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Abstract: Al-Cu-Fe-Ce quasicrystalline-reinforced 6061 aluminum matrix composites were prepared
through hot press sintering and treated with a solid solution and aging treatments. The influence
of the solid solution and aging treatments on the microstructure and mechanical properties of the
composites was investigated by XRD, EDS, SEM, and TEM. The results show that using Al-Cu-
Fe-Ce quasicrystalline intermediate alloy as the reinforcing phase increases the interfacial areas
of the composites and enhances the grain boundary strengthening effect, which is conducive to
the improvement of the mechanical properties of the composites. And through the solid solution
and aging treatment, the 3 phase and the Al,CuMg phase belonging to the orthorhombic crystal
system, as well as the B” phase and a small amount of the B’ precipitated phase, were formed
in aluminum matrix composites, and these precipitated phases all existed in the composites in a
fine and uniform distribution, which ensured the consistency of the mechanical properties of the
materials and improved the mechanical properties of the composites. Meanwhile, the deficiency of
quasicrystalline particle-reinforced 6061 aluminum matrix composites in age-hardening was solved
and the age-hardening capability of the composites was further developed. This method provides a

feasible process route for the preparation of high-performance aluminum matrix composites. The

Er;)edcgtfgsr application of this process is expected to improve the mechanical properties and durability of this

- composite and offer a more reliable option for the application of aluminum matrix composites in
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may melt or coalesce, resulting in an unstable microstructure and reduced properties of the
composite material.

Combined with related literature [8-11], it can be seen that some quasicrystalline inter-
mediate alloys are often added as reinforcing phases to solve the above problems. This is
because, among the many particle-reinforced aluminum matrix composites, the quasicrys-
talline particle-reinforced aluminum matrix composites have unique advantages [11-13].
Firstly, during the process of preparing the composites, because quasicrystals have a certain
metal crystal structure (that is, quasi-periodic translational ordering), the quasicrystalline
particles can be wetted with the metal liquid [10,14,15], so as to prevent other reinforcers
from not being wetted with the metal liquid or from reacting with the matrix metal to
produce an undesirable interface [16,17]. Furthermore, the quasicrystalline particles can
continue to combine with the base metal to form intermediate alloys that can be utilized
twice. Therefore, the research and application of quasicrystalline-reinforced aluminum
matrix composites are conducive to energy saving and emission reduction, and promote
the concept of green and ecological development.

On this basis, in order to further improve the microstructure of the composites and
enhance the mechanical properties of the composites, combined with the characteristics of
6061 aluminum matrix composites, the aging treatment process has an important influence
on the microstructure and properties of quasicrystalline-reinforced 6061 aluminum matrix
composites [16,18,19]. Reasonable control of aging treatment parameters (e.g., temperature,
time, etc.) can realize the uniform solid solution and phase transformation of particles and,
thus, improve the mechanical properties of materials [20,21]. Therefore, this study system-
atically investigates the effect of the solid solution aging treatment on the microstructure
and properties of quasicrystalline-reinforced 6061 aluminum matrix composites, aiming to
provide certain theoretical guidance for their industrialized and stable production.

2. Experimental
2.1. Characterization of the Matrix and Reinforcing Materials

Utilizing a vacuum arc melting furnace, the formation of the quasicrystal master
alloy, designated as (AlgzCupsFers) 99Ceq (in atomic percentage) or 1Ce-IQC, was accom-
plished. A subsequent thermal process yielded an alloy consisting predominantly of the
I phase, alongside a minor presence of the Alj3Ce;Cu;3 phase. Detailed methodologies
for the synthesis and thermal processing of the I phase have been expounded upon in
earlier scholarly works [13,22]. Figure 1 shows the microstructure morphology of 1Ce-IQC
reinforcement with average particle sizes of 120 um and 60 pum, respectively. It can be
seen that the particles exhibit an irregular polyhedral shape, and this shape makes the
particles produce different thermal stress fields in different directions, which reduces the
coefficient of thermal expansion for both the matrix as well as the composite material to a
certain extent.

Figure 1. Microstructure morphology of 1Ce-IQC particles with different particle sizes after grinding;:
(a) 60 um; (b) 120 pum.
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The 6061 aluminum powder predominantly possesses particle sizes of around 35 um;
however, a fraction of finer particles measuring approximately 5 um is also present. The
coexistence of these larger and smaller particles plays a significant role in enhancing the
composite’s thermal expansion characteristics. Combined with relevant literature [11],
the specific chemical makeup of the 6061 powder is detailed in Table 1. Images captured
through scanning electron microscopy (SEM) of the 6061 aluminum powder’s morphology
are presented in Figure 2a—d, depicting a spherical geometry. Apart from aluminum, the
6061 powder contains minute quantities of both silicon and magnesium.

Table 1. Chemical composition of 6061 material /wt% [11].

Powders Fe Si Mg Cu Mn Cr Zn Ti Al
6061 0.157 0.56 0.81 0.166  0.071  0.051 0.031 0.002 Residuals

A0 (C) — [ Average particle size ~ 13.51 ym
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5
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Figure 2. Morphology and particle size distribution of 6061 aluminum alloy powder [11]: (a,b) powder
morphology; (c) particle size distribution; (d) corresponding to the distribution of Al, Mg, and Si
elements in (b).

2.2. Preparation and Characterization of Composite Materials

Quasicrystal-strengthened 6061 aluminum matrix composites (6061-201QC) were syn-
thesized utilizing a ZT-40-20Y vacuum hot pressing furnace (Suzhou, China), wherein
the pre-prepared reinforcement phase was amalgamated with the matrix material at a
volumetric ratio of 20:80. The homogeneously blended powders were consolidated within
graphite die with an approximate diameter of 30 mm, undergoing sintering in a 10~3 Pa
vacuum pressure environment with a compaction force of 30 MPa throughout the hot press-
ing sintering sequence. To discern the influence of sintering parameters on the resultant
composite, the hot press sintering process was executed at varying temperatures (470 °C,
490 °C, and 510 °C) and durations (10 min, 20 min, 30 min, and 40 min).

Combined with previous studies [11], the optimal hot press sintering process was
490 °C with a holding time of 30 min. Therefore, the composite was subjected to a solid
solution plus aging treatment with a view of further improving the microstructure and
strengthening the mechanical properties of the composite.

Combined with the characteristics of 6061 aluminum alloy composites [23], the solid
solution heat treatment process involves heating to 530 °C, preserving for 1 h, followed by
water cooling. Meanwhile, 6061 aluminum powder belongs to the Al-Mg-Si system alloy,
which has four precipitation phases during aging, namely, the GP zone, B, B/, and  phase,
among which, the p” phase is the key precipitation phase causing the aging strengthening
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of Al-Mg-Si alloy [24-26]. However, the B” phase precipitation process is slow when aging
is carried out below 150 °C. Therefore, combined with the related literature [24], this paper
uses 170 °C as the aging temperature, and the aging times are2h,4h,6h,8h,10h, 12 h,
16 h, 20 h, and 24 h, respectively, to study the effect of aging time on the properties of the
composites, and to provide a reference for the formulation of the heat treatment process for
industrial production.

Employing X-ray diffraction (XRD-6000, Shimadzu, Kyoto, Japan) with Cu-K« emis-
sion (wavelength of 0.1542 nm), an anode potential of 40 kV, and an electron stream of
30 mA, at a sweep velocity of 4 degrees per minute over a Bragg angle range of 20 = 20°
to 90°, we explored the crystalline phases precipitated in the alloys synthesized through
the application of the hot pressing method. To scrutinize the microstructural attributes of
the alloys, we resorted to scanning electron microscopy (SEM, TESCAN, VEGA II-XMU),
augmented with energy-dispersive spectroscopy (EDS), and delved into finer details via
transmission electron microscopy (TEM < FEI Talos F200X). To ascertain and adjust the
interplanar distances within the crystals, our methodology included the utilization of
Digital Micrography software (Version 3.22.1461.0).

The HM-211 Vickers microhardness tester was used to test the hardness of the com-
posites prepared by different aging processes. A wire cutter was used to cut out the square
specimens measuring 8 x8x8 mm, and the specimens were polished and sanded one by
one to ensure that the surfaces of the specimens were clean and smooth. The hardness test
parameters were set to a 150 g load, a 15 s holding time, and 10 points for each sample, and
the average value was taken as the final Vickers hardness value of the specimen.

The room temperature tensile properties of the quasicrystalline particle-reinforced
aluminum matrix composites were tested using a CMT5105 universal tensile testing ma-
chine with a tensile rate of 1 mm/min. For each condition, three specimens were cut and
processed into thin slices, and their sizes and shapes are shown in Figure 3. The samples
were polished with sandpaper to reduce the stress concentration, and the tensile tests were
performed and averaged.

24

Figure 3. Size and shape of tensile specimen.

3. Results
3.1. Effect of Aging Time on the Microstructure of 1Ce-IQCp/6061

Based on the previous analysis [11], the optimal hot pressing process is 490 °C for
30 min, and the microstructure of the 1Ce-IQCp/6061 composites prepared under the
optimal hot pressing process is shown in Figure 4.
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Figure 4. Microstructure of the sintered 1Ce-IQCp /6061 held at 490 °C for 30 min.

Combined with the energy spectrum analysis (Table 2), it can be seen that there are
five regions, A, B, C, D, and E. The A region is the aluminum matrix; the B region is the
transition layer formed by the reaction between the quasicrystal and matrix, which is
mainly composed of Al;Cu,Fe; combined with the previous analysis [11], the use of Al-Cu-
Fe-Ce quasicrystalline intermediate alloy as the reinforcing phase increases the interfacial
area of the 1Ce-IQCp/6061 composites. Moreover, the grain boundary reinforcement
effect is better, which is conducive to improving the mechanical properties of the 1Ce-
IQCp /6061 composites. The C region is the I phase, and there is no porosity or holes
appearing in this region; the white D region, immediately adjacent to the C region, is the
Al;3CeyCuys phase, which is closely connected to the quasicrystalline phase and is always
present from the beginning of the preparation of the as-cast quasicrystalline intermediate
alloys to the preparation of 1Ce-IQCp/6061, which suggests that the phase has good
thermal stability.

Table 2. EDS point-scan analysis of each forming phase in 1Ce-IQCp /6061 sintered at 490 °C for

30 min.
Hot Pressing Sintering Area Al Fe Cu Ce Corresponding
Temperature wt% at%  wt% at% = wt% at%  wt%  at% Phase
A 97.29  98.83 2.71 1.17 Al matrix
B 53.83 7244 15.04 9.78 31.12 17.78 w-phase
490 °C C 36.7 6352  2.05 1.72 35.72 26.26 2552 8.51 I phase
D 2419 463 698 64 5133 418 175 542  Al;3CerCups-phase
E 3196 4956 6319 4724 485 32 B-Als(Cu,Fe)s-phase

Zone E is composed of the  phase, which may be the residual phase left from
the heat treatment of the cast alloy or could be formed through a reaction between the
quasicrystalline phase and the matrix during subsequent hot pressing. When the hot
pressing temperature exceeds 490 °C, or when the material is kept at elevated temperatures
for an extended period of time, there will be mutual diffusion between the reinforcement
and the matrix, leading to gradual decomposition within the reinforcement.

Figure 5 shows the microstructure and morphology of 1Ce-IQCp /6061 after different
aging times at 170 °C. The large white particles in Figure 5 represent the retained reinforce-
ment after aging, and the small white particles are distributed along the grain boundaries,
which are identified as the precipitated phase after aging. With the increase in the aging
holding time, the number of small particles precipitated along the grain boundaries of the
matrix increases, especially after aging for 10 h, when the number of these small particles
increases significantly.
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Figure 5. Microstructure of 1Ce-IQCp /6061 at different aging holding times: (a) 2 h; (b) 4 h; (c) 6 h;
(d) 8 h; (e) 10 h; and (f) 12 h.

However, a common characteristic of the aging of 1Ce-IQCp /6061 composite materials
is that the large white particles in the reinforcement have undergone obvious diffusion.
Taking the microstructure of the composite material after 10 h of aging as an example, as
shown in Figure 6, it can be seen that there is obvious diffusion around the large white
particles. The reason is that, according to the previous analysis, the optimal hot pressing
process is 490 °C. When this temperature is exceeded, mutual diffusion occurs between the
reinforcement and the matrix, leading to the gradual decomposition of the reinforcement.
The main phase formed after the decomposition of the large particles is the (3 phase.

Figure 6. Microstructure of 1Ce-IQCp /6061 after aging time of 10 h.

TEM observations of 1Ce-IQCp /6061 specimens after aging for 10 h were performed
to determine the phases of small white particles precipitated along grain boundaries, which
are diffusely distributed in Figure 7. For some smaller regions, phase determination was
performed in conjunction with high-resolution morphology.

Figure 7 shows the TEM characterization of the (3 phase (Alys5Feg5) of 1Ce-IQCp /6061
composites after aging for 10 h. As shown in Figure 7, the specimen was held at 170 °C
for 10 h after aging, which resulted in a lot of regular particles. The energy spectrum
analysis was carried out, as shown in Figure 7; these particles mainly contained aluminum,
iron, and some silicon elements, which were determined as the 3 phase through selected
area electron diffraction pattern calibration. Combined with relevant literature, it can be
seen [20] that the 3 phase usually contains only two elements (aluminum and iron), but
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after combining with the matrix for hot pressing and sintering, a small amount of silicon in
the matrix diffuses into the reinforcing body to form the 3 phase containing silicon, which
still exists after aging, is finely dispersed and uniformly distributed, and plays a very good
role in promoting the reinforcement of the 1Ce-IQCp /6061 composites.
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Figure 7. TEM characterization of the 3 phase of 1Ce-IQCp /6061 after 10 h of aging. (a) Bright-field
image; (b) energy spectrum analysis of the 3 phase; (c) microzone diffraction pattern.

Figure 8 presents the TEM characterization of the 1Ce-IQCp /6061 composite after
10 h of aging. Considering the significant correlation between the aging precipitates and
the aluminum matrix, the Al-Mg-Si alloy was observed through TEM along the [001]Al
direction. In Figure 8a, the bright-field image of the 1Ce-IQCp /6061 composite after aging
reveals a fine and dispersed distribution of precipitates.

Figure 8b,c show the high-resolution morphology and Fourier transform (FFT) of the
bright-field image of Figure 8a, the ‘1’ region. The high-resolution morphology (yellow
dashed box) shows that the atoms of the precipitated phase are arranged in a regular
mannet, and the FFT and the calibration of the diffraction spots determine that this region
is a p” phase with the chemical composition of MgsSis (a = 1.516 nm, b = 0.405 nm,
¢ = 0.674 nm), which belongs to a monoclinic crystal system with a monoclinic angle close
to 105.3°. Among all the precipitated phases, the B’ phase exhibits high co-grid strain
energy with the matrix and is the most effective strengthening phase, which can significantly
improve the strength and hardness of the composites.

Figure 8d displays the high-resolution microstructure and FFT of region 2 in Figure 8a
corresponding to the bright-field image. The high-resolution microstructure reveals that
this region consists of elongated needle-shaped precipitates. Performing FFT on Figure 8d
indicates that the phase in this region is a B’ phase with a chemical formula of Mg Si,
belonging to the hexagonal crystal structure (a = 0.715 nm, ¢ = 1.215 nm). Thus, the
precipitation sequence of the precipitates in the 1Ce-IQCp /6061 composite after 10 h of
aging at 170 °C is as follows: B phase (Mg5Sig)— B’ phase (Mg §Si).

Regarding the 1Ce-IQCp /6061 composite after aging treatment, there are some regions
where there are uniformly distributed white particles, as shown in Figure 9. In order to
determine the phase structure of these particles, they were analyzed by a selected electron
diffraction pattern; the results are shown in Figure 9. Based on the calibration of the
diffraction pattern, it was determined to be the Al,CuMg phase, which belongs to the
orthorhombic crystal system. The observation of the facet element distribution in this region
was carried out; the results are shown in Figure 10. It can be seen that the white precipitated
phase consists of copper, aluminum, and magnesium elements, which is consistent with
the results of the analysis of the selected electron diffraction pattern. And magnesium and
copper elements are enriched at the interface, but iron and silicon elements are not enriched.

Combined with the above analyses, it can be seen that after the aging treatment of
1Ce-IQCp /6061 at 170 °C with different holding times, the formed phases include the 3
phase, as well as the fine and diffusely distributed Al,CuMg phase, and " and B’ phases.
The aging precipitation sequence of the precipitated phases is as follows: p” phase (MgsSie)
— B’ phase (Mg gSi), in which the B” phase exhibits high co-lattice strain energy with the
matrix, which can significantly improve the strength and hardness of 1Ce-IQCp/6061.
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Figure 8. TEM characterization of 3’ and p” phases of 1Ce-IQCp/6061 after 10 h aging. (a) Bright-
field image; (b,c) high-resolution and FFT of region 1 in Figure 8a; (d) high-resolution morphology
and FFT of region 2 in Figure 8a.
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Figure 9. Bright-field image and the selected electron diffraction pattern of the Al,CuMg phase of
1Ce-IQCp /6061 after aging for 10 h.

Figure 10. EDS surface scan analysis of 1Ce-IQCp /6061 aged for 10 h. (a) Full spectrum; (b) AL
(c) Cu; (d) Fe; (e) Ce; (f) Mg; (g) Si.

3.2. Effect of Aging Time on Hardness and Tensile Strength of 1Ce-IQCp/6061

The Vickers hardness and tensile strength of 1Ce-IQCp /6061 were tested after different
aging times, and the results are shown in Figure 11. It can be seen that the Vickers hardness
and tensile strength of 1Ce-IQCp /6061 both increase and then decrease with the increase
in aging time and reach the maximum value when the aging time increases to 10 h. The
results are shown in Figure 11.

As the aging time continues to increase, the Vickers hardness of the 1Ce-IQCp /6061
composites first decreases and then remains basically unchanged. The reason is that at
the early stage of aging, the number of GP zones and the " phase in the alloy gradually
increases, and the precipitated phase is dominated by the B phase. As the aging time
continues to extend, the B phase in the alloy is highly diffusely distributed, and the
corresponding elastic stress reaches the maximum value, which has the strongest hindering
effect on the dislocation.

And during the solid solution treatment process, the 1Ce-IQCp /6061 exhibits a rapid
cooling rate, significant temperature range variation, and a large difference in the thermal
expansion coefficient between the reinforcement and matrix. This leads to a significant ther-
mal mismatch after the solid solution treatment, resulting in an increase in the dislocation
density within the matrix. These high-density dislocations interact with the precipitated
second phase during aging, enhancing the deformation resistance of the matrix and further
improving the Vickers hardness and tensile strength of 1Ce-IQCp/6061. In the later stages
of aging, the p’ phase and other metastable phases form in the alloy. Simultaneously, these
phases gradually grow and coarsen, resulting in a decreased impediment to dislocation
motion, thus causing a slight reduction in the Vickers hardness and tensile strength of
1Ce-IQCp/6061.
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Figure 11. Effect of aging time on Vickers hardness and the tensile strength of 1Ce-IQCp/6061.
(a) Vickers hardness; (b) tensile strength.

4. Conclusions

The (AlgzCupsFe;)99Ce; quasicrystalline particle-reinforced 6061 aluminum matrix
composites were made by a vacuum hot pressing and sintering process, and a solid solution
followed by the aging treatment was carried out to analyze the influences of aging time
on the microstructure and mechanical properties of the composites. The conclusions are
as follows:

(1) It has been clarified that the optimum heat treatment process for (AlgzCupsFeq2)99Ceq
quasicrystalline particle-reinforced 6061 aluminum matrix composites is a solid solu-
tion temperature of 530 °C, a holding time of 1 h, and water cooling, followed by an
aging treatment with an aging temperature of 170 °C and a holding time of 10 h.

(2) The phases of (Alg3CupsFe12)99Ce; quasicrystalline particle-reinforced 6061 aluminum
matrix composites after the aging treatment include the (3 phase, a small amount
of the Al,CuMg phase belonging to the orthorhombic crystalline system, as well
as the B” phase and a small amount of the B’ precipitated phase. The phases are
meticulously and uniformly distributed, contributing to the strength and hardness of
the 1Ce-IQCp /6061 alloy.

(3) With the increase in aging time, the Vickers hardness and tensile strength of 1Ce-
IQC;, /6061 initially increase and then decrease, reaching their maximum value at 10 h
of aging time.
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