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Abstract: In this study, CNTs-reinforced Al-Cu-Mg-Si nanocomposites were successfully fabricated
by high-energy ball milling (HEBM) combined with semi-solid stir casting. Then, the composites
were subjected to hot extrusion. The Microstructure and Phase analysis of the CNT/Al-Cu-Mg-Si
composites were characterized by an Optical microscope, Scanning Electron Microscope (SEM), and
XRD. Additionally, density, hardness, and wear were measured. The results revealed that the addition
of CNTs effectively inhibited the growth of x-Al grains, and the grains were dramatically refined.
Additionally, the dynamic recrystallization degree of the composite extruded rod gradually increased
from 1.3% to 68.4%, with the content of CNTs from 0 wt% to 3.0 wt%. The hardness values of the
composite increased with an increase in CNTs. Moreover, the friction factor and wear rate of the
composites first decreased and then increased as the content of CNTs increased. When 1.5CNTs
were added, the friction coefficient (COF) and wear rate of composites reached the minimum of
0.3577 and 3.42 mg/km, which were reduced by 30.09% and 73.03% compared with Al-Cu-Mg-Si
alloy, respectively.

Keywords: CNTs; composites; stir casting; wear

1. Introduction

Carbon nanotubes (CNTs) attracted researchers due to their excellent properties, such
as high elastic modulus (approximately 1 TPa), high strength (approximately 30 GPa),
and good transport properties [1,2]. Therefore, they are considered ideal reinforcements
for metals. Recently, many studies have suggested that the strength and modulus of
CNT/Metal composites can be enhanced compared with those of matrixes [3-8]. However,
the main difficulty in the external addition process is that the wettability between CNTs
and aluminum matrix is poor, and CNTs are easy to agglomerate in alloy [7-11]. Hence, it
is of great significance to develop a low-cost and high-performance fabrication process for
CNTs/ Al composites.

At present, CNTs/ Al composites are mainly fabricated by powder metallurgy and
selective laser melting [12-16]. Nonetheless, this method has expensive equipment and
complex operations, rendering them unsuitable for commercial production [17-26]. Stir
casting technology, with the main advantage of the ability to manufacture near-net-shape
products at a low cost, is the best technique for producing commercial metal matrix com-
posites [27].

Wear resistance and frictional behavior are critical to the performance of CNTs/Al
composite parts [28-31]. Recently, CNTs/Al composites have drawn more attention for
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their enhanced tribological behavior [32-34]. Bastwros et al. [35] investigated the wear
resistance of AI-CNT composites produced by HEBM combined with cold compaction. It
was revealed that the homogenous dispersion of CNTs induced the hardness and wear
resistance of the composites. The wear rate of the 5 wt% CNT composite decreased by
78.8% compared to pure aluminum. Yan et al. [34] fabricated CNTs/2024 composites by
squeeze casting and demonstrated that CNTs can significantly improve the mechanical
properties of 2024 alloys. Under high-temperature conditions, the wear performance of
the composite is significantly better than that of the 2024 aluminum alloy. Meanwhile,
CNTs can effectively improve the thermal stability and plastic deformation resistance of the
material. However, there are few comprehensive studies on the microstructure evolution
and wear behavior characterization of SSC-produced CNTs/Al composites.

In this study, a new technology combining high-energy ball grinding with semi-solid
stir casting was successfully developed to improve the particle distribution of CNTs/Al-
Cu-Mg-Si composites. The effects of CNTs on the microstructural evolution, wear resis-
tance, densification behavior, and mechanical properties of composites were systematically
investigated.

2. Experimental Details
2.1. Preparation of the Materials

The preparation methods of x% CNT/Al-Cu-Mg-Si composites have been reported in
previous studies [12]. Figure 1 illustrates the fabrication steps of the composite. First, Al
powders (99% purity, 300 mesh) and CNTs (98% purity, with an outer diameter of 20~60 nm
and a length of 0.5~2 mm) were mixed at a mass ratio of 94:6 (Figure 1a). The microstructure
and phase composition of CNTs are presented in Figure 2. Afterward, the powder mixture
in alcohol was placed in an ultrasonic cleaner for ultrasonic dispersion and then milled in
an attritor at a rotation rate of 300 rpm and a ball-to-powder ratio of 15:1 for 5 h (Figure 1b).
The morphology of milled powder is exhibited in Figure 3, where CNTs are homogeneously
distributed on the surface of Al particles, as indicated with arrows. Figure 3c,d illuminates
the elemental distribution mapping of the ball-milled powder surface with 72.83 wt.%
aluminum and 19.33 wt.% carbon.
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Figure 1. (a—i) Schematic diagram of preparation route for x% CNTs/Al-Cu-Mg-Si composites and
semi-solid stir casting.
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Figure 2. The microstructure and phase composition of raw powders. (a,b) CNTs; (c) XRD patterns
of CNTs.
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Figure 3. The microstructure and phase composition of milled CNTs/ Al nanocomposites powders.
(a,b) CNTs/ Al (c) XRD patterns of CNTs/AL

Subsequently, the 6 wt.% CNTs/Al powder obtained by HEBM was used to prepare x%
CNTs/ Al-Cu-Mg-Si composite samples (Figure 1d). Specifically, the pre-alloyed ingot was
melted with commercially pure Mg, Al-40Cu, and Al-40Si ingots in the electric resistance
furnace. Additionally, the solidus and liquidus temperatures of Al-1.2Cu-0.8Mg-0.95i
alloy were 582 °C and 660 °C, respectively, according to the Al-Cu-Mg-5i ternary phase
diagram. The chemical compositions of the composites were measured by Inductively
Couple Plasma-Atomic Emission Spectroscopy (ICP-AES), as listed in Table 1.

Table 1. Chemical compositions of the experimental materials (wt%).

Experimental Material C Cu Mg Si Fe Al

6 wt%CNTs/ Al composite 6.231 0 0 0.037 0.598 Balance
Al-Cu-Mg-Si alloy 0.012 1.437 0.834 0.942 0.014 Balance
0.5 wt%CNTs/ Al-Cu-Mg-Si composite 0.492 1.324 0.780 0.897 0.275 Balance
1.0 wt%CNTs/ Al-Cu-Mg-Si composite 1.014 1.368 0.763 0.913 0.304 Balance
1.5 wt%CNTs/ Al-Cu-Mg-5Si composite 1.442 1.402 0.802 0.924 0.387 Balance
2.0 wt%CNTs/Al-Cu-Mg-5Si composite 1.917 1.436 0.814 0.873 0.395 Balance
3.0 wt%CNTs/Al-Cu-Mg-Si composite 2.843 1.316 0.796 0.891 0.420 Balance

The prepared x% CNTs/Al-Cu-Mg-Si melt (640 °C) was stirred under vacuum, the
mechanical stirrer reciprocated in the melt at a speed of 500 rad/min for 30 min, and
the electromagnetic stirring power was 30 Hz, as presented in Figure le. Casting rods
with a diameter of 120 mm and a height of 600 mm were produced by gravity casting
under vacuum (Figure 1f). The prepared x% CNTs/Al-Cu-Mg-5i composite cast rods were
hot-extruded at 480 °C, the extrusion ratio was 16:1, and the extrusion rate was 2 mm/s
(Figure 1g).
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2.2. Microstructural Characterization

Metallographic samples were prepared by mechanical polishing and anodic coating.
The microstructure evolutions of CNTs/Al-Cu-Mg-Si composite after hot extrusion were
examined using optical microscopy (OM, Zeiss Axiovert. AL) and a scanning electron
microscopy (SEM, Tescan MIRA3) equipped with energy-dispersive X-ray spectroscopy
(EDS, Oxford X-max). For OM observation, the samples were sectioned parallel to the
extrusion direction (Figure 1i), polished, and etched in the Keller solution for about 10 s. X-
ray powder diffraction (XRD, Bruker AXS DSADVANCE X) patterns with Cu K, radiation
at a wavelength of 1.5406 A were employed to determine the phase components of the
composites. The Vickers hardness was measured using an HXS-1000AC hardness tester
(Shanghai Shangguang Optical Co., Ltd. Shanghai, China) at a load of 100 g and an
indentation time of 15 s. The relative density of the x% CNT/Al-Cu-Mg-5i composites was
measured following Archimedes’ principle.

2.3. Wear Tests and Characterization

The wear characteristics of the CNTs/Al-Cu-Mg-5i composite were evaluated with
a rotating pin-on-disc tribometer WVEF-1A. Pins were machined from the unreinforced
Al-Cu-Mg-Si alloy and x wt%CNTs/ Al-Cu-Mg-Si composites, with a size of 4.7 mm X
12 mm. The disc was made of 5140 alloy steel, with a diameter of 46 mm, a thickness
of 8 mm, and a hardness of 48 &= 2 HRC after quenching and tempering. All wear tests
were performed at 60% humidity. The rotation speed of the pins was stable at 0.24 m/s
with a normal load of 20 N, and the sliding distance was 288 m. The temperature was
20 °C and 200 °C. The wear rate was calculated as the ratio between the mass loss and
the sliding distance. An average of three replicate samples was taken as the wear rate at
each condition.

The worn surface and the subsurface of the pins were also observed with SEM men-
tioned above. The weight of the specimens was measured using a digital balance with an
accuracy of 0.1 mg before and after the wear tests to determine wear loss. The EDS analysis
of the worn surfaces was conducted to understand the wear mechanism.

3. Results and Discussions
3.1. Microstructural Evolution upon Addition of CNTs

Figure 4 exhibits the XRD patterns of the hot-extruded Al-Cu-Mg-Si alloy materials and
CNTs/Al-Cu-Mg-Si composites with different contents of CNTs. The results demonstrated
that only the «-Al, S(Al;CuzMgg), and Fe-rich (Al sFe3Sij5) were included in both the
Al-Cu-Mg alloy and composites. Due to the low content of added CNTs, no diffraction
peaks of CNTs were detected. No new phase containing the C element was detected in
the composite material, which indicated that the CNTs were well preserved and did not
react with the matrix during the preparation process. Compared with the PDF standard
peak(PDF#85-1327), the characteristic diffraction peaks of x-Al in the composites tended
to shift to larger 26 positions, according to Bragg’s law, indicating that the addition of
CNTs affected the interplanar spacing of the alloys [34]. Additionally, the intensity of
the diffraction peaks of the (111) lattice plane decreased significantly with the addition of
CNTs, and the intensity ratio of each diffraction peak was close to the standard ratio [35]. It
indicates that the addition of CNTs significantly weakens the (111) surface texture of o-Al
and reduces the tendency of the preferred orientation of the hot-extruded Al-Cu-Mg-Si
alloy. Table 2 shows that with the increase of CNTs, the width at half maximum (FWHM)
of each diffraction peak increases, indicating that the addition of CNTs has a significant
effect on the grain refinement of Al-Cu-Mg-Si alloys.
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Figure 4. XRD patterns of CNTs/Al-Cu-Mg-Si composites.

Table 2. XRD data showing the intensity variation of the identified peaks for Al phase in the
CNTs/Al-Cu-Mg-Si composite.

XRD Al-Cu-Mg-Si 0.5CNTs/Al-Cu- 1.5CNTs/Al-Cu- .
Parameters Standard Alloyg Mg-Si Mg-Si 3.0CNTs/Al-Cu-Mg-Si
20 (deg.) (111) 38.474 38.48615 38.51241 38.39424 38.49302
Intensity (CPS) 1,039,711 296,694 227,350 8282
FWHM (deg.) 0.141 0.167 0.169 0.224
20 (deg.) (200) 44.722 44.7099 44.73616 44.65738 44.72303
Intensity (CPS) 80,285 28,001 43,753 4277
FWHM(deg.) 0.171 0.176 0.228 0.257
20 (deg.) (220) 65.099 65.04871 65.16689 65.06184 65.11436
Intensity (CPS) 153 395 221 1727
FWHM (deg.) 0.460 0.448 0.429 0.346

Figure 5 exhibits the radial of x% CNTs/Al-Cu-Mg-Si composites with different mass
fractions of CNTs. The hot-extruded Al-Cu-Mg-5i alloy grains are irregular (Figure 5a),
and the average grain size is about 150 um. As the content of CNTs increases, the black
phase at the grain boundaries of the composites increases (Figure 5b—f). With the increase
in CNTs, the average grain sizes of CNTs/Al-Cu-Mg composites are 36 um, 28 um, 24 pm,
23 um, and 14 pum, respectively.

The experimentally measured densities of all samples are listed in Table 3. The
theoretically estimated densities, calculated using the rule of mixture (Equation (1)), are
included for comparison purposes.

pim = (1 — Vent)pal—cu-mg—si + VeNTPCNT 1)

where py, is the theoretical density of the composite, pa1.ci-mg-si is the density of Al-Cu-Mg-
Si alloy, pcnr is the density of the MWCNT (1.9 g/cm?), Venr is the volume fraction of the
CNTs in the composite. The density of the Al-Cu-Mg-Si alloy reaches 99.89%, and there are
no significant defects in the structure (Figure 5a), which is close to a completely dense state.
With the increase in CNTs, the defects in the composites gradually increase (Figure 5b—f),
and the density decreases. The reason is that the CNTs clusters hinder the diffusion of the
matrix material during solidification, the wettability of the CNTs and the matrix material
is poor, and there are defects between the matrix and the CNTs, resulting in a decrease in
the density.
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Figure 5. OM image. (a) Al-Cu-Mg-Si alloy; (b) 0.5 wt% CNTs/Al-Cu-Mg-Si composites; (c) 1.0 wt%
CNTs/Al-Cu-Mg-Si composites; (d) 1.5 wt% CNTs/Al-Cu-Mg-Si composites; (e) 2.0 wt% CNTs/Al-
Cu-Mg-5i composites; (f) 3.0 wt% CNTs/Al-Cu-Mg-Si composites.

Table 3. The density of x CNTs/Al-Cu-Mg-Si composites.

. Theoretical Densi Relative Densi Densi
Material (g/em®) ty (g/em®) ty (%) ty

Al-Cu-Mg-Si alloy 2.769 2.766 99.89
0.5CNTs/Al-Cu-Mg-Si composite 2.766 2.759 99.74
1.0CNTs/ Al-Cu-Mg-Si composite 2.762 2.748 99.49
1.5CNTs/Al-Cu-Mg-Si composite 2.759 2.738 99.24
2.0CNTs/Al-Cu-Mg-Si composite 2.756 2.719 98.66
3.0CNTs/Al-Cu-Mg-Si composite 2.749 2.670 97.13

Figure 6 illustrates the microstructure of the 1.5 wt% CNT/Al-Cu-Mg composite along
the extrusion direction. The black phase distributed at the grain boundary in Figure 6a,b
is mainly the C element, and the positions of the Si element and Fe element are basically
coincident, corresponding to the Fe-rich (Aly sFe3Sig 5) phase detected by XRD. The micro-
scopic morphology of the CNTs/Al-Cu-Mg-Si composite after deep etching is illustrated
in Figure 7. With the increase of CNTs, the holes in the composite gradually increase
(Figure 7a—d), which is consistent with the density change in Table 3. A large number of
CNTs are distributed around the hole, and there are CNTs entangled clusters (Figure 7e,f).
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Figure 6. Microstructure of as hot-extrusion 1.5 wt% CNT/Al-Cu-Mg-Si composite. (a) OM image of
macrostructure, (b—h) SEM back-scattered electron image (Determine the distribution of C, Al, Si, Fe,
Cu, Mg by scanning the EDS surface).

Figure 7. SEM image of x% CNTs/Al-Cu-Mg-Si composites. (a) Al-Cu-Mg-Si alloy; (b) 1.5 wt%
CNTs/ Al-Cu-Mg-Si composites; (c) 2.0 wt% CNTs/ Al-Cu-Mg-Si composites; (d) 3.0 wt% CNTs/Al-
Cu-Mg-Si composites; (e,f) High magnification morphology at holes.

Figure 8 exhibits the microstructures along the extrusion direction of CNTs/Al-Cu-Mg-
Si composites with different CNTs mass fractions. It can be observed that the microstructure
of the Al-Cu-Mg-Si alloy is streamlined (Figure 8a,b) with a large number of deformed
fibrous structures and inconspicuous grain boundaries. Moreover, dynamic recrystalliza-
tion occurs in the local area, forming fine new grains (indicated by the arrow in Figure 8a)
with a volume fraction of about 1.3%. With the increase in CNTs, the number of new
grains near the grain boundaries of the original fiber structure gradually increases, and the
grain boundaries become clearer, suggesting that the degree of dynamic recrystallization
increases. When 1.0 wt% and 1.5 wt% CNTs are added, the corresponding volume fraction
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of dynamic recrystallization increases to 10.3% and 23.4%, respectively. At this time, the
deformed fiber structure still dominates, and the new grains are distributed along the grain
boundaries of the fiber structure in a zigzag shape. When the content of CNTs is added
to 3 wt%, the volume fraction of recrystallized grains increases to 68.3%, the dynamically
recrystallized grains merge and grow, and the fiber structure disappears.

New grains

Figure 8. Microstructures along the extrusion direction. (a) Al-Cu-Mg-Si alloy; (b) 0.5 wt% CNTs/Al-
Cu-Mg-Si composites; (c) 1.0 wt % CNTs/Al-Cu-Mg-Si composites; (d) 1.5 wt % CNTs/Al-Cu-Mg-Si
composites; (e) 2.0 wt % CNTs/Al-Cu-Mg-Si composites; (f) 3.0 wt % CNTs/ Al-Cu-Mg-Si composites.

The above results show that with the increase of CNTs content, the dynamic recrys-
tallization degree of hot-extruded Al-Cu-Mg-5i alloy gradually increases, and the volume
fraction of recrystallized grains increases from 1.3% to 68.3%. During hot extrusion, the
high density of dislocations is the main driving force for inducing dynamic recrystallization.
In general, the force P for recrystallization of the extruded metal is calculated using the
following [36]:

P = Gb*(N; — Np) 2)

where G is the shear modulus, b is the Burgers vector, Nj is the dislocation density in
the deformed crystal, and N is the dislocation density in the fully annealed crystal. For
the Al-Cu-Mg-Si alloy without CNTs added, due to the high stacking fault energy, the
spacing between the stacking fault distinguishing dislocations is small, and it is easy to
bundle and cross-slip [37]. During thermal deformation, the generation of a large number
of vacancies in the metal is more conducive to the cross-slip and climbing of dislocations,
making it easier for dislocations of opposite signs to meet and disappear, thereby reducing
the dislocation density N1. Therefore, the hot-extruded Al-Cu-Mg-5i alloy is prone to
dynamic recovery and is not prone to dynamic recrystallization. With the increase of
CNTs, the degree of recrystallization in the Al-Cu-Mg-Si alloy increases significantly, which
is mainly caused by the following: (1) The thermal expansion coefficients of CNTs and
Al are quite different (1.1 x 10° K~! [12] for CNTs and 23.3 x 10 K~! [12] for Al).
During solidification, the thermal deformation of CNTs and Al is inconsistent, resulting
in thermal residual stress in the surrounding matrix of CNTs, inducing a large number
of dislocations and increasing the dislocation density Ni. (2) The CNTs distributed at the
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grain boundary have a significant pinning effect on dislocations, affecting the slip and
climbing of dislocations, and dislocations are prone to accumulation around them, which is
conducive to dynamic recrystallization nucleation.

The Vickers hardnesses of x wt% CNTs/Al-Cu-Mg-Si composites before and after
T6 heat treatment are provided in Figure 9. The mechanical properties of the composites
increase with the increase in CNTs content. It can be observed that the addition of 3.0 wt%
of CNTs increases the hardness in 60 units, reflecting an increment of 61.7% over the
Al-Cu-Mg-5i alloy.

200

—o— CNTs/Al-Cu-Mg-Si composite-As extruded

~ 180 F
—&— CNTs/Al-Cu-Mg-Si composite-T6

{

=
S

120+

100 }

Vickers microhardness (HV
o0
o

[*))
o

40

6 0?5 l 1:5 210 . 3l.0
CNTs (wt.%)

Figure 9. Results from the microhardness test of CNTs/Al-Cu-Mg-Si composites.

The proportional increase in hardness as a function of CNT content can be the result of
several strengthening mechanisms [13], such as (1) dislocation strengthening, (2) Orowan
strengthening, and (3) a strong interaction between Al and CNTs due to the presence of
a transition layer between the intercalation of Al and CNTs sections. The results above
demonstrate that the HEBM followed by semi-solid stirring casting is an effective route for
the production CNTs/ Al composites.

3.2. Tribological Behavior of CNTs/Al-Cu-Mg-Si Nanocomposites

Figure 10 illustrates the COF of the Al-Cu-Mg-Si and CNTs/Al-Cu-Mg-Si composite
samples during sliding at a sliding speed of 0.24 m/s under an applied load of 20 N
at 20 °C. The friction coefficient curve of Al-Cu-Mg-Si alloy significantly fluctuates, the
fluctuation range is about 0.4, and the average friction coefficient is 0.5117. With the increase
in CNTs content, the fluctuation range of the friction coefficient curve of CNTs/Al-Cu-
Mg-Si composites decreases. When the content of CNTs is 1.5 wt%, the friction coefficient
fluctuation range is the smallest (about 0.08), and the average friction coefficient is 0.3577.
When the content of CNTs exceeds 2 wt%, the average friction coefficient and the friction
coefficient fluctuation range significantly increase. Similar observations were reported
by Kim et al. [22], who attributed the reduction in the coefficient of friction to the self-
lubricating effects of the CNTs. Generally, a film of carbon can cover the wear surface and
act as a solid lubricant that decreases the coefficient of friction.
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Figure 10. Plot of the coefficient of friction as a function of sliding time for. x wt%CNTs /Al-Cu-Mg-Si
composites at 20 °C.

Figure 11 presents the relationship between the wear rate of CNTs/Al-Cu-Mg-Si com-
posites and the content of CNTs. The wear rate of the Al-Cu-Mg-Si alloy is 12.68 mg/Km,
and the wear of the composites decreases first and then increases with the increase of
CNTs. The wear rate of the composite reaches a minimum value of 3.42 mg/Km at 1.5 wt%
CNTs, which is 73.03% lower than that of the Al-Cu-Mg-Si alloy. It is attributed to the
strengthening of the Al-Cu-Mg-Si alloy by the CNTs reinforcements, the significant increase
in hardness, as presented in Figure 9, as well as the decrease in the coefficient of friction,
as shown in Figure 10. When the content of CNTs exceeds 1.5 wt%, the wear rate of the
composites rebounds. This can be attributed to CNTs agglomeration, which results in pores,
poor densification, and the consequent separation of conglomerated particles that weakly
bond to the surface.

24 Sliding speed: 0.246m/s
21 Applied load: 20N
Temperature: 25°C
E18 }
&
oh15
gl
212 f
&
g9 %
o
= 6
3 .
0

0.0 0.5 1.0 1.5 2.0 25 3.0
CNTs concentration(wt.%)

Figure 11. Wear rate versus CNT wt%.

Figure 12 demonstrates SEM micrographs and EDS of the worn surfaces of the Al-Cu-
Mg-Si and CNTs/ Al-Cu-Mg-5Si composite samples. The friction surface of the Al-Cu-Mg-Si
alloy sample is delaminated (Figure 12a), and large pieces of material peel off from the
surface of the substrate, leaving deep and wide furrows on the friction surface. This reflects
noticeable plastic deformation and delamination wear. Compared with the Al-Cu-Mg-Si
alloy, the plastic deformation tendency of the CNTs/Al-Cu-Mg-Si composite is significantly
reduced (Figure 12b—f). The analysis of the worn surface of the 0.5 wt%CNTs/Al-Cu-Mg-5i
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composite sample reveals less severe scars and material delamination compared to the
Al-Cu-Mg-5i alloy. A clear change in the wear mechanism is observed as the content
of CNTs increases to 1.5 wt%. The dominant wear mechanism changed from adhesive
wear (Al-Cu-Mg-Si alloy) to abrasive wear (1.5 wt%CNT), generating smoother surfaces.
When the content of CNTs exceeds 1.5 wt%, the furrows on the wear surface are densely
distributed, manifesting severe abrasive wear. As noted earlier, as the CNTs increased in the
composites, the grain refinement effect was significant, and the hardness of the composite
increased, which limited the plastic deformation of the surface. Additionally, CNTs have
excellent physical properties, lessen the direct contact area between the aluminum matrix
and the friction disc (Figure 12h), and significantly lower the friction coefficient due to the
self-lubricating properties of CNTs [35].

(@) A El Wt/%  Atomic/% Element  Wt/% Atomic/%
Al 39.79 27.79 Al 37.67 52.04
o 34.02 40.08 o 25.79 15.86
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Figure 12. SEM micrographs and EDS of representative worn surfaces of x% CNTs/Al-Cu-Mg-Si:
(a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 1.5 wt%, (e) 2.0 wt%, (f) 3.0 wt%, (g) EDS result of point A,
(h) EDS result of point B.

Figure 13 presents the COF of x% CNTs /Al-Cu-Mg-Si samples. At 200 °C, the average
friction coefficient of the composites first decreases and then increases with the increase in
the content of CNTs, consistent with the friction law at 20 °C. Notably, the friction coefficient
of x% CNTs /Al-Cu-Mg-Si composites fluctuates drastically at 200 °C, and the average
friction coefficient is lower than at 20 °C. As the temperature increases, the viscosity of
the base alloy increases, and softening occurs, leading to a decrease in frictional resistance.
Concurrently, a large amount of wear debris accumulates on the friction surface and is
repeatedly rolled into the pits of the wear scar. This plays a lubricating role and lowers the
friction coefficient.
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Figure 13. Plot of the coefficient of friction as a function of sliding time for x% CNTs /Al-Cu-Mg-Si
composites under 200 °C.

Figure 14 exhibits the wear rate of x% CNTs /Al-Cu-Mg-Si composites at 200 °C. Com-
pared with the Al-Cu-Mg-Si alloy, the wear rate of the composites is significantly reduced.
The reasons are detailed as follows. (1) At high temperatures, the plastic deformation and
high-temperature softening of the aluminum matrix are intensified, and the strength and
hardness of the material are considerably curtailed, aggravating cutting and adhesive wear.
The addition of CNTs strengthens the matrix material, constrains the softening and plastic
deformation of the matrix at high temperatures, inhibits material shedding, and lessens the
wear rate. (2) The self-lubricating properties and excellent thermal conductivity of CNTs
help to reduce and release the heat generated during the sliding process.

Sliding speed: 0.246m/s
Applied load: 20N
Temperature: 200°C

[ wn =

Wear rate (mg/Km)

\

w

e /i
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Figure 14. Wear rate of the x% CNTs /Al-Cu-Mg-Si composites under 200 °C.

Figure 15 displays SEM micrographs of the worn surfaces of the Al-Cu-Mg-Si and
CNTs/Al-Cu-Mg-5Si composite samples at 200 °C. The wear surface of Al-Cu-Mg-Si alloy
has shallow furrows and remarkable adhesion and detachment area (Figure 15a), demon-
strating severe plastic deformation and adhesion wear. The plastic deformation of the
composites weakens with the increase in the content of CNTs. There are a few shallow
furrows in the composite and very few sticking areas, which are light wear (Figure 15d).
When the content of CNTs exceeds 1.5 wt%, the wear is aggravated, the furrow is deepened,
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and partial shedding areas emerge on both sides of the furrow, while there is no typical
adhesive wear phenomenon.

4
200um

3 TESC

(g) Al
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Figure 15. SEM micrographs of representative worn surfaces of x% CNTs /Al-Cu-Mg-Si under
200 °C: (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 1.5 wt%, (e) 2.0 wt%, (f) 3.0 wt%. (g) EDS result of
point A, (h) EDS result of point B.

4. Conclusions

In this study, CNTs-reinforced Al-Cu-Mg-Si nanocomposites were successfully fabri-

cated by HEBM combined with semi-solid stir casting. The microstructure and tribological
behavior were characterized and compared with pure Al-Cu-Mg-Si specimens. The conclu-
sions are drawn as follows.

@

@)

®G)

@)

CNTs can pin the grain boundaries, hinder grain growth, and significantly refine the
a-Al phase. As the content of CNTs increased from 0 to 3.0 wt%, the average grain
diameter decreased from 150um to 14pum. The addition of CNTs can considerably
reduce the preferred orientation of the «-Al phase on the (111) lattice plane.

With the increase in the content of CNTs, the hardness of the hot-extruded CNTs/Al-
Cu-Mg-Si composite significantly increased. Moreover, the hardness increased by
62.2% compared with the Al-Cu-Mg-Si alloy when 3.0 wt% CNTs were added, reach-
ing 157.7 HV.

With the increase in the content of CNTs, the degree of dynamic recrystallization of
Al-Cu-Mg-5i alloy in hot extrusion gradually increased, the volume fraction of recrys-
tallized grains increased from 1.3% to 68.3%, and the grain boundaries became clearer.
The friction and wear properties of x% CNTs/Al-Cu-Mg-5Si composites suggested
that the friction coefficient and wear rate of the composites at 20 °C and 200 °C both
decreased first and then increased with the increase in the content of CNTs. When the
CNTs content was 1.5 wt%, the wear resistance of the composite was the best at 20 °C
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and 200 °C, and the COF was 30.09% and 73.03% lower than that of the Al-Cu-Mg-Si
alloy. The main wear mechanism changed from adhesive wear to abrasive wear.
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