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Abstract: Carbon nanotubes (CNTs) are considered ideal nanoscale reinforcement for the development
of high-performance metal matrix composites due to their unique structure and excellent mechanical
properties. However, CNTs are easy to agglomerate and have poor wettability with the aluminum
matrix, resulting in unsatisfactory effects when added to the aluminum melt. In this study, Cu-
coated carbon nanotubes (Cu@CNTs)-reinforced aluminum matrix composites were fabricated by
high-energy ultrasonic-assisted casting. Moreover, the effects of different Cu@CNTs content on the
microstructure and mechanical properties of aluminum matrix composites were explored. Meanwhile,
Fluent 19.0 software was used to further explore the function of ultrasonic vibration in the melt. The
results demonstrated that the mechanical properties of composite with 1.2 wt% Cu@CNTs are optimal.
Compared with the matrix, the composite with 1.2 wt% Cu@CNTs displayed a 39.3% increase in yield
strength, 53.5% increase in ultimate tensile strength, and 5.7% increase in elongation. The simulation
results showed that the uniform dispersion of Cu@CNTs and grain refinement can be attributed to
the acoustic streaming effect and cavitation effect of high-energy ultrasound. The improvement of
the properties of the composites can be attributed to the grain refinement and the load-bearing effect
of CNTs.

Keywords: ultrasonic processing; Cu-coated carbon nanotubes; microstructure; flow field analysis;
mechanical properties

1. Introduction

In recent years, aluminum alloys, as an advanced lightweight material, have been
widely used in aerospace, national defense, transportation, automotive, and other fields.
However, the performance of aluminum alloys still fails to meet the requirements of higher
strength parts, and thus, the development of high-strength aluminum matrix composites
is particularly urgent [1-4]. CNTs, because of their distinctive structure and excellent
mechanical properties, such as low density, very high strength and toughness, high Young’s
modulus and tensile strength, good thermal conductivity, good electrical conductivity, etc.,
are considered to be ideal for nanoscale reinforcement of aluminum matrix composites [5-7].
Many scholars have prepared CNT-reinforced aluminum matrix composites using various
methods, such as the powder metallurgy method [8], high-energy ball milling method [9],
and in situ synthesis method [10]. For example, Li et al. [11] reported the preparation of
CNT/ Al composites by flake powder metallurgy. The elongation of 2 wt% CNT/Al com-
posites was comparable to that of pure Al, reaching about 30%. However, the preparation
process of flake powder metallurgy is extremely complicated, and the related parameters
are difficult to control. Perez-Bustamante et al. [12] prepared CNT/Al composites by
high-energy ball milling and cold press sintering. The results showed that the composites
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exhibited better wear resistance when the CNT content was 5 wt% compared with the 2024
Al matrix. He et al. [13] used chemical vapor deposition to generate CNTs in situ on the
surface of aluminum powder. The Al-5wt%CNT composites produced by pressing and
sintering at 490 °C show a densification of 96% and uniform dispersion of CNTs. In general,
the above methods will cause some damage to the structure of CNTs to a certain extent, and
the preparation process is complicated and costly, which is not suitable for industrialized
mass production.

Compared with the above methods, the ultrasonic-assisted casting method has a lower
preparation cost, and the process is simple and easy to operate. Liu et al. [14] prepared
carbon-nanotube-reinforced magnesium matrix composites by mechanical stirring and
high-intensity ultrasonic dispersion. Compared with the matrix, the yield strength (YS),
ultimate tensile strength (UTS), and elongation (EI) of the AZ91D composites with 1.5%
CNTs increased by 21%, 22%, and 42%, respectively. Mohammed et al. [15] prepared
boron-nitride-nanotube-reinforced aluminum matrix composites by ultrasonic cavitation-
assisted casting. The results showed that after ultrasonic treatment, the boron nitride
nanotubes had good dispersibility in liquid aluminum and an enhanced grain refinement
effect. Srinivas et al. [16] prepared multiwalled carbon nanotube (MWCNT)-reinforced
aluminum matrix composites by ultrasonic-assisted stir casting. Ultrasonic treatment
during the casting resulted in better dispersion of MWCNTs in the matrix and a significant
increase in the hardness of the composites. The wear rate and friction coefficient of the
composites were significantly reduced compared to the aluminum matrix. Studies by
many scholars have shown that high-energy ultrasonic treatment can effectively add CNTs
or other reinforcing materials to the metal matrix, thereby improving the mechanical
properties of the matrix [14-16].

However, CNTs are prone to inducing strong agglomeration and entanglement during
the preparation of composites due to their high surface energy, large specific surface area,
and aspect ratio. Therefore, improving the wettability of CNTs with an aluminum alloy
and their dispersion in the matrix has become the focus of research on CNT-reinforced
aluminum matrix composites. Ding et al. [17] prepared AZ61 nanocomposites by mixing
copper-coated CNTs and AZ61 powder through ball milling, vacuum hot pressing, and
extrusion. When the CNT content was 0.15 vol%, the work of fracture, yield strength,
compressive strength, and fracture strain of the composite were increased by 40%, 20%,
15%, and 26%, respectively, compared with the matrix. Kang et al. [18] coated a layer
of highly wettable SiC on the surface of CNTs by vacuum fusion casting to improve the
interfacial bonding strength between CNTs and the matrix. The SiC layer prevents the
CNTs from disintegrating during the strengthening process. The tensile strength and
Young’s modulus of the composites with 1.0 wt% SiC@CNTs increased by 15% and 79%,
respectively. It can be seen that the wettability between CNTs and the aluminum matrix
and their dispersion in the matrix can be improved by modifying the surface of CNTs.

Nevertheless, most scholars have focused on the exploration of different coating
interfaces and seldom investigated the dispersion mechanism of coated CNTs in the melt.
In addition, many scholars know that high-energy ultrasonic treatment can effectively
improve the dispersion of the reinforced phase in the melt [15,19], but few studies have
been conducted on the mechanism of ultrasound action in the melt. Therefore, it is very
necessary to explore the mechanism of ultrasonic action during the casting process. Due
to the invisible and untouchable nature of ultrasound, simulation software to model the
distribution of the melt flow field during ultrasound was applied to explain the mechanism
of ultrasound action at the macroscopic level.

In this study, Cu@CNT-reinforced aluminum matrix composites were fabricated by
high-energy ultrasonic-assisted casting. Meanwhile, the effects of different Cu@CNT con-
tents on the microstructure and mechanical properties of the composites were investigated.
In addition, the flow field distribution of aluminum alloy melt during high-energy ul-
trasonic treatment was simulated using Fluent 19.0 software. The ultrasonic acoustic
streaming effect and its dispersion mechanism were expressed from a macroscopic point of
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view, and the role of ultrasound in the assisted casting process was further verified. This
study has important reference significance for improving the wettability between CNTs
and the aluminum matrix, enhancing the dispersion of CNTs in the aluminum matrix, and
preparing high-performance CNT/Al composites.

2. Materials and Methods
2.1. Original Materials

In this experiment, the matrix material was the commercial ADC12 alloy, which is an
Al-Si-Cu alloy produced by Daxin Industrial (Shanghai) Co., Ltd. (Shanghai, China) The
chemical composition of the alloy is determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) and is shown in Table 1. High purity aluminum powder
(purity > 99.9%) produced by Zhejiang Yamei Nano Technology Co., Ltd. (Jiaxing, China)
was used in the experiment. From the scanning electron microscopy (SEM) image in
Figure 1a,d, it can be seen that the shape of the pure aluminum powder is nearly spherical,
and its average diameter is about 50-100 um.

Table 1. Chemical composition of commercial ADC12 alloy.

Element

Al Si Cu Mg Fe Mn Zn

Content (wt%)

Bal. 10.75 2.84 0.21 0.82 0.26 0.64

Figure 1. SEM image of Al powder before and after ball milling: (a) spherical aluminum powder;
(b) flaky aluminum powder; (c) mixed powder; (d) spherical aluminum powder high magnification
morphology in (a); (e) flaky aluminum powder high magnification morphology in (b); (f) mixed
powder high magnification morphology in (c).

Multiwalled carbon nanotubes produced by Jiangsu Xianfeng Nanomaterials Tech-
nology Co., Ltd. (Nanjing, China) with purity > 95%, diameter > 50 nm, and length of
0.5-2 um were used as reinforcement. Copper sulfate pentahydrate (CuSO4-5H,0), sodium
hydroxide (NaOH), ethylene glycol (EG), hydrazine hydrate (N,H4-HyO), cetyltrimethy-
lammonium bromide (CTAB), and ethanol supplied by Sino Pharmacy Chemicals Co., Ltd.
(Shanghai, China) were used as raw materials for the preparation of copper nanoparticles
for coating. To overcome the problem of poor adhesion between Cu ions and CNTs, acid
treatment was used to form -carboxylic and -OH functional groups on the surface of CNTs.
The CNTs were placed in a 3:1 mixture of sulfuric and nitric acids and refluxed at 80 °C
for 4 h [20]. The mixture was then filtered and washed several times with deionized water
until the pH value was neutral, and then it was removed and set aside after drying in a
vacuum drying oven for 24 h.
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2.2. Experiment
2.2.1. Fabrication of Cu@CNTs

First, 0.2 g of acid-treated CNTs was added to 150 mL of EG solution, put into an
ultrasonic cleaner for 1 h of ultrasonic dispersion, and then stirred by a magnetic mixer for
1 h so as to make it uniformly dispersed in the solution. Then, 0.1 mol/L of CuSO4-5H,0O
was added to the solution, stirred sufficiently until it was well mixed, and then 0.5 mol/L
of the NaOH/EG mixed solution was added to the above solution, and the pH value of
the solution was adjusted to be about 11. After stirring sufficiently, the mixed solution
was poured into a three-nozzle flask, heated in an oil bath to 140 °C, and refluxed for 3 h
under continuous vigorous stirring [21]. After refluxing for 3 h, the temperature of the
solution was lowered to 90 °C, and 12 mL of NoHy4-HyO (85 wt%) reagent was added to it
and stirred sufficiently for 1 h at this temperature to allow for a full reaction to reduce the
copper ions to copper monomers [22]. After the reaction was complete and the solution
was cooled down to room temperature, the solution was filtered by vacuum filtration and
washed several times with deionized water, then dried in a vacuum drying oven for 24 h.
Subsequently, the Cu@CNT powder was obtained by grinding with a mortar and pestle.

2.2.2. Fabrication of Intermediate Alloy

In this experiment, a variable speed ball milling process was used. Firstly, 27.9 g of
aluminum powder was added to the planetary ball mill and ball milled at 300 rpm for
3 h (the ratio of balls to powder was 10:1). Through the high-speed ball milling process,
the spherical aluminum powder was made into a flaky aluminum powder (Figure 1le),
and the surface area of the aluminum powder was increased so that the CNTs could be
better adhered to the surface of the aluminum powder. The morphology of the ball milled
aluminum powder was as shown in Figure 1b. From this figure, it can be seen that after
high-speed ball milling, the aluminum powder had a flattened flaky structure, and its
average diameter was about 500 um, which is significantly larger than that before high-
speed ball milling. Then, 2.1 g of Cu@CNTs and 27.9 g of flaky aluminum powder were
added to a planetary ball mill and ball milled at 150 rpm for 2 h. Cu@CNTs were uniformly
dispersed on the surface of the aluminum powder by low-speed ball milling to ensure that
the tubular structure of the CNTs was not disrupted. The morphology of the mixed powder
after low-speed ball milling is shown in Figure 1c, and it can be seen from Figure 1f that
Cu@CNTs were uniformly dispersed on the surface of the flaky aluminum powder. In
addition, a certain amount of stearic acid needed to be added to it as a stabilizer during the
ball milling process to prevent the occurrence of the cold welding phenomenon, and argon
gas was passed to prevent the oxidation of aluminum powder. Subsequently, the mixture
powder was cold pressed at 1100 KN for 15 min to prepare the intermediate alloy, and the
pressed intermediate alloy blocks were cut into small pieces for spare use.

2.2.3. Fabrication of Cu@CNTs/ADC12 Composites

Moisture was removed from the ADC12 alloy and intermediate alloy blocks by heating
at 200 °C. In each experiment, the ADC12 alloy used for casting was cut into rectangular
blocks, placed in a corundum crucible, and heated in a resistance furnace to 760 °C for
complete melting. Then, different contents of intermediate alloy blocks were added to the
ADC12 alloy melt to obtain three different contents of Cu@CNTs/ADC12 composites. The
mass of the intermediate alloy block determined the content of the Cu@CNTs. In order
to ensure that the Cu@CNTs were uniformly dispersed in the melt, the intermediate alloy
block was fully melted by mechanical stirring for 10 min, and then the melt was subjected
to high-energy ultrasonic treatment for 10 min with an ultrasonic power of 2.1 kW [20,21].
The depth of immersion of the ultrasonic horn into the melt was 10 mm. All steps in the
process were protected using an argon atmosphere. Finally, the melt was carefully slagged
to remove impurities and then poured into a mold preheated to 200 °C and removed for
sample making after it had cooled to room temperature. The schematic diagram of the
fabrication of Cu@CNT/ADC12 composites by the chemical plating method is shown in
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Figure 2. The sample dimension diagram for tensile test is shown in Figure 3. The tensile
tests were performed using a universal test machine (UTM5105, Zhuhai SUST Electrical
Equipment Co., Ltd., Zhuhai, China) at a strain rate of 2.5 x 10~* s~ 1 at room temperature.
In order to avoid the contingency of experimental results, each sample in the experiment
was randomly tested with 5 tensile rods, and the average value was used as the result.
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Figure 2. Schematic diagram of the fabrication of Cu@ CNT/ADC12 composites.
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Figure 3. The dimension diagram of the tensile specimen (mm).
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3. Result

Figure 4 shows the schematic diagram for formation of Cu on the surface of CNTs. The
composite reduction method can be summarized as three steps: acid treatment, coating,
and reduction reaction. For Cu@CNTs, the synthesis mechanism mainly goes through the
following four chemical reaction equations. First, in the whole reaction system, EG acts as
both a solvent and a reducing agent [23]. EG reacts with oxygen at high temperatures to
form reductive glyoxal:

HO-CH,-CH;-OH + O, — OHC-CHO + 2H,;0 1)

S ol B
PAcid treatmentcdd P J-o Coating ¥ Reduction
1282t 1g%gt X

©C C -COOH/-OH @© Cu** © Cu
Figure 4. Schematic diagram for formation of Cu on the surface of CNTs.
Then, the NaOH/EG solution is added to the solution so that its PH is 11:
CuSO4+2NaOH — Cu(OH), | +NazSOy4 )
Glyoxal can reduce Cu(OH), to Cu,O at high temperatures [24]:
OHC-CHO + 4Cu(OH),+2NaOH — NaOOC-COONa + 2Cu,0 | +6H,0 (©)]
Finally, hydrazine hydrate acts as a strong reducing agent to reduce Cu,0O to Cu:
NoHy - HyO + 2Cup0 — 4Cu | +Nz T +3H0 4)

In the composite reduction method, nitrogen is produced, and these gases are precipi-
tated to overcome the interface pressure, so it is also necessary to stir the solution to speed
up the removal of bubbles.

Figure 5a,b shows the microscopic morphology of CNTs and Cu@CNTs. Typical tubu-
lar CNTs with diameters ranging from 50 to 80 nm can be observed in Figure 5a. Apparently,
a large number of nanoparticles were deposited on the surface of the coated CNTs, as shown
in Figure 5b. Meanwhile, Figure 5c,d shows the energy-dispersive spectroscopy (EDS)
scanning images of Cu@CNTs, and the results indicate that the spherical nanoparticles
of Cu were uniformly coated on the surface of CNTs. In addition, we performed X-ray
diffraction (XRD) analysis of CNT and Cu@CNT composite powders, as shown in Figure 5f,
and the diffraction peaks of C and Cu can be observed simultaneously in the patterns of
Cu@CNTs. The diffraction peaks at 26 = 26° and 42.8° correspond to the (002) peak and
(100) graphitized crystal surface of CNTs. The diffraction peaks at 20 = 43.3°, 50.5°, and
74.1° correspond to the (111), (200), and (220) crystal planes of Cu, respectively. In the XRD
patterns, no characteristic peaks of CuO and Cu;O were detected, indicating that copper
ions were completely reduced to copper monomers during the fabrication of Cu@ CNT
reinforcements.
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Figure 5. SEM images of (a) CNTs; (b) Cu@CNTs; (c,d) corresponding element distributions of
Cu@CNTs; (e) corresponding EDS result of yellow spot in (b); (f) XRD patterns of CNTs and
Cu@CNTs.

As shown in Figure 6a, the microstructure morphology of the ADC12 matrix shows
that the «-Al grains were coarse and there was an obvious long needle-like Si phase,
which is also the reason for the poor mechanical properties of the matrix material. From
Figure 6b-d, it can be found that the average diameter of «-Al in the composite material
decreased first and then increased, and the Si phase changed from long needle to point, with
obvious refinement, and a small black phase can also be observed in the figure. After the
subsequent detection and analysis, it can be determined that the black phase is Cu@CNTs.
In Figure 6b, when the Cu@CNTs was at 0.6 wt%, the «-Al phase was refined, but this was
not particularly obvious. In addition, the eutectic Si phase changed from the original long
needle-like to fine granular. From Figure 6¢, it can be seen that the composite with 1.2 wt%



Metals 2024, 14, 265

8of 17

Cu@CNTs (Cu@CNT/ADC12-12 composite) had the most obvious grains refinement, the
o-Al phase became fine and rounded, the Si phase was fine and granular, and the black
phase was uniformly distributed in the composite. Cu@CNTs were uniformly dispersed
along the grain boundaries, forming a large area grid structure, which inhibited the growth
of grains and promoted the refinement of grains. Dense grain boundaries can hinder the
movement of dislocations, which is beneficial to improve the mechanical properties of
composites. As shown in Figure 6d, when the addition of Cu@CNTs was increased to
1.8 wt%, the a-Al phase was not further refined, and a large number of black agglomerated
phases appeared. This indicates that excessive Cu@CNT addition leads to its inability to
be uniformly dispersed in the composites and affects its grain refinement effect. It also
affects the fine crystal strengthening and load transfer strengthening of Cu@CNTs in the
composite materials, thus affecting the mechanical properties of the composites. From this,
it can be preliminary stated that the microscopic morphology of the composites is the best
when Cu@CNTs equals 1.2 wt%, and the grain refinement of the x-Al phase and eutectic Si
phase is the most obvious compared with that of the matrix microstructure. In this time,
Cu@CNTs also had the best dispersion effect in the composites.

o B~ e T
‘\{ o ‘;'%' %\

Figure 6. Microstructure of Cu@CNT/ADC12 composites with different contents of Cu@CNTs (500 x ):
(a) 0.0 wt%, (b) 0.6 wt%, (c) 1.2 wt%, (d) 1.8 wt%.

In order to verify the phase composition in the above composites, we performed
XRD phase analysis of the composites. Figure 7a shows the XRD patterns of the aluminum
matrix and the composites with different contents of Cu@CNTs added, and Figure 7b shows
the enlarged pattern of the dashed area. The results show that all the typical diffraction
peaks of Al and Si phases were detected in all four materials, but no obvious diffraction
peaks of CNTs were detected at 26 = 26°, which might be due to the fact that the content
of CNTs added to the composites was too small, and no corresponding diffraction peaks
were detected, as in other scholars’ studies [25,26]. In addition, as shown in Figure 7b, we
found in the overlapping XRD patterns that the patterns showed an increase in the full
width at half maximum (FWHM) of the diffraction peaks and a shift in the 26 value with
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(a)

Intensity (a.u.)

the increase in Cu@CNT content. These changes reflect an increase in grain refinement and
lattice distortion in the «-Al and Si phases. The addition of Cu@CNTs led to grain size
refinement in the o-Al and Si phases, which in turn led to an increase in lattice distortion.
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Figure 7. (a) XRD patterns of Cu@CNT/ADC12 composites with different content of Cu@CNTs,
(b) high magnification image of the dotted box in (a).

In order to further determine the composition of the black phase in the composites,
they were analyzed by SEM and EDS. The SEM and EDS images of the Cu@CNT/ADC12-12
composites are presented in Figure 8. In order to better observe the internal structure of the
composites, we deeply corroded the composites with 1 mol/L of concentrated hydrochloric
acid before conducting SEM experiments. Figure 8a illustrates the microstructure morphol-
ogy of the Cu@CNT/ADC12-1.2 composite. The black holes in the figure are pits left by
deep corrosion of the sample. Figure 8b is an enlarged view of the area corresponding
to the red box. Furthermore, the EDS patterns of Figure 8c reveal that the gray phase
corresponds to the matrix x-Al phase, while the dense short rod-like white phase corre-
sponds to the Si phase. Simultaneously, it can be seen that where the Cu element was
detected, the C element was also detected, i.e., the bright white phases shown in the figure
are Cu@CNTs. Figure 8d is the EDS spectrogram of the yellow marked points. EDS point
scanning analysis showed that the main components were Al, Si, C, and Cu, which con-
firmed that these substances were Cu@CNTs. The results are consistent with those shown
in Figure 8c. The dispersion effect of Cu@CNTs is very good, which is due to the fact that
the Cu layer changed the wettability between CNTs and the Al matrix, and the cavitation
effect generated by ultrasound in the casting process deepened the dispersion effect.

The mechanical properties of the ADC12 matrix and Cu@CNT/ADC12 composites are
illustrated in Figure 9, and the data are listed in Table 2. The YS, UTS, and EI of ADC12 were
145 MPa, 202 MPa, and 3.51%, respectively. With the increase in Cu@CNT content, the YS,
UTS, and EI of Cu@CNT/ADC12-0.6 reached 190 MPa, 270 MPa, and 3.62%, respectively,
while those of Cu@CNT/ADC12-1.2 were 202 MPa, 310 MPa, and 3.71%, respectively.
Compared with the ADC12 matrix, the Cu@CNT/ADC12-1.2 composite displayed a 39.3%
increase in YS, 53.5% in UTS, and 5.7% in EI. However, when the addition of Cu@CNTs was
1.8 wt%, the YS and UTS were still higher than the original ADC12 matrix at 182 MPa and
240 MPa, respectively, but the EI was lower than the original ADC12 matrix at 3.22%. The
results show that adding the appropriate amount of Cu@CNTs into the ADC12 matrix can
improve the tensile properties of the matrix, but when the content of Cu@CNTs is too high,
the elongation of the composite is lower than that of the matrix. This result is consistent
with the previous characterization of microstructure morphology.
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Table 2. Mechanical properties of ADC12 matrix and different Cu@ CNT/ADC12 composites.

Sample Yield Strength (MPa) Ultimate Tensile Strength (MPa) Elongation (%)

ADC12 145.3 202.6 3.50
Cu@CNT/ADC12-0.6 190.2 270.4 3.62
Cu@CNT/ADC12-1.2 202.2 310.3 3.70
Cu@CNT/ADC12-1.8 182.6 240.6 3.22

Atomic cone (%) Weight cone (%)

39.36
10.83
35.36
14.44

= {ESatEsatintatitinta?

39.21
11.23
15.68
33.88

e § 8 1 8BS

Figure 8. (a) SEM images of depth-etched Cu@CNT/ADC12-1.2 composite, (b) high magnification
of the red box in (a), (c) corresponding element distributions of Cu@ CNT/ADC12-1.2 composite,
(d) corresponding EDS result of yellow spot in (b).
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Figure 9. The mechanical properties of the ADC12 matrix and Cu@ CNT/ADC12 composites: (a) The
yield strength, ultimate tensile strength, and elongation, (b) stress—strain curves.
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4. Ultrasonic Cavitation Model

Figure 10 shows the ultrasonic cavitation model drawn by the computational fluid
dynamics (CFD) module in the Fluent 19.0 software. Figure 10a shows the filled crucible
model. The bottom diameter of the crucible was 35 mm, the top diameter was 64 mm, and
the height was 60 mm. Figure 10b presents the hollowed-out diagram of the crucible model,
from which it can be seen that the diameter of the ultrasonic probe was 25 mm, and the
distance between the bottom and the liquid surface was 10 mm, which is consistent with
the experimental data. The ultrasound was introduced from the bottom of the ultrasonic
probe. In the model, the bottom surface of the ultrasonic horn was set as a dynamic grid,
which was used as the ultrasonic vibration boundary. The wall of the crucible adopted the
no slip boundary condition, the free liquid surface was the pressure inlet, and its surface
pressure was set to zero. Phase 1 was the liquid phase of ADC12 matrix, and Phase 2
was the Cu@CNT enhancement phase. Cu@CNTs were added to the melt in the form
of prefabricated blocks. Using the mixture multiphase flow model provided by Fluent
19.0 software, the two solid-liquid terms were regarded as a continuum passing through
each other. Fluid flow followed the mass conservation equation, momentum conservation
equation, and energy conservation equation.

(a) | 4 | (b)

4

60

¢35

Figure 10. Mesh division model: (a) the filled crucible model, (b) the hollowed-out diagram of the
crucible model.

The continuity equation is:

dp | dpvr)  9(pv;) | Apvy)
ot T o oy ooy O ®)

The momentum equation is:

a9

J J d
3P0+ 5 (P00) = =50+ 5 +p8i ©)

(1 + 1) (av” + §x )

In Equations (5) and (6), p is the mixed density; ¢ (s) is the time; v;;, is the velocity
component of the X, y, and z axes; Xijn is the node coordinates of the X, y, and z axes; # and
u; are the viscosity coefficients of laminar flow and turbulence respectively; and g; is the
gravitational component of the x axis.

The k-¢ standard turbulence model was selected. The equations for turbulent kinetic
energy k and turbulent dissipation rate ¢ are as follows [27]:

d d d 1\ ok
(00 + (k) — ax}[(w&k)a

+ Gy + Gy — pe — Yo + Si (7)
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(y + ’;:) ;;'j + Crep (Ge + CaGy) = Caup ™ +5: (®)
where Gy is the turbulent kinetic energy generated by the average velocity gradient; G,
is the turbulent kinetic energy generated by buoyancy; Y, is the effect of fluctuating
expansion on the turbulent dissipation rate; Jy is the turbulent Prandt number of the
turbulent kinetic energy equation; & is the turbulent Prandt number of the turbulent
dissipation rate equation; Cy¢, Cy,, and Cz, are constants; and Si and S, are user-defined
source terms.

An ultrasonic wave refers to a sound wave with a frequency higher than 20 kHz,
which has the advantages of good directivity, strong penetration, being easy to obtain, more
concentrated sound energy, etc. The effects of ultrasonic waves in a metal melt include
cavitation effects and acoustic streaming effects. In this study, the ultrasonic power and
frequency were 2.1 kW and 20 kHz, respectively. In previous studies, it was found that
under these parameters, the cavitation effects and acoustic streaming effects of ultrasound
in melt produced the best effect [28]. The time step was set to 1 x 107° s, the total number
of steps was 10°, the pressure base solver was selected for solving, and the control equation
was selected in the first-order upwind discrete format. Figure 11 shows the residual plot.
The continuity of ultrasound was basically maintained at about 1, the other indicators did
not diverge and tended to be stable, and the residual values were less than 1 x 104 s,
indicating that the simulation results are reliable [29]. The different colored curves in the
figure represent indicators corresponding to different compositions. The u, v, and w are
respectively represented by the momentum residuals in the X, y, and z directions, the k and
epsilon are respectively represented by the turbulent kinetic energy residual and turbulent
dissipation rate residual.

0 d 0
g(Pf) + aTCi(PS”i) ~ o

Residuals
continuity
u-phase-1 1401
- u-phase-2
v-phase-1 1e+00
v-phase-2
| w-phase-1 1601

w-phase-2
—k
—— epsilon

1e-02

1e-03

steps

Figure 11. Residual plot. (Phase 1 is the ADC12 matrix phase; Phase 2 is the Cu@ CNT enhancement
phase; u, v, and w are respectively represented by the momentum residuals in the X, y, and z directions;
and k and epsilon are respectively represented by the turbulent kinetic energy residual and turbulent
dissipation rate residual.).

Figure 12 shows the velocity vector diagrams of the flow field at different time periods
during the ultrasound. Figure 12a shows the velocity vector diagram of the flow field at
the 100th step of the ultrasound, which indicates that the melt flowed downward with the
propagation direction of the acoustic wave at the beginning of ultrasound, and that the flow
occurred only in the fluid directly below the ultrasound probe. During this process, many
tiny bubbles were created inside the melt. Figure 12b shows the velocity vector diagram of
the flow field during the 2000th step of the ultrasound; at this time, the flow field in the
melt flowed downward from the middle, reached the bottom, spread out in all directions,
and exhibited the tendency of upward reflux, forming a ring-shaped closed loop. The
velocity in the middle of the flow field was the largest, and arrows in different directions
appear in the parts closer to the ultrasonic probe, indicating that fluid collision may have
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occurred here. At that time, the tiny bubbles were evenly distributed into the melt under
the drive of sound flow, and some bubbles began to grow under the action of positive and
negative sound pressure. Figure 12c shows the velocity vector diagram at the 10,000th step
of ultrasonication; the velocity of the flow field in the melt was small. Paradoxically, in
the parts closer to the ultrasonic probe, the direction of the velocity of the flow field was
opposite of the direction of the propagation of the ultrasonic wave, which may have been
due to the turbulence phenomenon in the flow field in the melt after ultrasonication for a
period of time. At this stage, the bubble’s ability to withstand the impact reached the limit
and cracked, which had a great impact on the surrounding melt, resulting in a disturbance
in the direction of the melt sound flow. The fragmentation of dendrites and the dispersion
of CNTs also occurred at this stage. When the ultrasonic time was long enough, as shown
in Figure 12d, the direction of the flow field in the melt gradually became regular; the
overall direction of the flow field in the middle of the melt was consistent with the direction
of the ultrasonic wave propagation. The overall velocity of the flow field was larger, and
the surrounding area of the melt still showed a tendency to diffuse in all directions and
return upward. At this time, fine free crystals and dispersed CNTs were carried to various
parts of the melt by acoustic flow, which also reflects the role of ultrasound on the melt.
However, as can be seen from the four graphs, in the horizontal direction of the ultrasonic
probe, the melt flow was small, so the ultrasound for the melt mainly lay in the region
below the ultrasonic probe. To sum up, according to the ultrasound, the distribution of the
flow field in the melt presented four stages: the beginning of flow, the formation of the
circuit, the occurrence of turbulence, and the stability of the reflux. This is consistent with
our experimental results.
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Figure 12. Velocity vector diagram of flow field: (a) 100 steps, (b) 2000 steps, (c) 10,000 steps,
(d) 20,000 steps.



Metals 2024, 14, 265

14 of 17

5. Discussion
5.1. Mechanism of Ultrasonic Action

Ultrasonication can refine «-Al grains, which is mainly attributed to the cavitation
effect and acoustic streaming effect induced by high-energy ultrasound in the melt. During
high-energy ultrasonication, a large number of cavitation bubbles are formed in the melt.
These cavitation bubbles collapse at a certain peak acoustic pressure and generate a shock
wave with a short duration and high frequency. Moreover, the cavitation phenomenon is
continuous, so the growing crystals are broken and shattered by the sharp impact of the
shock wave. At the same time, the stirring effect of the acoustic stream can also make the
dendrite broken, inhibit the growth of grains, and play the role of grain refinement [30]. In
addition, the dispersion of broken dendrites and CNTs can also be attributed to acoustic
streaming effects.

Before ultrasonication, with the increase in holding time, the grains continue to grow
and show as dendritic, as shown in Figure 13a. As ultrasound acts on the melt, many cavi-
tation bubbles are generated in the melt, and these cavitation bubbles grow continuously
under the impact of positive and negative sound pressure until the cavitation bubbles burst.
At the moment the bubbles collapse, a huge shock wave is generated, which is enough to
break the dendrites around the cavitation bubbles, and the broken dendrites are carried to
various parts of the melt by the acoustic stream, as shown in Figure 13b,c. In addition, the
expansion and collapse of cavitation bubbles takes away a lot of heat, resulting in a rapid
decrease in the temperature of the melt around them, so that a large number of crystal
nuclei are formed in the melt [31]. These nuclei slowly grow in the melt, forming small and
rounded grains, as shown in Figure 13d.

Figure 13. The schematic diagram of the mechanism of ultrasonic action: (a) before ultrasonic
vibration, (b) initiation of ultrasonic vibration, (c) duration of ultrasonic vibration, (d) after ultrasonic
vibration.

5.2. Strengthening Mechanism of Cu@CNTs in the ADC12 Matrix

The red dashed box in Figure 14 represents the schematic diagram of the failure
process of the raw CNTs. The unmodified raw CNTs have poor interfacial wettability with
the ADC12 matrix due to their smooth surface and complete structure, making it difficult
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to establish strong connections. When the composites are subjected to tensile stress, the raw
CNTs are directly stripped from the ADC12 matrix, making it difficult to exert the bearing
capacity of CNTs, resulting in easy fracture of the composite under tensile stress and poor
tensile properties. In addition, when there are some defects on the surface of the CNTs,
they react with the aluminum matrix to form a brittle Al4C3 phase, resulting in weaker
mechanical properties of the composite [32].

The strengthening process of Cu@CNTs is shown in the blue dashed box in Figure 14.
A large number of Cu nanoparticles are attached to the surface of CNTs after surface
modification, which greatly improves the wettability of CNTs and the ADC12 matrix.
When the composite is subjected to tensile stress, the Cu nanoparticles are simultaneously
connected to the CNTs and ADC12 matrix as a bridge to form an Al-Cu-CNT interlocking
structure. This can effectively transfer the load to the CNTs and prevent the composite
material from premature failure during the loading process, which further achieves the
strengthening and toughening effect [33,34]. In addition, Cu nanoparticles can modify the
surface defects of CNTs, reduce the reactivity at the defects, and prevent the formation
of a large number of brittle Al4;Cz phase particles [35-37]. Moreover, Cu nanoparticles
react with the ADC12 matrix to form Al,Cu intermetallic compounds, which reduce the
interfacial energy between the CNTs and the ADC12 matrix and weaken the reaction
between them [38].

Figure 14. The schematic diagram of strengthening mechanism of Cu@CNTs in ADC12 matrix.

6. Summary

(1) The Cu@CNT reinforcement was prepared by the composite reduction method. The
Cu nanoparticles were uniformly distributed on the surface of CNTs and mostly covered
the whole surface of CNTs. The Cu@CNT/ADC12 composite material was successfully
prepared by high-energy ultrasonic-assisted casting. The coating of Cu nanoparticles on
the surface of CNTs increased the bonding strength between CNTs and the ADC12 matrix,
effectively transferring the load to the CNTs, preventing premature failure of the composite
during loading and achieving further strengthening and toughening effects.

(2) With the increase in Cu@CNT content, the a-Al phase and the eutectic Si phase
were obviously refined. However, when the content of Cu@CNTs exceeded a certain
amount, the «-Al phase and eutectic Si phase were no longer refined, but increased. The
mechanical properties of the composites also showed a tendency of increasing first and
then decreasing, which was attributed to the aggregation of Cu@CNTs in the structure
when adding excessive amounts of Cu@CNTs.
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(3) The composite with 1.2 wt% Cu@CNTs had the best microstructure morphology
and the best mechanical properties. The YS, UTS, and EI of the Cu@CNT/ADC12-1.2
composite were 202 MPa, 310 MPa, and 3.71%, respectively. Compared with the ADC12
matrix, the Cu@CNT/ADC12-1.2 composite displayed a 39.3% increase in YS, 53.5% in
UTS, and 5.7% in EI The improvement in the mechanical properties of the composites can
be attributed to the grain refinement and the load-bearing effect of CNTs.

(4) The mechanism of ultrasound included two parts: the cavitation effects and acoustic
streaming effect. The main function of the cavitation effect was to make the bubbles in
the melt burst and produce an instantaneous impact force, which can break the massive
dendritic structure and achieve the effect of grain refinement. The acoustic streaming effect
induced by ultrasound further promoted the uniform dispersion of CNTs in the matrix.
Under the action of acoustic streaming, the broken dendrites were evenly distributed in the
solution, forming new nucleation sources and promoting nucleation.
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