interface, causing the surface to peel off and
abrasive grains. Combined with the hardness in Figure 12b and wear rate in Figure 17, according to
the role of Al4C3 in the composites, the wear rate of the composite possessing large hardness is small,
indicating a good wear resistance. Therefore, it was also proven that the hardness was enhanced by
the formation of the Al4C3 phase, resulting from the increment of wear rate.

Figure 18. Wear morphology of AA6061/5 vol.% N-SiCp sintered at: 450 (a), 550 (b), 600 (c), 650 (d) ◦C.

4. Conclusions

This paper mainly studies the microstructure and properties of AA6061/N-SiCp composites.
The main conclusions are as follows:

1. For AA6061/1 vol.% N-SiCp and AA6061/3 vol.% N-SiCp, there is almost no agglomeration,
and the Al particles become irregular. Higher volume fraction will lead to a thicker N-SiC layer
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around the Al particles. The rod-like particles appeared at the junction of the two particles.
The Al4C3 phase was not detected for AA6061/1 vol.% N-SiCp and AA6061/3 vol.% N-SiCp.
The increase in temperature has no significant effect on the agglomeration of N-SiCp, but the higher
temperature can generate the better plastic flow of the Al matrix, the filling of the spheroidized
pores, and the larger number of small-sized Al particles. The Al4C3 phase begins to appear at the
interface at 550 ◦C. As the temperature increases, the Al4C3 phase distribution at the interface
becomes dense.

2. The density of the composites decreases with the increment of the volume fraction of N-SiC and
increases with the augment in sintering temperature.

3. The hardness and wear property first increase and then decrease as the temperature increases.
The hardness reaches up to 52 HRA, and the wear rate is just 1.0 × 10−6 g/m at 600 ◦C. The wear
mechanism is mainly composed of abrasive wear and adhesive wear.
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