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ARTICLE INFO ABSTRACT

Keywords: For the development of new energy automobile industry and the trend of automobile lightweight have put

AI'MS'Si alloy forward a huge demand for high-strength lightweight materials, so developing high strength aluminum alloys is

&l.loymg particularly momentous. As the most widely used aluminum alloy, 6000 series aluminum alloys (Al-Mg-Si al-
icrostructure

loys) have the advantages such as better mechanical properties, outstanding welding properties, excellent
formability and fine processing capability, and therefore have obtained great attention as the structural mate-
rials. In addition, the Al-Mg-Si alloys with low density and corrosion resistance not only reduce the total weight
of the car, but also extend the service life when subjected to chemical corrosion, which effectively achieve energy
saving and emission reduction. This paper summarizes the research progress of 6000 series aluminum alloys, in
particular, and reviews the methods of microalloying and particle strengthening, and their effects on the
microstructure and properties of the alloy, thus providing a reference for the subsequent development of high-
performance aluminum alloys in automobile and aerospace industries.

Particle enhancement

1. Introduction to promote the technological progress of new energy passenger cars. As a

heat-treatable Al-Mg-Si alloy, with its excellent corrosion resistance

With the global emphasis on environmental protection and sustain-
able development, new energy vehicles have become an important
choice to solve the dual challenges of energy and environment. Pas-
senger cars occupy an important position in new energy vehicles, and
the development of high-performance aluminum alloys is one of the keys
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and machinability, it is suitable for the manufacturing of complex
structural components and is expected to replace steel as the profile of
new energy vehicles, which will help achieve lightweight new energy
vehicles to reduce energy loss and aluminum alloys are easier to recycle
and more environmentally friendly than steel [1-5].
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The lightweight of new energy vehicles cannot be separated from the
application of various lightweight materials (especially aluminum alloy)
[6-12], but the lightweight aluminum alloy extrusion material used in
the car is inevitably different from the ordinary industrial aluminum
profile as heavy and single, it can not only be extruded but also can be
fused and cast, and the thickness is relatively thin [13,14]. These involve
structural innovation design method, multifunctional realization, per-
formance evaluation and verification methods, which are extremely
challenging for the entire automotive industry. In fact, in addition to
lightweight, aluminum alloy parts in new energy vehicles have the
following advantages [15-19]: (i) the processing process of aluminum
alloy shell is simple compared with stainless steel and the welding
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process can be eliminated; (ii) good energy absorption effect, such as
applied to the front protection structure of the vehicle, when the vehicle
has a collision accident, the anti-collision beam of aluminum alloy can
better absorb the impact energy, due to its soft special effects, can reduce
the damage to the pedestrian hit; (iii) aluminum alloys are suitable for
the integrated design of automotive bodies, which can reduce duplica-
tion and redundancy between components, making automotive systems
more compact and improving overall efficiency. Fig. 1 gives some ex-
amples of aluminum alloys used in new energy vehicles. However, the
simple 6xxx aluminum alloys are slightly insufficient in terms of
strength and fatigue resistance [20], which is difficult to meet the de-
mands of automobile bodies and parts required by industry. Therefore,
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Fig. 1. (a) Aluminum alloys for new energy vehicle applications; (b) integration of new energy vehicles; (c) application of 6000 series aluminum alloy profiles or
plates: (c;) bumper beam, (cp) door sill beams, (c3) battery tray, (c4) battery pack casing, (cs) motor housing, (c¢) automobile cooling plate.
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the potential of 6000 series aluminum alloys is continuously explored
maintaining its welding, corrosion-resistant and high formability,
especially, its mechanical properties for passenger cars should be further
improved to achieve thin-wall lightweighting.

The strengthening of Al-Mg-Si alloy mainly comes from the
strengthening effect brought by the nano-precipitated phase obtained by
heat treatment [21,22], in order to improve their properties, controlling
the distribution, orientation, size and composition of the precipitated
phase are crucial. During the alloying process, the adjustment of the
content of elements including those already present in the alloy (e.g. Mg,
Si) or the introduction of other elements is almost always done in order
to ensure an improvement in the precipitation phases and to obtain
excellent properties. A host of studies have shown [22-24] that the
purpose of precipitating more MgsSi strengthening phase has been
achieved and the preparation of high-strength aluminum has been
realized by increasing the Si content of aluminum alloy. Since excessive
elemental content could cause elemental segregation to deteriorate
performance, so the performance improvement only based on Si content
is very limited, and relevant studies have also shown that Mg/Si ratio of
1.74 ensures the best performance [25]. This led to a focus on foreign
elements, different elements will form different dispersoids in the
aluminum matrix, which are summarized in Fig. 2. The appearance of
some dispersoids could produce a strengthening effect that is similar to
strengthening phase, meaning that the addition of elements brings
conversion in the microstructure of the alloy and thus improves the
performance. It has been reported that the pinning action of
high-density AlsZr and AlsSc diffuse phases limits grain coarsening to
bringing about the best mechanical properties [26,27]. Zheng et al. [28]
found that Al-Mg-Si alloy with Sn and Sc addition obtained small dis-
persoids, which hindered dislocation movement and achieved high
strength and good thermal stability, but the two elements has a
completely different effect on the corrosion resistance.

Except for the improvement of properties by alloying, alloys ob-
tained by relying on particle reinforcements have garnered significant
interest due to their superior mechanical properties far beyond those of
conventional metallic materials [29-32]. The particles not only influ-
ence the precipitated phase but also has a certain degree of influence on
a series of microstructures such as solidification microstructure and the
deformation microstructures [33,34], which also displays a more su-
perior modification of the reinforcing particles. The study from Liu et al.
showed that the addition of TiC to alloy was effective for slowing down
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the solidification rate of the alloy, inhibiting grain coarsening, reducing
segregation and promoting uniform precipitation of the second phase,
resulting in higher tensile properties [35]. In addition, the alloys pre-
pared by incorporating reinforcement particles exhibit excellent prop-
erties, which is beneficial to their applications in various complex
structural parts. Composite material, to a certain extent, combines the
excellent molding ability and ductility of aluminum alloys [21,36] and
the high elastic modulus and high strength of the enhanced particles
[37-41], which indicates that the properties of the particles themselves
have a certain impact on the performance of the composite material. It
also lays a foundation for manipulating multi-phase particles, synthe-
sizing their advantages and the synergistic effect of different particles to
achieve better performance. However, too many particles or ineffective
bonding of particles to the substrate interface not only leads to prema-
ture failure but also bring a series of defects, and thus resulting in the
deterioration in performance [42,43].

Therefore, the investigation on how adjusting the alloy’s composi-
tion and adding particles affect the microstructure and properties of the
alloy is valued. This paper reviews the application and requirements of
Al-Mg-Si alloy plate for new energy vehicles, the influence of the
composition improvement on the performance, the complex function of
particles in the manipulation of Al-Mg-Si alloy and the potential of
enhanced particles to achieve high performance 6000 series aluminum
alloys, aiming to provide a key support for the realization of clean and
efficient new energy vehicles.

2. Automotive aluminum alloy sheet applications and
requirements

Al-Mg alloys are prone to delayed yielding phenomenon during
processing, which will lead to the emergence of Lydus bands, wrinkles
and even the orange peel effect on the surface of the material after
stamping [51-55]. By comparison, Al-Mg-Si alloys show good form-
ability, edge compaction, corrosion resistance and collision performance
in engineering, which lays a certain foundation for its application in the
field of new energy vehicles. In particular, Al-Mg-Si alloys used as
automotive plates have become the mainstream material used by auto-
mobile manufacturers for automobile exterior covering parts due to
their many advantages, such as good formability, satisfactory surface
finish after stamping, and significantly improved properties of alloy
plates after baking and hardening after stamping [56-58]. It is applied in
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Fig. 2. Dispersoids formed by different elements in Al-Mg-Si alloys [28,44-50].
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mainly the door, the back cover of the trunk and the hood of the car,
which is often called "four doors and two covers" in the industry. Table 1
summarizes the service requirements of conventional Al-Mg-Si alloy
body plates in order to use the relevant plates normally and give full play
to the relevant advantages of aluminum alloy plates for different
application scenarios. In addition, in order to meet the requirements of
the strength of the body material and the vibration and noise reduction
during the driving process of automobile, the panel coverings used in
new energy vehicles are usually composed of two layers, the inner and
outer panels. They are connected with the related parts through the
flanging operation (Fig. 3(a)) [59-62], which not only improves the
appearance of the sheet covering but also achieves better bonding
strength. On the other hand, due to the complex geometry of automotive
body panels, the application of aluminum alloy sheets in the car body
requires different flanging methods according to different parts of the
application in order to achieve a better combination effect (Fig. 3(b))
[63,64]. However, in the flanging process, the cracking of the outer
surface layer is a major problem. That is to say, both the inner and outer
double-layer plates will produce a large amount of plastic deformation
after 180° flanging treatment, especially the outer layer is subjected to
tensile deformation and the grains inside the alloy are constantly being
elongated (Fig. 3(c)), which easily reaches the maximum strain value
that can be withstood by the alloy and then Fracture occurs, forming
macro cracks on the outer surface [65]. Therefore, the deformation of
the alloy plate in the assembly process or in the service process will limit
the use of the plate. In addition, Shi et al. [66] found that the uneven
distribution or too large size of the second phase hard particles will
significantly degrade the impact resistance of the alloy sheet. When the
Al-Mg-Si alloy sheet subjected to the effect of external impact, the stress
concentration around the particles will be obvious, which will ulti-
mately evolve into the emergence of cracks and expand under the
continuous effect of the external force until the failure of the alloy sheet
(Fig. 3(d)). Although Al-Mg-Si alloy sheet has an influence the micro-
structure and mechanical properties of the alloy at each step of the
production process (such as casting, homogenization treatment, after
hot and cold rolling, pre-ageing treatment), the improvement of the
process parameters on its in-service properties remains limited, so that
the development of high-performance aluminum alloy sheet by new
means is significant.

3. The influence of elements on properties and microstructure of
6000 aluminum alloys

For aluminum alloys, microalloying is one of the most common and
effective means to improve the comprehensive properties of alloys.
Adding different elements could affect the shape, distribution and vol-
ume fraction of precipitated phases (especially the f’ phase). In addition,
some elements can also interact with the matrix to generate new rein-
forcing phases, affecting the strength and plastic toughness of the alloy.
Different elements and their contents lead to different effects on the
precipitated phases in the alloys, which in turn have different effects on
the properties of the alloys.

3.1. The effect of Mg/Si on 6000 series aluminum alloys

Although that Al-Mg-Si alloys possess medium-strength, their

Table 1
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strength and tensile properties can be further improved by solid solution
and aging heat treatments. Al-Mg-Si alloys are aged from a supersatu-
rated solid solution (SSS) state, and the order precipitation of various
types is as follows [71-73]:

SSS — GP zones — p" (MgsSig) — ' — B (MgSi), among them, the GP
region (atomic clusters), B’ and p’ are spherical, fine needle-like and rod-
like compounds, respectively. According to earlier research [74-77], #’
precipitates as well as GP zones are crucial for the strengthening of the
alloy properties, the presence of the GP zones provides the main
age-hardening and the spherical GP zones provides heterogeneous
nucleation sites for the B" precipitates. The strengthening effect of p’
precipitation and atomic clusters can be estimated by simulations
[78-80]:

Oy =00 + 0ol + 1/ 02 + 02

among them, oy, 05, 6, and o; represent the strength of pure aluminum,
the solid solution strengthening caused by the addition of Si and Mg
elements, the strengthening effect of needle precipitates B’ and atomic
clusters, respectively. However, the change in the Mg/Si ratio not only
affects the formation of the GP zone and B” precipitation during aging
but also alters its stability. A relevant study has shown that the size
distribution of precipitates in low Mg/Si ratio alloys was uniform as well
as more diffusely distributed on the matrix both in the mid-ageing and
the peak-ageing processes, while the precipitates of aluminum alloys
with high Mg/Si ratios had a more disordered atomic structure and the
TEM exhibited the coexistence of both long-needle and short-rock pre-
cipitates (Fig. 4(a—d)) [78]. This implies that the combined precipitated
phase at higher Mg/Si ratios may be a coexisting body of the p” phase
and other phases.

The changes in the mass ratio and content of Mg and Si elements
impact on the properties of the alloy. Gong et al. [77] found that keeping
the content of Si at 1.2%, the Mg content is increased to exceed the
maximum limit in 6000 series aluminum alloys (1.2%) [81-83], the
strength and ductility are both enhanced by increasing Mg content. Sun
et al. [84] investigated the microstructure and the properties of 6000
series aluminum alloys at Mg/Si ratios of 0.73, 1.19, and 1.30, respec-
tively. They found that the extruded profiles were more homogeneous at
the edges and centers, and the plasticity increased while the strength
and hardness decreased slightly as the increasing Mg/Si ratio. This is due
to the fact that the mutual entanglement of dislocations during defor-
mation by applied external force hinders the movement of dislocations
and increases the strength of the alloy, but the increasing Mg element
eases the dislocation entanglement during deformation and reduces the
rate of hardening, which in turn improves the plasticity of the alloy.
Furthermore, raising the Mg/Si ratio brings a greater bias towards the
formation of p” in the alloy, which generates difficulty for Si to be
polarized and enriched at grain boundaries, makes it less susceptible to
along-granular fracture, and results in the reducing the generation of
large-size precipitated phases to a certain extent. The decrease in Si
content also reduces the precipitation of hard particles, which results in
a decrease in strength and hardness. However, Mg/Si ratio less than 1.73
is considered to be an excess of elemental Si [85], when the content of
the Mg,Si phase is mainly controlled by the content of elemental Mg
[71] as shown in Fig. 5. The content of the Mg,Si phase in the alloy
increases with the increase of Mg elements [86], and the increase in the

€8]

Performance criteria for 6000 series aluminum alloy sheets for automotive bodies [56-58,67-70].

Yield Strength (MPa)

Ultimate Tensile Streng (MPa)

Elongation (%)  Strain Hardening Exponent  Plastic Strain Ratio

Standard aluminum alloy 90-140 >200
Bake-hardened reinforced aluminum alloys 100-150 >200
High strength aluminum alloy 115-170 >250
Aluminum alloy for reinforcement applications ~ 110-160 >200
Reinforced aluminum alloy with crimped edges 130 >175

>23 0.23 0.50
>22 0.23 0.50
>20 0.23 0.5
>21 0.23 0.5
>23 0.25 0.55
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Fig. 3. (a) Schematic diagram of alloy sheet flanging; (b) types of flanging [64]; (c) comparison of microstructures of A1-Mg-Si alloy plates before and after flanging

[65]; (d) plate failure from hard particles under impact [66].

Mg,Si phase content from attenuating the unfavorable effect of reduced
strength hardness due to the reduction of hard compounds.

Zupanic et al. [87] developed a high-strength aluminum alloy
AA6086 based on AA6082, which possesses good fatigue resistance and
mechanical properties, and the chemical elemental composition of
AA6082 and AA6086 were given in Table 2. Apparently, AA6086
possessed a higher content of Si as well as the introduction of Zr ele-
ments compared to AA6082. They attributed the high performance of
the alloy to the formation of intermetallic compounds such as a-AlMnSi
and Mg,Si during solidification and remained undissolved during ho-
mogenization. During the tensile process, many tough nests are formed
at the intermetallic compounds. Meanwhile, the presence of sub-micron
hard intermetallic compounds in the process of fatigue crack expansion
from the surface to the inside, namely, a-AlMnSi, hinders the crack
expansion and thus improves the fatigue resistance. Raising the Mg/Si
ratio and Mg content brings more Mg»Si phases in the alloy and the Si
element is more inclined to the formation of B ”, but at much lower Si
content may lead to a reduction in the total content of hard compounds,
which can result in a slight decrease in the strength of the upgraded
material. However, it is worth noting that the hard intermetallic com-
pounds produced by the elevated Si content improve the fatigue resis-
tance of the alloy. Therefore, in order to obtain the alloys with excellent

1872

properties, it is necessary to strictly control the ratio and content of Mg
and Si to ensure that the precipitated phases in the alloy are favorable to
the properties and uniformly distributed to avoid elemental segregation.

3.2. The effect of Cu on 6000 series aluminum alloys

As the main alloying element, the addition of Cu in 6xxx AA not only
improves the precipitates’ density and volume fraction, but also alters
their structure, which produces an alloy with high strength [88-91]. Liu
et al. and Weng et al. [91,92] observed the microstructure and phases of
precipitation of the alloys after the addition of Cu. The results show that
the density and volume fraction of precipitates in the alloy with Cu
addition are effectively improved compared with those without Cu
addition (Fig. 6(a and b)). The smaller point-like precipitates are GP
zones, and the larger point-like precipitates or needle-like precipitates
are p". The Cu atoms enter into the interior of the B’ phase around the
distribution of three Mg atoms and Si atoms (Fig. 6(c and d)) [93], which
transform the original ordered f’ precipitate into disordered §’ phase. In
addition, the homogenization process produces a-Al(Fe, Mn)Si diffuse
phase [46,94]. Fig. 6(f;-fs) show the effect of Cu addition on the
a-dispersive phase at 500 °C, holding for 4 h and 24 h, respectively. Cu
element in alloys not only makes the dispersed phase denser, but also
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Fig. 4. (a) TEM maps of different alloys, (b) size distribution of precipitated phases, (c) and (d) showing the atomic structure of various alloys’ precipitates [78].

encourages the phase transformation from flakes and rods to spheres,
and thus leading to the reduction of its coarsening rate at high tem-
peratures. It has been shown [95,96] that the alloy will possess better
thermal stability because of smaller lattice mismatch between pre-
cipitates and precipitated phases. And the spherical a-Al(FeMn)Si
dispersed phase presents a small lattice mismatch with the matrix, so the
addition of Cu improves the high temperature mechanical properties.
Wu et al. [97] reported center segregation and mechanical properties of
twin-roll cast-rolled (TRC) aluminum sheets with different Cu contents.
The results showed that the central segregation in the 0.8 wt% and 1.2
wt% alloys was dissolved, while the 1.6 wt% alloy still had serious
segregation. In addition, the hardness and strength of the alloys with the
addition of 0.8 wt% and 1.2 wt% Cu under quenching and peak aging
were significantly enhanced, but no significant improvement in perfor-
mance was observed when Cu reached 1.6 wt% (compared with 1.2 wt%
Cu), as show in Fig. 6(g and h). The strengthening mechanisms of the
alloy with the addition of Cu mainly include solid solution strengthening
and precipitation strengthening. The improvement of segregation
should be attributed to the formation of Q-AlICuMgSi and 6-Al,Cu as well
as the reduction of Mg,Si precipitates after adding Cu [98]. The

dissolution temperature of Q-AlCuMgSi and 6-Al,Cu produced by Cu
alloying is lower than that of Mg,Si, so the segregation of the alloy can
be improved [97]. The various Cu-rich phases are almost insoluble in the
matrix when the Cu content is too high, resulting in more serious
segregation.

Besides, some studies [99-101] have shown that 6000 series
aluminum alloys in the presence of Cu element are more prone to
intergranular corrosion (IGC) caused by the micro-current coupling
between the copper film and the solute depletion active region. For
example, Liang et al. [102] studied the corrosion kinetics of the alloys
with 0.001 wt%, 0.30 wt% and 0.89 wt% Cu content under over-aging
conditions. The results showed that the cathodic reaction kinetics
accelerated with raising Cu content, which impaired the corrosion
resistance of the alloy. Svenningsen et al. [99,103-105] shown that
when the Cu content is very low, the alloy has excellent intergranular
corrosion resistance due to the formation of continuous galvanic
corrosion paths with nanometer size. However, when the mass fraction
of Cu is higher than a certain value (0.12 wt%), the intergranular
corrosion sensitivity of the alloy increases significantly, and the corro-
sion resistance becomes worse. In Cu-containing A1-Mg-Si alloys, it is
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Fig. 5. The content of Mg,Si in alloys with different Mg and Si content [86].

believed that the IGC occurs as a result of the precipitation free zone
(PFZ) and the precipitation phase at the grain boundary, where the
composition of the precipitation phase varies with the Cu content and
Cu-rich films may be formed at the grain boundary with the increase of
the Cu content. In Refs. [102,106-108], the exposed Cu-containing
precipitated phase, the Cu-rich film and the corroded grain boundaries
can act as cathodes. Under acidic conditions, Cu elements and
Cu-containing precipitation phases in Cu-rich films dissolve and deposit
at grain boundaries, ultimately accelerating IGC. In conclusion, the
presence of the element Cu not only improves the strength of aluminum
alloys by regulating the precipitation phase, but also ameliorates the
central segregation produced during the TRC process. However, the
appearance of Cu, especially when the Cu content is too high, will not
only lead to a decrease in the corrosion resistance of the alloy, but also
may result in more serious segregation. Therefore, it is necessary to
strictly control the addition amount of Cu element to obtain alloys with
better comprehensive properties in the process of Cu alloying.

3.3. The effect of Fe and Mn on 6000 series aluminum alloys

In most cases, the increase of Fe element and coarse Fe phase can
worsen the bending properties of the alloy and is unfavorable to the
recycling of Al in the alloy [109-111]. However, the appropriate addi-
tion of Mn element is beneficial to the formation of compounds with Fe
element, and thus leading to the reduction of the adverse impact of Fe
and the improvement in the heat resistance [112]. For example, Trink
et al. [44,113] investigated the effects of adding Fe and Mn to Al-Mg-Si
alloy and discovered that the alloy’s strength increased without weak-
ening its high plasticity persisted (Fig. 7(a—d)). Jovid et al. [114] studied
the mechanical properties of extruded AA6082 with different Mn con-
tent (Fig. 7(e and f)). Because the solute diffusion accelerates the peak
aging [115], the time required for the alloy after adding Mn is only 5 h,
while it takes 8 h without adding Mn. Grain refinement, precipitation
strengthening, solid solution strengthening, and other processes are
responsible for the alloy’s strengthening. This has a close connection to
the alloy’s altered microstructure. When the concentration of Fe and Mn

Table 2
Alloy composition of AA6082 and AA6086 [82,87].

Journal of Materials Research and Technology 32 (2024) 1868-1900

increases, the precipitated phase of a-Al(FeMn)Si becomes coarser and
its volume fraction of the precipitated phase is also improved (Fig. 8
(a-1)). The existence of the precipitated phase not only promotes the
nucleation of recrystallized grains, but also inhibits the growth of grains
[113,116]. In addition, there is a thermal expansion difference between
the intermetallic compound and the matrix, which makes it difficult to
deform, resulting in a geometrically necessary dislocation (GND) around
matrix. The interaction between GND and the boundary can produce
heterogeneous deformation-induced strengthening and improve the
deformation resistance of the alloy [117]. In order to reduce the adverse
effects of coarse phases, some special processing methods, such as T4
treatment (Fig. 8(g-1)) and rolling treatment (Fig. 8(m and n)), can
significantly refine the intermetallic compounds, ensuring excellent
properties of the alloy. However, Fe and Mn elements will be regarded as
impurity elements, and when the content is too much, the sludge phase
will be produced [118,119], the increase of Mn content indirectly
lessens Si concentration in the matrix, leading to the decrease of the
content of the main reinforcement phase p" in the aluminum alloys [86,
1201, which are the reason for the decrease of the properties of high Fe
and high Mn content alloys (Fig. 7).

3.4. The effect of rare earth elements 6000 series aluminum alloys

The rare earth elements (REs) have attracted much attention in
recent years, being viewed as a new type of alloy additives. The addition
of small amounts of REs can significantly change the microstructure of
an alloy, thus significantly affecting the alloys’ mechanical and other
properties. Wei et al. [121] investigated the microstructure of
Al-0.5Mg-0.4Si with adding of 0.4 wt% Sc using resolved transmission
electron microscopy and atomic probe chromatography, and found
adding Sc accelerated forming GP zones, significantly refined the grain
to improve the mechanical properties (Fig. 9(a-f)) as well as lowers PFZ
to strengthen the corrosion resistance of alloys. Prach et al. [122]
discovered that the yield strength (YS), ultimate tensile strength (UTS)
and elongation (EL) of the alloy increased by 15.8%, 11.3% and 1.1%,
respectively, compared with the base alloy when 0.1 wt% of Sc was
added. The AlsSc (L13 structure) dispersions precipitated from the melt
were produced after the addition of Sc during the solidification process,
pinning the grain boundaries and dislocations hindering grains growth,
obtaining a large degree of refinement [85,122-124]. At the same time,
Al3Sc dispersions are also effective in preventing grain growth at high
temperatures (300 °C) [121,125]. Based on this, the grains can be sta-
bilized by adding tiny Sc to 6000 series alloy to form the AlsSc dispersed
phase, which prevents grain coarsening during artificial aging. Trudo-
noshyn et al. [126] investigated the properties of Al-5.5Mg-2.5Si-0.7Mn
at different heat treatment temperatures and times after adding Sc, this
study found that the strength of the alloy decreased visibly with the
increase in aging temperature after aging temperature above 225 °C
(Fig. 9(g and h)). Aging of Sc-containing alloys in the range of
250-500 °C, nanoscale Al3Sc precipitates form in the Al matrix,
engendering an aggrandizement in hardness. The decline in the strength
of the alloy in the experiment may be due to the high aging temperature,
the dissolution of B’ phase or even p’ precipitation and further formation
of equilibrium B phase. Mahmoud et al. [127] studied the solidification
behavior, microstructure evolution and property changes of AA6063
that had been deformed and had 1.0 wt% Ce added. It was found that the
addition of Ce significantly refined the grain size, while resulted in

Alloy Major element (wt.%)

Mg Si Fe Mn Cu Zn Ti Zr Al
AA6082 0.6-1.2 0.7-1.3 <0.5 0.4-1 <1 <0.2 <0.1 - Bal.
AA6086 1.01 1.58 0.18 0.71 0.55 0.17 0.04 0.17 Bal.
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obvious decline of alloys’ strength. Compared with the unalloyed
AA6063, the alloy after Ce modification has Al-Ce precipitates and
sharp plate-like Al-Si-Ce precipitates, and the Si element in the Al-Si-Ce
precipitates comes from Mg,Si, which leads to the decrease of the main
enhanced precipitated phase MgsSi in the alloy, which leads to a sharp
decline in the strength of the alloy. Zheng et al. [128] discovered that
adding La can considerably boost the corrosion resistance of Al-Mg-Si
alloys. Tiny concentrations of La not only preventing the development of
Si particles, making them change from long lamellar shape to short
rod-like morphology, but also can lower the volume percentage of Si
particles at grain boundaries [129,130]. The addition of La is able to
produce shells attached to the surface of MgsSi, which ensuring the

1875

stable presence of Mg»Si and also prevents localized corrosion. Small
amounts of Si particles at grain boundaries also prevent corrosion from
extending along the grain boundaries [128]. Li et al. [131] incorporated
two rare earth elements, La/Ce and La/Er, into AI-Mg-Si system alloys
by resistance melting method, respectively, and they concluded that the
La/Ce co-doped alloys had a higher tensile strength and the La/Er
co-doped alloys exhibited a high electrical conductivity similar to that of
La mono-doped alloys. Due to the addition of REs, more phases are
precipitated from the matrix. These phases hinder the migration of grain
boundaries or serve as heterogeneous nucleation sites to refine grains
which improves the strength of the alloy [131-133]. In addition,
although La, Ce and Er are all lanthanide elements, compared with Er,
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Fig. 7. Stress-strain curves for 14 days of natural aging (a, b) and 5 h of artificial aging at 185 °C (c, d) under fast-solidified (a, ¢) and slow-solidified conditions (b, d)
[113]; Hardness versus time for 6082 extrusion alloy at different Mn contents (e) and tensile strength at conditions of T5 (f) [114].

Fig. 8. BSE micrographs of alloys with different Fe and Mn elemental contents during fast (a—c) and slow (d-f) cooling; (g-1) represent BSE micrographs of the alloys
after (a—f) T4 treatments, respectively; BSE micrographs of alloy 1.7Fel.2Mn2.3Si during rolling at fast (m) and slow (n) cooling rates [113].
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the covalent radius of La and Ce are very small and have the same co-
valent bond structure. Therefore, it is easy to form atomic clusters in the
lattice, which leads to the occurrence of co-precipitation, bringing about
the raising of the density of surrounding dislocations. In brief, the
addition of rare earth elements plays an obvious role in grain refine-
ment, and the different precipitates or dispersion phases formed by
different elements produce various degrees of effect on the properties.
Especially, Sc not only reduces the PFZ and promotes the formation of
the GP zone, but also forms precipitates AlsSc as a reinforcing phase and
thus leads to the improvement in the properties of the alloys.

3.5. The influence of other elements

In addition to the above elements, trace elements Cr and Zr can also
produce an obvious effect on the properties and microstructure of
aluminum alloys [124,126,134,135]. Several studies have shown that
Zr, similarly to Sc, also promotes the formation of L1,-structured pre-
cipitates and generates high-temperature-resistant nanoscale pre-
cipitates in the matrix, effectively inhibiting grain growth through the
Zener pinning mechanism [135-139]. When Zr and Sc are added at the
same time, it not only leads to a significant increase in strength, but also
improves creep resistance at high temperatures, so the cost can be
reduced by partially substituting Zr to reduce the addition of Sc in the
alloying process [124,140]. Zhang et al. [141] found that introducing
0.08 wt% of Zr element to AA6022 resulted in grain refinement and
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reduced macro-segregation, increasing the YS of alloy after T6 heat
treatment by 5.3% and its EL as-cast by 2.7%. Wang et al. [142] found
that the addition of 0.07 wt% Cr to AA6061 facilitated the formation of
the Al4sCr; phase as a heterogeneous nucleation sites for a-Al, which
improved the microstructure and improved the YS, UTS, and EL at break
of the T6 heat-treated alloy from 292 MPa, 327 MPa, and 15% to 301
MPa, 338 MPa and 18%, respectively. The Al;Cr and AlsZr intermetallic
phases, which serve as barriers to dislocation movement and boost the
alloy’s strength, are formed when Cr and Zr are added to the alloy. But
AlsZr and Al;Cr are coarse and brittle, which results in reducing tensile
strength and EL at break [124]. In particular, Al;Cr intermetallic com-
pounds can also be observed in alloys with as little as 0.2 wt% Cr added,
which significantly impairs the tensile and fracture strength. The coarse
AlsZr slightly reduces the alloy EL, but when a little Sc is added, it
changes the morphology of the AlsZr intermetallic compounds and
eliminates the negative effect of coarse AlsZr, resulting in an increase in
the toughening effect of the alloy [123]. It can be seen that the inter-
mediate phase formed by the addition of trace elements Cr and Zr not
only inhibits grain growth but also hinders the movement of dislocation
lines, which leads to the enhancement of strength. However, both of
them form a coarse and brittle intermediate phase, and even produce a
sludge phase, which leads to the sacrifices of toughness.

The addition of Ag will be involved in the formation of clusters,
which can be used as nucleation sites for subsequent precipitates to
promote the precipitation of smaller and denser clusters and
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precipitated phases during aging, thus enhancing the precipitation
hardening response of the alloy [143]. Some studies have shown that
alloys with Ag addition exhibit better mechanical properties due to the
denser precipitation phases [143-145]. In addition, Marioara et al.
[146] investigated the compositional changes of ' in the alloy by
HAADF-STEM characterization technique and found that the addition of
Ag changed the crystal structure of §’ as well as its chemical composition
from MgoSis to Mg3SisAlsAg. This is due to the fact that Ag can enter the
B’ phase to take the place of Si atoms and polarize at the interface of
many metastable phase (GP zone, B", p’/p'Ag), leading to the formation
of B'Ag phases after over-ageing [147-149]. Therefore, the coexistence
of several metastable precipitation phases appears in over-aged
Ag-containing aluminum alloys. It is worth noting that Ag can
enhance the pre-ageing effect of Al-Mg-Si alloys while inhibit the
negative effects of natural ageing, which has great significance for
automotive applications that require rapid hardening during the baking
process [150,151]. Similar to the addition of Ag, the addition of Zn also
significantly contributes to the intensification of age-hardening and the
simultaneous presence of various precipitates [152-155]. Cai et al.
[156] and Guo et al. [157] found that the generated Mg—Zn cluster after
the introduction of Zn can be used as the nucleation particle of Mg-Si
precipitation phase (such as GP region and " phase), leading to the
formation of a high-density Mg-Si precipitation phase and the
enhancement of the aging hardening response ability of AI-Mg-Si alloy
in the early artificial aging. Therefore, the hardness of the alloy
increased significantly at the beginning of aging. Xu et al. [152] reported
that the more finely dispersed p" precipitated phases produced at low
levels of Zn resulted in higher strength and plasticity, but higher Zn
contents (>2 wt%) resulted in a slight reduction in the strength of the
alloys due to the reduction of the density of the precipitated phases.
Apart from the effect of Zn addition on the precipitation and mechanical
properties of Al-Mg-Si alloys, great attention has also been paid to its
effect on improving the corrosion resistance of the alloys. Typically, the
Zn addition alone can result in a wider PFZ, leading to an adverse effect
on the corrosion resistance of the alloy [158-160]. IGC is very likely to
occur at low Zn levels, and high Zn levels increase the tendency to stress
corrosion. Nevertheless, Bartawi et al. [161] reported that the Zn
element in alloys containing Cu elements reduced the IGC sensitivity of
the alloy. Especially, the improvement of the corrosion resistance of the
alloy was particularly obvious when the two elements had a similar
content. The reason is that whether Zn is in the grain boundary or inside
the crystal, and the potential difference of each part (matrix, grain
boundary and PFZ) can be cleverly adjusted by adjusting the electro-
chemical potential. On the other hand, the Zn-rich film generated at the
grain boundary reduces the catalytic effect of Cu element generated
Cu-rich film on IGC due to the presence of Zn element [104,106,162].
Therefore, the introduction of Zn to Al-Mg-Si alloys containing Cu el-
ements can improve the mechanical properties and bring about a more
corrosion-resistant effect, which will extend the application of the alloys
and facilitate longer service life under complex service conditions. In
addition, the optimal strengthening effect can be achieved by control-
ling the element content and the coupling between different elements to
achieve more excellent performance.

4. The effect of nanoparticles on microstructure of aluminum
alloys

After alloying, although the properties of aluminum alloys can be
improved, the strengthening effect is often very limited [163,164], the
complex alloying system inevitably leads to the high cost of the material,
and the addition of too many combined elements will make the pre-
cipitation phase as well as the precipitation order complex, At the same
time, the high elemental content will lead to the generation of a coarse
second phase and element-enriched segregation during solidification
owing to the restricted solid solubility of various elements in aluminum
[147,165,166], as well as certain adverse effects on the performance and
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use of the alloy [167]. These disadvantages make it difficult for pure
alloying to meet the needs of aluminum alloys to replace steel as the
main choice for new energy vehicles. However, nanoparticles as a new
type of alloy reinforcing materials, not only have low raw material price,
high elasticity modulus, oxidation and wear resistance, but also have a
significant impact on improving grain boundaries to eliminate the
negative effects of alloys in the process [168-170].

4.1. The effect of nanoparticles on solidification behaviors

By manipulating the microstructure of alloys, it is possible to
improve mechanical performance and attain a balance between strength
and ductility. The as-cast microstructure is influenced by solidification
kinetics, whereas nanoparticles with an excellent crystal match to the
matrix and high temperature stability (e.g. TiC, TiBy) [171] present a
major impact during the solidification process. There are few studies
about the effect of nanoparticles on the solidification behavior of
Al-Mg-Si alloys. The aluminum alloys have greater similarity in the
solidification process, where a-Al is first precipitated and then other
eutectic phases are precipitated, and the composition of the precipitated
eutectic phases is closely related to the elements in their systems, but the
precipitation process is almost the same. Researchers obtained the so-
lidification curves of aluminum alloys by adding particles to different
aluminum alloys [172-175], as shown in Fig. 10. The addition of
nanoparticle significantly changed the solidification path of aluminum
alloys and shifted the nucleation temperature of manipulated aluminum
alloys upward to higher temperatures compared to the alloy without
nanoparticles, suggesting that the introduction of the particles reduces
the nucleation supercooling, promotes heterogeneous nucleation of
a-Al, and increases the nucleation rate. According to the calculation of
nucleation subcooling (AT,) proposed by Turnbull [176]:

AT, = (2)

where C,, AS, and § denote the elasticity coefficient, entropy per unit
volume of phase transition and lattice mismatch, respectively. Nano-
particles have a good match with the matrix and can also be used as the
sites of heterogeneous nucleation, thus promoting the nucleation of the
primary phase and the eutectic phase and increasing the nucleation
temperature of the primary phase as well as the transition temperature
of the eutectic phase. The undercooling required for nucleation is
reduced after adding the nanoparticles, which will be beneficial to the
reduction of grain size. Liu et al. [177] and Geng et al. [178] manipu-
lated 6061 aluminum alloys with dual-phase nano-TiC-TiB, and nano--
TiC, particles, respectively. The results showed that the as-cast
microstructure was refined after the addition of nanoparticles (Fig. 11
(aj-a4)). By comparison, although 0.5 wt% of nanoparticles were added
to the alloy in both works, the alloy reinforced with dual-phase nano-
particles possessed a superior refinement effect (52% refinement). This
is due to the TiC-TiBy with dual scales (Fig. 11(b)), the larger particles
will be preferentially excited as the substrate for heterogeneous nucle-
ation of a-Al grains at a smaller undercooling [179], compared to a
single nanoparticle, there will be more grain nucleation during solidi-
fication. Although larger particles provide a large number of potential
heterogeneous nucleation sites, both heterogeneous nucleation and
grain growth should be considered to achieve effective grain refinement.
Previous studies have shown that only a very small number of nano-
particles can serve as the sites of heterogeneous nucleation [180,181],
which implies that the remaining nanoparticles will either be captured
by the solid-liquid interface or continue to exist in the liquid phase.
However, due to the generally poor wettability of nanoparticles with Al,
the bulk of nanoparticles are forced to the front of the dendrimer’s
solid-liquid interface to form a particles layer, while only a little portion
are ingested by the interface and dispersed throughout the grain [182,
183]. This physical limitation leads to the non-release of latent heat
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Fig. 10. The cooling curves of 6061 alloy (a), Al-Cu (b) and Al-10Si-2Mg (c); (d) first and second derivatives of the cooling curves in (d) [174,175,177].

when crystallizing as well as inhibiting atomic diffusion, which effec- 4.2. The influence of nanoparticles on segregation behaviors

tively prevents the rapid coarsening of o-Al dendrites (Fig. 11(c)).

Nanoparticles as an efficient grain refiner [184-186], its effect is also In the process of alloy solidification, segregation behavior may occur
reflected in the inhibition of grain growth during solidification and can due to the interaction between solute discharge and solute diffusion in
inhibit the formation of dendrite arm, inducing the formation of equi- solid-liquid phase. According to different scales, composition segrega-
axed grains. Chen et al. [187] investigated the effect of TiC on the so- tion can be divided into microsegregation and macrosegregation.
lidification microstructure of AA6063 alloys, they demonstrated that the Microsegregation refers to the uneven distribution of solute element
manipulation of particles aided in the progressive release of latent heat, between dendrites or the uneven chemical composition inside a grain
enhanced melt fluidity during casting and reduced thermal fractures, during solidification. The macrosegregation is the composition differ-
meanwhile, the presence of particles led to grain growth restriction, ence at the overall scale of the solidified casting, and the alloy concen-
weakened the length of the dendritic grain arms and promoted the tration in different parts of the casting changes significantly [189]. In
development of the grains toward spherical or equiaxed grains (Fig. 11 the alloying process, the excessive introduction of elements leads to the
(d;1-d4)). In addition, the content of nanoparticles also has a certain in- coarsening of intermetallic compounds, which exacerbates the macro-
fluence on the grain refinement effect. Ma et al. [175] reported the so- scopic segregation [190]. Due to the uneven distribution of alloying
lidification microstructure Al-Cu alloys with varying amounts of in-situ elements within the alloy, it can lead to a decrease in the strength,
TiC-TiBy particles. They found that the average grain sizes were refined toughness, wear resistance and other performance indicators of alloys.
by 37%, 58%, and 51% with the content of 0.1 wt%, 0.3 wt%, and 0 wt% This can not only affect the service life of the product, but also lead to
of particles, respectively, as compared to the alloys without nano- safety problems. Especially for key components used in the automotive
particles addition (Fig. 11(e;-e4)). Apparently, the best refining effect of field, the presence of alloying element segregation may lead to prema-
particle addition occurs at 0.3 wt%, which is because high content ture fatigue or fracture of the components, and may even lead to major
particle addition leads to the difficulty in dispersion and local agglom- accidents in serious cases. In addition, TRC, as an effective means of
eration of particles [188] and then hinders the grain refinement. As producing aluminum alloy sheets from the melt, is susceptible to
mentioned above, the regulation of solidification microstructure by segregation due to its inherent characteristics, which leads to deterio-
nanoparticles is carried out through the particles as heterogeneous ration of properties [191-193]. However, heat treatment as we know it
nucleation sites to promote the heterogeneous nucleation of a-Al as well only significantly improves microscopic segregation, and there is still a
as particles wrapped around the solid-liquid interface to impede den- high level of macroscopic segregation (central segregation) in plates
drites growth. The grain size has also a certain effect on the trans- prepared by the TRC process [194]. Previous studies have shown
formation of dendrites to equiaxed grains during the process of different external physical field effects have an obvious improvement on
solidification. However, the refinement effect will decrease when a large the macroscopic segregation in alloys with low alloying element content
number of particles are difficult to disperse and agglomerate. [195,196], whereas the improvement effect is limited for aluminum

alloys with a high solute content [152]. Nanoparticles, as effective grain
refiners [197] have outstanding effects on microstructure refinement
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Fig. 11. (a;-a4) the EBSD images of AA6061 after adding 0,0.5 wt% TiC-TiBa, 0.5 wt% TiC, and 1.0 wt% TiC,, respectively [177,178]; (b) particle size distribution of
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and 2 vol% TiC, respectively [187]; (e;-e4) the as-cast organization of alloys after addition of 0.0, 0.1, 0.3 and 0.7 wt% TiC-TiB, particles, respectively [175].

and improvement of segregation. It was shown that the addition of TiC
led to an increase in the coarsening of the secondary dendritic arms
which in turn diluted the composition of the liquid phase and reduced
microscopic segregation in the aluminum alloys [198]. For macroscopic
segregation, Wang et al. [199] found that TiC particles not only refined
the strip grain into equiaxial grains, but also successfully controlled the
aggregation of solutes to the central region by impeding the growth of
dendrites, thereby eliminating the central segregation zone (Fig. 12(a)).
Another study showed [200] that the refinement of the a-Al(Mn, Fe)Si
second phase in Al-Mn-Si strips after TiC-TiBy particle manipulation
(Fig. 12(by, by)). At the same time, quite a little refined grains effectively
divided the alloy melt based on the promotion of nanoparticles on the
nucleation of o-Al, which significantly suppressed the elemental
enrichment to the central region to achieve the elimination of segrega-
tion (Fig. 12(c and d)). As shown in Fig. 12(e and f), Liu et al. [191]
added 0.5 wt% TiC particles to the Al-5Cu alloys and found that the
segregation bands disappeared and the Cu-rich regions distributed be-
tween grains or dendrites became finer simultaneously (i.e., a more
homogeneous distribution of Cu elements). According to the mechanism
of central segregation proposed by Lv et al. [201], the solute will be
enriched at the dendrite tip for the alloy with solute distribution coef-
ficient k < 1. With the solidification and dendrite growth, the solute in
the liquid phase is enriched, these bring about arising center segregation
after solidification. Whereas, nanoparticles accelerate the nucleation of
a-Al grains in melts and the grains produced during the solidification
process are similar to equiaxed grains [202,203], these fine grains play a
key role in impeding the further growth of dendrites and the segregation
of solutes to the center (Fig. 12(g)). In addition, the particles promote
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grains nucleation and the increase in grain boundaries, impeding the
flow of the solute-rich liquid phase to the center caused by external
forces during the rolling process, thus eliminating the segregation zone.
It can be seen that nanoparticles have a significant influence on the
diffusion and distribution of solutes in aluminum alloys by regulating
the microstructure, which in turn improves the segregation behaviors in
the alloy and enhances the applicability of the alloy.

4.3. The impact of nanoparticles on the recrystallized microstructure

It is well known that the 6000 series aluminum alloys have excellent
machinability, and the recrystallized microstructure greatly affects the
grain size, morphology and other factors, which will significant effect on
the performance of deformed aluminum alloys [204-206]. During ma-
terial deformation, nanoparticles help to promote dynamic recrystalli-
zation [207], it is that particles promote the occurrence of
recrystallization phenomena and particles inhibit the phenomenon of
recrystallized grain growth. The currently suggested mechanism is
mainly that the recrystallization drive is improved by enhancing the
particles to be regulated by particle-stimulated nucleation (PSN) [208,
209] for coarse enhancements larger than 1 pm and for fine nano-
particles hindering dislocation motion, the recrystallization drive can be
obtained by promoting dislocation proliferation and pinning sub-grain
boundary migration. The nature of recrystallization is the process of
making Low-angle grain boundaries (LAGBs) form High angle grain
boundaries (HAGBs) through the growth of sub-grains, at which time the
sub-grain boundaries are pinned by nanoparticles and the growth of
recrystallized grains will be hindered (Fig. 13(a)) [210]. Liu et al. [206]
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investigated the grain size, recrystallization rate and substructure ratios
of the molten core region after nanoparticle-enhanced friction stir
welding (FSW). This study found a commonality: the phenomenon of
increased recrystallization ratio and recrystallized grain refinement is
appear after nanoparticle enhancement, which ultimately leaded to the
transformation of the microstructures into fine isotropic crystals (Fig. 13
(b and c)). Meanwhile, Geng et al. [211] found the equal amounts of TiC
and TiB, had almost the same refinement effect on the recrystallized
tissues (Fig. 14(a)). Based on this phenomenon, Liu et al. [212] further
investigated the effect dual-phase nanoparticles TiC-TiB, and
single-phase nanoparticles TiC on recrystallization behavior. It was
found that the recrystallization grain refinement rates after the addition
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of single-phase TiC particles as well as dual-phase TiC-TiB, particles
were 6.7% and 32.0%, respectively, while the percentage of recrystal-
lization fluctuates little, as shown in Fig. 14(b). After computer analysis,
this is due to the fact that dual-phase nanoparticles have a greater
retarding force for pinning at grain boundaries, suggesting that
dual-phase nanoparticles have a better ability to refine recrystallized
grains compared to single-phase particles. At the same time, the inter-
facial bonding between TiB; and Al matrix is stable, so even if the size of
TiB, particles can not reach the range of coarse particles, there will still
be the possibility of initiating PSN, which is beneficial to promote
nucleation more efficiently during the recrystallization process. It is
worth noting that not all nanoparticles have a positive effect on
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recrystallization. For example, Wang et al. [213] found that the
recrystallization rates of aluminum alloys were reduced to varying de-
grees with the addition of 0.5 wt and 1.0 wt% TiC/TiB; particles (by
36% and 23%, respectively, as shown in Fig. 14(c). This phenomenon is
linked to the agglomeration of particles in alloy, on the one hand,
TiC/TiB, particles inhibit the migration of HAGBs by aggregating at
grain boundaries, and on the other hand, the particles are pinned to
dislocations and LAGBs, which prevents the subgrain boundaries from
increasing the grain orientation by absorbing dislocations, and restricts
the rotation and growth of the subgrains as well as the conversion of
LAGBs into HAGBs to become recrystallized grains.

In addition, the content of nanoparticles affects the recrystallization
process of aluminum alloys and the regulation of recrystallized grain
size distribution to a certain extent. For example, Chen et al. [214]
prepared reinforced alloys with different contents of TiB, particles and
conducted a hot-extruded experiment at 450 °C. Then, the evolution of
the dynamic recrystallized microstructures of the aluminum alloys by
the addition of nanoparticles was analyzed using the EBSD technique.
The experimental results show that the orientation difference between
adjacent grains in the deformed alloy decreases continuously with the
gradual increase of the nanoparticle content, and the LAGBs are
continuously transformed into HAGBs increasing the quantity of HAGBs
(Fig. 15(b)), which suggests that the increase of the particle content
exacerbates the limitation on the dynamic recovery process and pro-
motes the dynamic recrystallization. Geng et al. [178] reported that the
number of coarse grains along the rolling direction was significantly
reduced after nanoparticle manipulation, while the recrystallization rate
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was increased as well as the recrystallized grain size was refined with the
increase of the nano-TiCj, content, and the grain size distributions of 0.5
wt% TiC,/Al-Mg-Si composites and 1.0 wt% TiC,/Al-Mg-Si composites
have a narrower grain size distribution (Fig. 15(d)). The superior
refinement of 1.0 wt% TiC, nanoparticles compared to that of 0.5 wt%
addition is due to the inherently finer as-cast microstructures in this
treatment case. As mentioned in section 4.1, the increase of nanoparticle
content in a certain range has a promoting effect on the refinement of the
as-cast microstructures, leading to grain refinement after deformation,
while the recrystallized nucleation can be formed at the grain bound-
aries, which promotes their recrystallized nucleation after deformation
[215], at the same time, the increase of nanoparticle content may
exacerbate the induction of the Zener pinning effect on grain boundaries
to inhibit recrystallized grains growth (Fig. 15(e)). However, excessive
particle content can easily lead to particle clustering [216,217].
Although the larger particle clusters can be used as nucleation sites for
recrystallized grains through the PSN to promote recrystallization force
[208,209,218,219], related studies [220] have suggested that the par-
ticle clusters can easily form a confined structure at the grain boundaries
which is detrimental to recrystallization. Furthermore, when the ratio of
the volume fraction of particles to their diameter is too large, recrys-
tallization is usually impeded, excessive nanoparticles lead to delayed
recrystallization nucleation and hysteresis effect on subsequent recrys-
tallization by slowing down the motion of LAGBs and HAGBs. Therefore,
based on the above study, appropriate reinforcing particles can be added
to 6000 series aluminum alloys to manipulate the recrystallization mi-
crostructures. At the same time, although the increase in particle content
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is conducive to the conversion of LAGB into HAGB to become recrys-
tallized grains and more effective pinning of grain boundaries to further
refine the recrystallization microstructures, in view of the adverse ef-
fects of agglomeration phenomenon on the recrystallization caused by
the excessive particle content, the amount of additive needs to be strictly
controlled in the actual control process.

4.4. The effect of nanoparticles on the heat treatment processes

As mentioned in section 3, Al-Mg-Si alloys, as heat-treatable Al al-
loys, the alloying elements not only promote the changes in grain size
and morphology, but also produce precipitation phases after certain
heat treatments [165,221]. A large number of researchers have studied
nanoparticle-reinforced aluminum alloys and found that nanoparticles
not only refine the a-Al and eutectic phases, but also have a significant
impact on the size and distribution of the second phase during the heat
treatment process [175,222]. Liu et al. [177] found that after TiC-TiBy
enhancement, the precipitation of GP zone and p” phase was expedited,
and the precipitated Mg5Si in the alloy was more fine and diffuse (Fig. 16
(a and b)). This is because the production of a-Al grain refinement after
particle manipulation is beneficial to the solid solution and uniform
diffusion of alloying elements during the heat treatment solid solution
process. In addition, due to the existence of thermal stresses at the
TiC/Al and TiBy/Al interfaces, the density of dislocations around the
particles is increased (Fig. 16(e and f)), and the high-density dislocations
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can serve as a base for heterogeneous nucleation and accelerate the
nucleation of the precipitation phase as well as a diffusion channel for
solute atoms [223], which promotes the formation of clusters and the
homogeneous diffusion of elements. In addition, the intensification of
nucleation of the second phase lead to a certain limitation of the number
of atoms in the clusters (Fig. 16(g)), resulting in an increase in the
number of precipitated phases but the growth is inhibited. Geng et al.
[178] compared the effect of different contents of nano-TiCp, on the
precipitated phases and counted the size of the precipitated phases
(Fig. 16(), and found that the addition of the particles not only
increased the number of the precipitated phases but also promoted the
refinement of the precipitated phases. Besides, the number of B’
precipitated phases increased significantly and the refinement effect was
more obvious with increasing nanoparticle content. The dislocation
density caused by thermal mismatch of particle expansion can be
expressed according to the formula [224]:

1
tz

4V,ATAC

1 1
Pcer = A_V) (1 — 3)

A (E+ +E>

where, p.; represents the dislocation density, V,, represents the volume
fraction of reinforcing particles, AT and AC represent the temperature
difference from room temperature to processing temperature and the
coefficient of thermal expansion (CTE) difference between the rein-
forcement and the substrate, respectively. b is the magnitude of the
Burgers vector in Al, t1, t; and 3 are the three dimensions of the particle,
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Fig. 16. (a, b) shows the unadded and added particle precipitation phases, respectively; (¢, d) HRTEM images of TiC/Al interface and TiB,/Al interface, respectively;
(e, ) inverse fast-Fourier transform images of areas (c, d), respectively; (g) mechanism of nanoparticles affecting the precipitated phases of Al 6061 [177]; (h) TiCp
particles with different contents in the TEM micrographs of the composites after T6 treatment, (i) statistical plot of the size of the precipitated phase [178]; (j, k)
dislocations induced by the introduction of Al3BC particles in the composites, (1) an ABF image of the Al3BC/Al interface, (m) the result of the EDS line scanning of

the elements along the line shown in image (1) [223].

respectively. From this formula, it can be seen that raising particle
content contributes to the improvement of the dislocation density and
the production of the B’ phase, which explains that more particle
addition in the above experiments enhances the optimization for the
precipitation process. At the same time, the second phase precipitated
particles produced during the aging period have varying number of
defects due to the different CET of various particles [225], which not
only explains the different dislocation densities produced by the two
particles in Fig. 16(e and f), but also shows all the differences in aging
kinetics and time to reach peak aging [226-229]. Zheng et al. [230]
reinforced Al-Mg-Si alloys to expedite the dissolution and precipitation
of the alloying elements through the addition of TiC nanoparticles and
found that the TiC nano-reinforced alloys reached peak aging in a
shorter time than that of the matrix alloys, whereas Alfred et al. [226]
investigated the aging kinetics of SiC/Al-based composites and found
that the composites had a lower concentration of vacancies and an
insufficient density of dislocations that required a longer time to reach
peak aging compared to the matrix materials. Furthermore, nano-
particles may interact with elements in the alloy to influence the dis-
tribution and even reduce the number of precipitated phases during heat
treatment [231,232]. Zhao et al. [223] fabricated 15 wt% AlsBC/6061
Al composites by solid-liquid reaction method and investigated the ef-
fect of aging precipitation of the composites. It was shown that Al3BC
particles can effectively shorten the peak aging time to accelerate the
aging kinetics of 6061 Al alloys, but in their study, the addition of
particles had a dual effect on the generation of precipitated phases in the
composites, which includes a positive effect on increasing dislocation
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density due to the mismatch between particles and matrix, at the same
time, the interface combination of particles and matrix also has adverse
effects on reducing vacancy concentration and inhibiting the formation
of GP region [233]. In addition, the presence of Mg, Si elemental bias at
the Al3BC/Al interface results in the formation of f’° phases (Fig. 16(1
and m)), which are precipitated mainly uniformly distributed in the
Al3BC-free region while almost no precipitated phases are observed in
the vicinity of the Al3BC particles. To sum up, nanoparticles can
contribute to precipitated phase kinetics during heat treatment through
the enhancement of geometrically necessary dislocations induced by
thermal mismatches between them and the matrix. Moreover, the
thermal mismatch is related to the content and type of the particles and
the particles may also react with the alloying elements, leading to a
decrease in the content of the precipitated phase.

5. The effect of particles on the properties of 6000 series
aluminum alloy

It is worth noting that nanoparticles as excellent reinforcement to
aluminum matrix composites (AMC) excellent reinforcement, not only is
an excellent modifier to regulate the microstructure of the metal mate-
rial, more importantly, the microstructure of the change and the parti-
cles as the AMC reinforcement will be a certain enhancement of the
performance of the alloy, which will be conducive to the development of
high-performance aluminum alloys to replace the steel as an important
material for the new energy vehicles.
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5.1. The effect of nanoparticles on room temperature tensile properties of
6000 series aluminum alloys

To date, TiC and TiB; particles are commonly used as reinforcements
to improve the properties of alloys through microstructure improve-
ment. For example, Zhen et al. [230] found that the manipulation of
nanoparticles facilitates the dissolution of the alloying elements, which
brings the high strength as well as the toughness of the composites
(Fig. 17(a)). Liu et al. [234] found that the addition of only 0.5 wt% of
TiC-TiB; nanoparticles increased the YS and UTS of AA6061 sheets by
31.3% and 16.3%, respectively, and furthermore, the YS and UTS of the
welded joints were increased by 30.2% and 7.8%, respectively, with the
ductility remaining at a high level. The strength of the welded joints was
still improved at different levels precisely because the ultra-fine grains
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resulting from particle enhancement were retained even after post-weld
heat treatment. Besides, Liu et al. [235] further systematically investi-
gated and compared the effect of nano-TiC and nano-TiC-TiBy on the
properties of the alloys, the results show that the materials reinforced by
dual-phase nanoparticles exhibited higher strength and toughness, as
shown in Fig. 17(b). This is due to the more excellent microstructure of
aluminum alloys reinforced with dual-phase nanoparticles. On the other
hand, TiC nanoparticles, which are approximately spherical in shape
and the hexagonal TiB, particles (shown in Fig. 17(c)), TiBy particles
produces more channels for elemental diffusion during deformation due
to its morphological features, which facilitates elemental diffusion to
form a finer second phase. At present, it is widely believed that the
strengthening mechanism of nanoparticles for room temperature tensile
properties is mainly orowan strengthening, fine grain strengthening and
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Fig. 17. (a) Stress-strain curves of Al-Mg-Si-Cu and Al-Mg-Si-Cu/TiC [230]; (b) stress-strain curves of alloys with different particle reinforcement [235]; (c)
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thermal mismatch strengthening caused by dislocations and other de-
fects in the vicinity of reinforcing particles because of the difference in
CTE between metal matrix and reinforcing particles. The size of the
precipitated phase as well as incremental YS induced by fine grain
strengthening can be expressed through the previous relationship be-
tween particle and dislocation density [236]:

1 1
AO'H,p = k_y d2— d02

G

where, dy and d are the average grain size of unreinforced material and
reinforced composite, respectively. d can be expressed by Zener equa-
tion [237]:

d 4ad,
3v,

(5)

where, a is a constant, d, and v, are the enhanced phase particle size and
volume fraction, respectively. Obviously, when the particle content is
increased, not only the thermal mismatch strengthening due to the in-
crease of defect density will be enhanced, but also the effect of fine grain
strengthening will be more obvious. Subsequently, Geng et al. [178]
prepared TiC/6061 composites with different contents of nanoparticles
and found that the addition of nano-TiC improved the strength of alloys
under both cold rolling (CR) and secondary rolling (SR) treatment pro-
cesses, as shown in Fig. 17(d), the improvement in the additions of
nano-TiC provided a better strengthening effect, which was precisely
due to the enhancement of the effects of the matrix microstructure
refinement caused by raising content of the particles and the dislocation
defects.

In addition to the above nanoparticles, graphene nanoflake (GNF)
also show great potential to reinforce aluminum matrix composites. For
example, Li et al. [238] investigated the room-temperature tensile
properties of the materials with various contents of GNF, Fig. 17(e, f)
display the outcome, which showed that both 0.5 wt% and 1 wt%
GNF-aluminum matrix composites exhibited higher YS and UTS
compared with that of the composites without GNF, in which YS
increased by 8.8% and 55.2%, and UTS increased by 17.7% and 68.7%,
respectively. The increase in strength in composites can be explained in
three ways. Firstly, GNF in composites not only possesses ultra-high
strength, but also disperses homogeneously as a reinforcement of this
aluminum matrix material (Figure 17(g)). Furthermore, similar to other
nanoparticles [178,234,235,239], GNF can also achieve the reinforcing
effect of nanostructures by refining matrix grains. Lastly, nanographene
in the Al matrix constituting a clean interface can effectively transfer the
loading to graphene. However, the strength and ductility decreased
significantly at high GNF content (more than 1 wt%) (Fig. 17(f)), which
may be attributed to the loosening of the interfacial bonding in the
composites due to the agglomeration of GNFs at the grain boundaries of
the matrix, which ultimately leads to the decrease in strength and
toughness. Moreover, when the addition of reinforcing particles was
further raised, they would be more difficult to uniformly dispersed into
the matrix and exacerbate particle agglomeration [240], resulting in
performance degradation.

Researchers have suggested that the diffuse distribution of nano-
particles in the matrix is closely associated with the reinforcement of
composite properties, but even very low levels of nanoparticles are
difficult to disperse uniformly [241,242]. Yar et al. [243] promoted the
dispersion of particles by stir casting, but its effect was not significant.
Another approach is to promote the dispersion of nanoparticles through
the coupling between different particles. The researchers prepared 10%
SiC/6061 composites and added different levels of graphene nano-
particles to them [244]. They found that the strength of the composites
increased continuously with the increase of graphene content and the
tensile strength reached a maximum value of 230 MPa at 0.7 wt%
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addition. This is attributed to the fact that the SiC particles wrapped by
graphene shells reduce the possibility of particle agglomeration in the
matrix [245], and the graphene shells that wrap the particles can also
hinder the dislocation motion, which suggests that the GNF dispersed in
the composites and SiC particles show a synergistic effect in hindering
the dislocation motion to increase the toughness of the composites
(Figure 17(j)). Similarly, Ding et al. [246] found that the addition of
Al,O3 particles to Sn-9Zn-1A1,03/6061 composites improved the
flowability of the composite brazing material as well as the diffusion of
the nanoparticles contributed to the formation of the precursor film,
which led to the improvement in the strength of the composite brazed
joints. Fig. 17(k) and Table 3 list some properties of the alloy after
particle reinforcement, the results show that nanoparticles as a potential
reinforcement material, making the properties of particle-reinforced
aluminum alloys advantageous in many ways, especially at low-levels
of additions where the composites show even better strong and tough
properties.

5.2. The improvement of high temperature tensile properties of aluminum
alloys by reinforcing particles

New energy vehicle chassis structure and battery shell in the driving
process will be subject to complex mechanical and thermal effects, so
Al-Mg-Si alloy used as the components of new energy battery shell and
chassis are usually required to be still have good mechanical properties

Table 3
Room temperature tensile properties of system 6000 series aluminum alloys
after nanoparticle reinforcement.

Alloy Nanoparticle Processing YS UTS EL
method (MPa) (MPa) (%)
Al-1.4 1 vol% TiC as-cast 128.7 219.3 9.39
Mg-1Si- T6 heat 349.5 434.5 5.38
0.8Cu treated
[230]
AA6061 0.1 wt% TiC cold rolling 275 330 17.9
[178] secondary 426 438 6.7
rolling
AA6061 0.5 wt% secondary 302 350 15.3
[234] TiC-TiBy rolling
secondary 125 180 8.0
rolling +
welding
AA6061 0.5 wt% friction-stir- 167 216 21.8
[248] TiC-TiBy welded
AA6082 0.1 wt% SiC T6 161.8 344.21 8.69
[249]
AA6061 6 wt% SisN4 + 6 hot extrusion 353 420 11
[250] wt% TiB, + T6
AA6061 8.2% AIN + 1% hot extrusion 320 400 806
[251] Al,O, +T6
AA6061 5 wt% B4C spark plasma 143.2 195.2 11.6
[252] sintering + hot
spinning
AA6061 10 wt% B4C hot rolling 155 213 10
[253]
AA6061 30 wt% B4C rolling 180 268 5.9
[254]
AA6061 1 wt% ZrOy+ as-cast 182 250 7.8
[255] 0.75 wt%
graphene
particles
Al-1.08% 10 wt% SiC + as-cast - 270 -
Mg—0.63% 0.7 wt%
Si [244] graphene
particles
AA6111 3 vol% ZrB, hot extrusion - 390.7 27.8
[256] + T6
AA6063 7 wt% TiOy T4 121 194 18.4
[257]
AA6090 25 vol% SiC T6 200 541 -
[258]
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at the temperature of 150 °C. At the same time, the automotive braking
system in the braking and operation process near the exhaust system will
generate high temperatures, so the study on Al-Mg-Si alloys at high-
temperature environment can help to optimize the choice of materials
for braking components and exhaust systems, ensuring the efficiency of
the parts and the life of the case of replacing the other materials to
further realize the new energy vehicle lightweight. Therefore, it is of
great significance to study the high temperature performance of
Al-Mg-Si alloys.

As we known, the strengthening effect of unstable precipitated phase
on the tensile property is weakened under high temperature conditions
compared with that at room temperature [259,260]. On the one hand,
the softening and loosening of grain boundaries are easy to slide rela-
tively, resulting in the strengthening effect of fine grains almost dis-
appearing, when temperatures rise, additional dislocation slip systems
will initiate as a result of thermal activation, which leads to insufficient
strength of the alloy during stretching [261]. On the other hand, the
movement of the dislocation at high temperature is no longer around the
particles but through climbing [262], which reduces the orowan
strengthening effect and leads to the weakening of the particle
strengthening effect at high temperature. This situation also suggests
that the selection of particles to manipulate the alloys must have
high-temperature stability to obtain stronger reinforcement efficiency
[263,264]. He et al. [265] reported an increase in the strength of com-
posites at different temperatures after reinforcement with thermally
stable TiCN ceramic particles (Fig. 18(a)) and they attributed this phe-
nomenon to the pinning of grain boundaries by submicron particles. Li
et al. [266] in situ synthesized high mass fraction MgAlBy4,, whisker
reinforced aluminum matrix composites and investigated the tensile
properties from 25 °C-300 °C. The results (Fig. 18(b)) showed that the
UTS of the alloy reinforced by particles increased by 70% (10 wt%
MgAIBy4y,) and 166% (20 wt% MgAlB4,,) at 200 °C compared with that of
the unreinforced alloys, respectivley, with specific values of 170 MPa
and 266 MPa. When temperature achieved to 300 °C, there was an in-
crease in the UTS over the unreinforced alloys by 49% (10 wt%
MgAIB4y,) and 98% (20 wt% MgAlByy,), respectively, but the EL for the
composites with 20 wt% MgAlB4,, was significantly decreased. They also
found that an increase in the content of reinforcing particles also
improved the high temperature tensile strength (HTTS) of the alloys,
which was consistent with the results in the particle-reinforced Al-Cu
alloys reported by Tian [260] (Fig. 18(c)), which is due to the fact that
the reinforcing particles not only present within the grains to trap and
pin dislocations as well as to increase the density of the dislocations, but
also present in the inter-grain to stabilize grain boundaries and increase
the strength of the boundaries, an increase in particle content enhances
both of these enhancement effects, resulting in higher HTTS (Fig. 18(d)).
Nevertheless, a high-content of particles weakens the coordinated de-
formations ability of alloys because raising particles strengthens the
dislocation density and the pinning of dislocations, so it is difficult to
reduce the stress concentration through the dynamic softening of the
matrix, and thus leads to the rapid expansion of cracks, causing exces-
sive loss of toughness in composites.

Besides, particles that have been well enhanced at room temperature
may fail at high temperatures. Some studies have shown that ordinary
TiC particles are difficult to stabilize at high temperatures because the
abundance of C-atom vacancies within them affects their structural
stability [267-270], which in turn makes it difficult to enhance the
properties. To avoid the TiC particles from destabilizing at high tem-
peratures and losing their reinforcement, Ren et al. [271] modified TiC
with B element and applied it to aluminum matrix composites. It was
found that the YS and UTS of the modified TiC particle composites
reached 184 MPa and 187 MPa at 350 °C, respectively, which were
31.4% and 30.8% higher than that of the unreinforced alloys. Xie et al.
[251] found that the slip system was activated more easily at high
temperatures, which made the dislocations tend to accumulate at grain
boundaries and eventually annihilate, and thus led to the poor HTTS of
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the specimens before and after the particles reinforcement. However,
the high-temperature tensile properties of 6061 were -effectively
improved by the addition of both AIN nanoparticles and submicron
Al,O3 particles (YS, UTS and EF increased by 75.4%, 77.8% and 0.6%,
respectively). This can be attributed to the fact that the particles stabi-
lized the grain boundaries and prevented them from sliding to avoid the
loosening of the boundaries damage to strength at high temperatures.

On the basis of the above studies, in order to further investigated the
HTTS of aluminum matrix composites manipulated with multi-sized
particles. For example, Bian et al. [272] designed and prepared
multi-phase reinforced aluminum matrix composites by extrusion using
in-situ synthesis, they found that the high temperature properties of (4.2
wt% AlyO3 + 4.8 wt% ZrBy + 6.5 wt% AIN)/Al were significantly
improved (UTS increased up to 200 MPa) and exhibited excellent ther-
mal stability, this is because adding AIN (size less than 100 nm) favors
the heat resistance of the matrix, while ZrB; (size less than 300 nm) and
Al,03 (size less than 1 pm) favor the hardness and thermal stability. By
observing the particle distribution, it is found that the in situ synthesized
Al;03 and ZrB; are uniformly dispersed in the matrix, while the more
abundant AIN nanoparticles are presented as interconnected in the form
of particle chains (as shown in Fig. 18(g)), and the complementary
distribution of the three kinds of particles complements not only show
the multiscale skeleton of the composites, but also exhibit the uniform
dispersion of the particles as a whole in the matrix. Based on this, it is
known that the improvement in the properties of multiphase
particle-reinforced aluminum matrix composites is a result of the
contribution of the particles themselves to the high-temperature prop-
erties and their synergistic effect. They demonstrated the feasibility of
the idea of obtaining superior overall performance by utilizing different
reinforcing particles in the alloy. Similarly, Li et al. [250] designed
groups of particle reinforcements with different size combinations
(coarse Si3Nyp + coarse TiBy, (CSCT), fine SisNy, + fine TiBa, (FSFT)
and fine Si3N4, + coarse TiBy, (FSCT)) for the manipulation of 6061
aluminum alloys, comparing the tensile conditions of different particle
groups at 300 °C (tensile results are shown in Fig. 18(h and i)). They
found that different particle groups improved the HTTS of the alloys to
some extent and FSFT possessed the best strengthening properties. As
can be seen from Fig. 18(j), each group of particles is able to be
dispersed, but due to the decrease in particle size brings an elevated
distributed number of particles, FSFT is more effective in pinning grain
boundaries and dislocations and thus obtaining stronger HTTS.

The HTTS of different aluminum alloys are shown in Fig. 18(k) and
Table 4. Evidently, the high temperature tensile characteristics of
aluminum alloys can be markedly enhanced by adding thermally stable
particles, but too high particles content may result in excessive plasticity
loss and weaken the strengthening effect due to stress concentration.
Moreover, relying on the synergistic effect of multiphase particles in the
matrix and the selection of smaller particles to increase the number of
uniformly dispersed particles can get a better strengthening effect.

5.3. Fatigue resistance of particle reinforced aluminum matrix composites

Fatigue refers to the sudden rupture and failure phenomenon of
materials subjected to long-term cyclic stress or strain [276]. In engi-
neering, e-N and S-N curves are usually used to describe the fatigue
properties of materials, where the S-N curves describe the number of
times the corresponding cyclic stresses are loaded (fatigue life N) at
different stress amplitudes (fatigue strength S), and stipulates that the
maximum stress that does not rupture when cycling for 107 cycles is
used as the conditional fatigue limit for aluminum alloys [277,278].
Additionally, fatigue failure of metal-based materials consists mainly of
crack initiation and fatigue crack extension [279,280].

Walaa et al. [281] summarized the factors influencing the fatigue
behavior of metal matrix composites, including loading conditions and
the machining and forming process of composites, and investigated the
effect of particles on the fatigue properties of composites. However, the
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Fig. 18. (a) Stress-strain curves of TiCN/AISi10Mg composites with AlSi10Mg at different temperatures [265]; (b) UTS of the alloys at different temperatures [266];
(c) high-temperature tensile curves of the composites with different contents of TiC [260]; (d) mechanisms of particles in intra- and inter-granularity [266]; (e)
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Table 4
A summary of the high temperature tensile properties for various Al alloy.
Alloy Nanoparticle Tensile YS UTs EL
temperature (MPa) (MPa) (%)
Q)
AlSi10Mg unenhanced 150 213 282 115
[265] 200 194 245 11
2 vol% TiCN 150 235 308 4.2
200 209 270 4.9
Al [266] unenhanced 200 81 100 4.05
300 77 84 5.21
10 wt% 200 156 170 5.16
MgAIBy,, 300 118 125 5.30
20 wt% 200 243 266 3.8
MgAIB4w 300 158 166 2.38
AA6090 25 vol% SiC 300 - 126 23
[258]
5AIN/Al unenhanced 350 140 143 4.2
[271] TiC 350 184 187 2.1
AA6061 unenhanced 350 69 72 10.8
[251] 8.2% AIN + 1% 350 121 128 11.6
AlLO;
Al-Cu [260] unenhanced 220 210 241 6.2
0.3 wt% TiC 220 234 283 11.9
0.5 wt% TiC 220 242 288 7
0.7 wt% TiC 220 254 297 6.6
Al-Cu [273] 0.01 wt% 220 - 270 7.89
Ni-Nb-Ti
0.05 wt% 220 - 275.7 10.45
Ni-Nb-Ti
0.2 wt% 220 - 275.9 6.98
Ni-Nb-Ti
Al-12Si unenhanced 200 184 225 4.0
[274] 350 80 88 6.0
4 wt% TiBy 200 189 233 3.0
350 84 96 5.8
AA2009 unenhanced 300 107 124 9.9
[275] 5 vol% TiCN 300 105 127 29.3
9 vol% TiCN 300 139 157 17.2
AA6061 unenhanced 300 120 128 36.2
[250] 6 wt% SisN4 + 6 300 169 178 26
wt% TiB,

presence of particles in particle-reinforced composites has two sides to
the fatigue resistance. On the one hand, under the cyclic action of stress,
cracks are not only easy to initiate in coarse intermetallic compounds,
but also the existence of particles in composite materials may lead to
cracks, which are mainly manifested in three aspects [282-284]: (i) The
particles may interact with the Al matrix interface to produce pre-
cipitates with obvious tips and then the stress concentration is produced
under load, triggering crack initiation. (ii) The inhomogeneous disper-
sion of particles also contributes to cracking, which is represented by the
interface desticking caused by the failure of the interface bonding be-
tween particle clusters formed by particle agglomeration and Al matrix,
and the local strength deficiency caused by the particle barren zone of
the composite material, which is more likely to promote the initiation of
cracks. (iii) During the cyclic loading process, due to the stress con-
centration in particles, dislocations will be generated, the larger size
particles result in insufficient reinforcement effect and fractured parti-
cles will form a crack sprouting source to promote crack generation. Hall
et al. [285] found that micro-cracks were induced at the fracture site of
SiC particles. On the other hand, the reinforcing particles will have an
impact on fatigue crack propagation mainly through changing the
microstructure of the composite material, which are reflected in the
following aspects [286-288]: (i) The orowan reinforcement by
small-sized hard particles (nano-size) leads to a bypassing mechanism of
the dislocations passing through the particles, which increases the
resistance of the dislocation motion and creates unfavorable conditions
for crack propagation. (ii) When the crack expansion encounters grain
boundaries, only when the cyclic stress continues to act to cause new
tiny cracks on the grain boundaries and make the original cracks
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continue to expand, but particles acted on the grain refinement brings
more grain boundaries, which leads to frequent stagnation in the crack
expansion process in the composite material to improve the fatigue
resistance. (iii) The difference in roughness between the matrix and the
reinforcement leads to crack closure, which also attenuates the rate of
crack expansion and prevents premature material failure.

Numerous studies have also illustrated that the presence of particles
mainly slows down the rate of crack propagation to achieve an
improvement in fatigue resistance, for example, Alalkawi Hussain et al.
[289] added 10 wt% Al,Os3 particles to 6061 and it was found that the
presence of particles acted as a buffer barrier to crack propagation to
some extent and hence improved the fatigue strength as well as fatigue
life. As shown in Fig. 19(a) [290], the fatigue strength (cgs) showed a
certain positive correlation trend with the tensile strength (ors) ac-
cording to the defined correlation trend between o5s and ors [291]:

= ®)
oTs

They found that the increase in the content of multi-walled carbon
nanotubes (MWCNTs) led to an increase in m, suggesting that the
addition of MWCNTs brings about a positive correlation trend of greater
strength and an increase in the content of MWCNTSs leads to higher fa-
tigue strength (Fig. 19(b)). This is because the existence of pull-out
MWCNTs at the crack, like a bridge, shares the cyclic load that causes
crack extension to a certain extent, causing a certain resistance to the
further development of the crack (Fig. 19(c)), and the increase of
MWCNTs exacerbates this resistance to obtain a higher fatigue life.
Zhang et al. [256] prepared ZrBy/AA6111 composites by in-situ syn-
thesis, they found that the fatigue resistance of the composites is better
than the basic alloys, so the composites withstand more stresses under
the same cyclic stress. The fracture analysis results indicated that the
fatigue fracture of the composite is rougher with dense tearing edges,
and the rounded shape of the particles can effectively prevent the crack
initiation caused by the tip stress concentration, as shown in Fig. 19(d).
However, it is observed from the statistical S-N diagrams for different
contents of ZrB, shown in Fig. 19(e) that the increase in the content of
particles did not positively correlate with the strengthening of fatigue
resistance, the same result was found from the report of Mamoon et al.
[292], this may be due to the weakening of the grain refinement effect
caused by excessive particle content as mentioned in Chapter 4, so that
the number of grain boundaries encountered in the process of crack
growth is reduced. Another explanation can be explained by the
particle-enriched band, the particle-enriched band will have a tendency
to widen as particle content increases, and it has been shown in that
when the width of the particle-enriched band is too high (>10 pm), there
will be a lot of the second phase inside and the fracture of the second
phase accelerates the crack extension, which will ultimately show that
the reinforcing body promotes the crack extension more than mitigates
the effect, as shown in Fig. 19(f, g) [280].

Generally speaking, fine particles are more effective in improving the
microstructure, which results in the improvement in the fatigue strength
and tensile properties of the composite material after particle rein-
forcement. The reduction in the size of the reinforcement reduces the
damage of the material at a given stress, increases the stress of fracture
of the alloys during cycling, and improves the high circumferential fa-
tigue properties dominated by crack initiation, as shown in Fig. 20(a and
b). Chen et al. [284] found that smaller particles exhibited fatigue
strength similar to that of the substrate, while oversized particles
exhibited a significant reduction in fatigue strength. This is closely
related to the crack extension mode and budding. At lower applied stress
(130 MPa), the increase in particle size effectively attenuates the small
crack extension rate, but at higher stress (145 MPa), particles with larger
diameter will accumulate more cracks at the particle and expand them
simultaneously, leading to a sharp increase in the crack expansion rate
(da/dN) (Fig. 20(c)), and Fig. 20(d) also demonstrates that the crack
extension process also results in the fragmentation of large particles,
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Fig. 19. (a) Relationship between fatigue strength and tensile strength of different composites, (b) statistical plots of the number of cycles of different composites at
different stresses, (c) fatigue fracture surfaces of MWCNT-reinforced aluminum alloys and their mechanism of action [290]; (d) SEM photographs of the crack
sprouting zone, (e) S-N curves of composites with different ZrB, contents after T6 treatment [256]; (f) the possibility of a second phase in particle-enriched zones of
different widths, (g) the role of particle-enriched zones of different widths on crack propagation [280].

generating a new source of crack sprouting. Based on that study,
Uematsu et al. [293] investigated the fatigue behavior of SiC aluminum
matrix composites with different dimensions at different temperatures
and the result showed that the fatigue resistance of the
particle-reinforced material at high temperatures decreased (Fig. 20(e)).
Fig. 20(f) reveals the causes of fatigue ageing crack production under
different particle sizes and temperatures conditions. The composites
with a particle size of 5 pm are almost always cracked at the test tem-
perature due to cracking of the matrix caused by cyclic stress, while the
composites with particle size of 20 pm and 60 pm will be cracked at
150 °C and 250 °C, respectively, which are due to particle fracture
caused by cracking and the particles and matrix interface bonding fail-
ure that becomes a crack sprouting point. The loss of matrix softening
strength at high temperatures can easily cause large plastic deformation
at the tip of the emerging cracks, specifically the rapid growth of cracks
and the poor fatigue strength at high temperatures, and the

1891

improvement of reinforced particles on the fatigue performance of the
material appears to be unsatisfactory, and even can lead to a reduction
in the fatigue life. The crack extension can not be effectively inhibited by
the addition of particles due to the matrix softening and the extension of
the enhanced particle-matrix interface at high temperatures. Similar
studies have shown [294] that the composites reinforced with a mixture
of nano-sized and micron-sized Aly,O3 exhibit a higher fatigue life and
fatigue strength than that of the composites reinforced with only micron
particles. This is due to the fact that the presence of nano-sized particles
leads to stronger reinforced interfaces that are less prone to cracking of
the matrix interface or particles, while the denser entanglement of dis-
locations caused by the nanoparticles induces a superior strengthening
effect. This suggests that finer sized particles provide a better rein-
forcement effect, while single nanoparticles that are prone to agglom-
eration, especially at high levels, which not only reduces the density of
particles dispersed in the matrix, but also results in larger aggregates
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Fig. 20. (a) Comparison of fatigue properties of different metal matrix composites [297]; (b) S-N curves of SiC/Al composites of different sizes, (c) crack extension
rate under different stress conditions and (d) crack extension in particle reinforced materials [284]; (e) S-N curves of different composites at different temperatures
and (f) SEM images of crack initiation points [293] (g) comparison of fatigue resistance of composites reinforced by nano-sized and micrometre-sized hybrid particles

and micrometre-sized particles [294].

that can cause stress concentrations and crack propagation [295,296].
Table 5 gives the fatigue properties of different aluminum alloys, and we
can speculate that the selection of the size of reinforcement particles and
the control of the appropriate content range are beneficial to the
improvement in the fatigue properties.

6. Summary and outlook

This paper reviews the use of microalloying and the addition of
reinforcing particles for the development of high-strength and fatigue-
resistant aluminum alloys used in new energy vehicles to replace the
conventional steel to achieve lightweight design of new energy vehicles,
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and focus on the effects of the content of some elements, types of rein-
forcing particles, sizes, contents, morphology and coupling effects of
some of the particles on the properties of aluminum alloys as well as the
corresponding mechanisms. It is revealed that alloying elements play an
important role in the formation of the precipitated phases. Composi-
tional changes not only change the content, distribution and even
morphology of the original precipitated phases in the Al-Mg-Si alloy (8’
phase, Al(FeMn)Si phase, etc.), but also generate new precipitated
phases, which will have an outstanding effect on the improvement of the
properties of alloys in various aspects (mechanical properties, corrosion
resistance, and processing and forming properties, etc.). However, the
excessive addition of alloy elements will not only cause the coarsening of
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Table 5

A summary of fatigue properties of various aluminum alloys.
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Matrix Particle type Particle size Frequency (Hz) Tensile temperature (°C) Fatigue strength/limit (MPa) Cycles endured
AA6061 [289] Unmanipulated - - - 80 1.3 x 10°

10 wt% Al,O3 50 nm - - 80 2.2 x 10°
AA6111 [256] Unmanipulated - 20 20-25 97 107

2 vol% ZrB, 5-60 nm 20 20-25 125 107

3 vol% ZrB, 5-60 nm 20 20-25 110 107
AA6063 [257] Unmanipulated - 23.34 - 103 4.2 x 10*

7 wt% TiO, 40 nm 23.34 - 103 5x 10*
AA6061 [292] Unmanipulated - - - 60 4 x 10°

2 wt% SiC 10 nm - - 60 6.3 x 10°

2.5 wt% SiC 10 nm - - 60 4.2 x 10°
AA2024 [284] Unmanipulated - 10 Room temperature 115 107

10 wt% SiC 5 pm 10 Room temperature 115 107

10 wt% SiC 60 pm 10 Room temperature 95 107
AA2024 [293] 10 wt% SiC 5 pm 10 150 130 10°

10 wt% SiC 5 pm 10 250 75 10°

10 wt% SiC 60 pm 10 250 40 10°
AA2124 [297] 25 vol% SiC 3 pm 20 - 448 107
AA2024 [290] Unmanipulated - 5 20-25 200 107

3 vol% MWCNT 20 nm 5 20-25 350 107

4 vol% MWCNT 20 nm 5 20-25 550 107
AA7034 [298] 15 vol% SiC 20 pm 5 120 350 10°
A359 [299] 20 vol% SiC 17 pm 5 - 130 10°
Al-Si-10Mg [300] 0.1 wt% boron nitride nanosheet 30-50 nm 15 Room temperature 60 10°

the precipitated phases, but also aggravate the generation of some
harmful phases (such as sharp slate-like Al-Si—Ce precipitates), and even
reduce the B’ phases due to the competition between the various types of
precipitated phases in the process of precipitation, which will deterio-
rate the performance of the alloy and is harmful to alloy processing and
forming. These issues can make it difficult for the alloys to meet the
requirements of plates and profiles used in new energy vehicles. More-
over, it is shown that the addition of nanoparticles to aluminum alloys
exhibits a remarkable enhancement of the mechanical properties by
improving the microstructure. Particles not only refine the microstruc-
ture and homogenize the composition to prevent the detrimental effects
of segregation, but also act as fine precipitation phases to induce orowan
strengthening. Furthermore, the introduction of different particles of
mixed size will integrate the benefits of coarse particles and fine parti-
cles in refining grains to show more amazing results and play a more
meritorious strengthening effect.

In order to meet the more demanding engineering requirements, the
content of elements in the alloying process should be controlled in the
appropriate range and the precipitation phases of certain elements
should be uniformly dispersed to avoid the possible hazards (especially
Fe). On the other hand, in response to the call of environmental pro-
tection and green initiatives, seeking and using alloying schemes of
renewable resources to achieve high recycling efficiency of aluminum
alloys will be one of the key research directions in the future. At present,
there is insufficient in-depth research on the processing and forming of
aluminum alloys with particles, so further investigations are needed to
fully explore the particles’ influence on the welding performance,
corrosion performance and impact resistance of aluminum alloys rein-
forced. How to achieve uniform dispersion of particles, develop more
efficient reinforcing particles, and take advantage of the coupling be-
tween different particles (type and size) to achieve the best reinforcing
effect are the key to the development of materials for new energy ve-
hicles. In the future, combining the advantages of both particles and
alloying to achieve full-cycle control of aluminum alloys and the thin-
walled lightweight with large extrusion ratio, fulfill microstructure
refinement and homogenization and obtain high-strength, high-perfor-
mance, corrosion-resistant thin-walled materials or profiles under the
condition of ensuring the rigidity. In addition, developing the aluminum
alloys that are more tolerant of impurity elements to enable recycling of
aluminum alloys. These initiatives will continue to promote the progress
of lightweight material technology for new energy vehicles, play an
important role in various fields and focus on the development direction
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of environmental protection, sustainability and functionality.
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