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Abstract: Spray forming is a manufacturing process that enables the production of high-performance
metallic materials with exceptional properties. Due to its rapid solidification nature, spray forming
can produce materials that exhibit fine, uniform, and equiaxed microstructures, with low micro-
segregation, high solubility, and excellent workability. Al-Zn-Mg-Cu alloys have been widely used in
the aerospace field due to their excellent properties, i.e., high strength, low density, and outstanding
machinability. The alloy manufactured by spray forming has a combination of better impact properties
and higher specific strength, due to its higher cooling rate, higher solute concentration, and lower
segregation. In this manuscript, the recent development of spray-formed Al-Zn-Mg-Cu alloys is
briefly reviewed. The influence of hot working, i.e., hot extrusion, hot forging, and hot rolling, as well
as different heat treatments on the property and microstructure of spray-formed Al-Zn-Mg-Cu alloys
is introduced. The second phases and their influence on the microstructure and mechanical properties
are summarized. Finally, the potential in high-temperature applications and future prospects of
spray-formed aluminum alloys are discussed.
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1. Introduction

Al-Zn-Mg-Cu alloys, characterized by low density and high specific strength, are
widely applied in the aerospace industry, high-speed trains, and various other engineer-
ing fields. To further enhance the overall performance of this series of alloys, extensive
investigations have been conducted [1-5], including modifications to the chemical com-
position and the adoption of new production methods. Consequently, spray forming, a
technique that has demonstrated clear advantages in producing ingots with fine grains, a
uniform structure, and minimal oxidation, was introduced to fabricate high-alloying and
high-strength aluminum alloys [6,7]. Over the recent decades, spray-formed Al-Zn-Mg-Cu
alloys have undergone successful development and have been progressively commer-
cialized [8-10]. To attain a better understanding of these alloys, an overview of their
development history, associated hot deformation behavior, heat treatment, and precipita-
tion behavior is provided in this paper. A strategy for applications at elevated temperatures
is proposed, and future development directions for these alloys are envisioned.

2. Development of Spray-Formed Al-Zn-Mg-Cu Alloy

Spray forming, also referred to as spray deposition or spray casting, is identified as
a near-net shape technique that has been developed from rapid solidification/powder
metallurgy [11-14]. In this process, the spray atomization stage and the spray deposition
stage are incorporated. The process is shown in Figure 1. Under the protection of inert
gases (typically He, Ar, or Nj), alloy melt flows out through the delivery tube by its own
gravity (tight coupling type), or falls freely from the bottom of the crucible directly by its
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own gravity (free falling type) to the atomization zone formed by the gas ejected from
the nozzle. In the atomization zone, high-pressure gas atomizes the alloy melt into fine
liquid droplets and sprays them onto the deposition plate; the droplets rapidly cool during
flight (up to 10°-107 Ks~!) [15], finally landing on the deposition plate in a semi-solidified
state, where the semi-solidified liquid droplets aggregate together, continue to cool, and
eventually solidify to form the deposited blank. Materials produced by this process exhibit
fine, uniform, and equiaxed microstructures, with low micro-segregation, high solubility,
and excellent workability, which result from the fine and uniform microstructures [16-22].
While in traditional casting processes, different cooling conditions of the casting mold
lead to different morphologies of the ingot structure. The macrostructure of the ingot
usually consists of three crystal zones: a fine crystal zone on the outer surface, a columnar
crystal zone in the middle, and an equiaxed crystal zone in the core. The ingot structure
may also exhibit defects such as porosity and shrinkage, which have adverse effects on
the alloy properties [23]. Due to the differences in the solidification process of the alloy
melt between spray-forming and traditional casting processes, materials prepared by these
two methods show significant disparities in microstructural morphology. Compared with
ingots produced by conventional casting, those obtained from spray forming are noted
to eliminate or minimize segregation, as demonstrated in Figure 2, due to the cooling
rate being as high as 10°-107 Ks~! [15]. By the late 1980s, spray forming had begun
to be commercialized [24], and currently, many institutions and companies are actively
engaged in this field, including Sandvik Osprey Ltd., Sandviken, Sweden, Sumitomo Heavy
Industries Ltd., Tokyo, Japan, Baoshan Iron & Steel Co., Ltd., Shanghai, China, Heye Special
Steel Co., Ltd., Shijiazhuang, Hebei, China, and Jiangsu Haoran Spray Forming Alloy Co.,
Ltd., Zhenjiang, China.
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Figure 1. A schematic diagram of the spray-forming equipment used in the present study [25].
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Figure 2. Typical optical images and backscattered SEM BSE micrographs of 7055 alloy ingots: (a,c) as
deposited and (b,d) as cast [9].

Over the past decades, considerable attention has been given to improving the strength
level of Al-Zn-Mg-Cu alloys through spray forming [26-29]. In 1998, Osprey Metals Ltd.
(Sandviken, Sweden) achieved the mass production of spray-formed 7034, containing up to
11.5 wt.% Zn. After aging, the tensile strength of this alloy at room temperature reached
up to 800 MPa, and the elongation was above 8%, marking a significant improvement
over traditional casting products. Presently, this alloy is applied in the manufacture of
structural components, including connecting rod and shaft support seats for high-speed
racing engines [30]. Concurrently, spray-formed 7093 was developed at the University of
Pennsylvania with a Zn content of approximately 9.5 wt.%, achieving a tensile strength at
room temperature of up to 760 MPa and an elongation of 11% [31]. Ultimate tensile strength
and elongation at peak aging for spray-formed Al-Zn-Mg-Cu alloys are listed in Table 1,
which provides valid evidence for the fact that the spray-formed alloys have superior
strength. In China, research on spray forming was initiated in the early 1990s [32], with
entities such as Central South University, General Research Institute for Nonferrous Metals,
and Jiangsu Haoran Spray Forming Company actively participating in this field. High-
performance alloys such as 7034, 7050, 7075, and 7055 have been successfully fabricated by
spray forming. For instance, spray-formed 7055, featuring a more uniform composition
and second-phase distribution, can achieve a fracture toughness of 30.7 MPa-m'/? in the
L-T direction, potentially replacing 2A14 in helicopter hub applications to enhance stability
and safety [33]. Obvious advantages are presented by spray forming in the production
of highly alloyed Al-Zn-Mg-Cu alloys, with the ultimate tensile strength of heat-treated
Al-11.3Zn-2.4Mg-1.1Cu alloys reaching 796 MPa [34]. To date, spray forming has been
recognized as one of the best methods for preparing Al-Zn-Mg-Cu alloys, due to the
significant improvement in their mechanical properties compared to those of cast alloys, as
shown in Figure 3.
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Table 1. Mechanical properties of spray-formed Al-Zn-Mg-Cu alloys at peak aging [35-40].
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Figure 3. Mechanical properties of peak aged Al-Zn-Mg-Cu alloys prepared by spray forming and
conventional ingot metallurgy (casting) [26,27,35-50].

3. Hot Deformation of Spray-Formed Al-Zn-Mg-Cu Alloys

During the spray-forming process, droplets of Al-Zn-Mg-Cu alloys are subjected to
rapid cooling from high temperature to room temperature, resulting in potentially different
solidification outcomes for each droplet. In that case, 1-10% of pores may appear in the
deposited billet [51], which is not desirable for its direct application [52]. An overview
is provided in Figure 4 of pores detected by a 3D X-ray microscope at different positions
within the ingot. It is evident that a high density of pores is observed in the as-deposited
alloy, and the pore size varies at different positions; the edge of the billet exhibits larger
pores than the center region [53]. To achieve a more uniform microstructure and superior
performance, densification and further deformation are typically achieved through methods
such as hot extrusion, forging, and rolling [54-59].
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Figure 4. 3D perspective of pores in the as-deposited alloy: (a) center, (b) half the radius, and (c) edge
of the billet [53].
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3.1. Hot Extrusion

Hot extrusion is commonly utilized to process the spray-formed billets. During this
process, the billet is subjected to triaxial compressive stress and shear forces due to mutual
friction with the mold and varying speeds of the components [60]. As shown in Figure 5,
these combined effects lead to the compaction of pores within the billet without initiating
cracks, resulting in improved plastic deformation during hot extrusion and ultimately
a relative density of more than 98% [61-63]. Jia et al. [53] discovered that hot extrusion
significantly enhances the mechanical properties of spray-formed 7055. After a 25:1 hot
extrusion treatment, the strength of the alloy increased from 120 MPa to over 330 MPa, and
the elongation increased from less than 1% to more than 9.5%, due to the elimination of
micropores and a more homogeneous distribution of the second phases which are crushed
during the extrusion process. The significant parameters of extrusion process that influence
the densification and microstructure of spray-formed billets are the extrusion ratio and
temperature. Furthermore, the extrusion temperature impacts work hardening, dynamic
recovery, and dynamic recrystallization processes, thereby affecting the final performance
of the alloy.

Figure 5. SEM photographs of spray-formed 7055 AA following extrusion showing microstructure
(a) as deposited and (b) as hot extruded.

At different extrusion temperatures, the recrystallization behavior and mechanical
properties vary significantly during deformation, with a typical extrusion temperature
range of 350-500 °C for Al-Zn-Mg-Cu alloys [64]. Wang et al. [65] designed a two-step
extrusion process for industrial-scale spray-formed 7055 alloy. An extrusion ratio of 3.84:1
is applied in the first step to weld pores and achieve uniform structure, leading to a
tensile strength of 347 MPa. The second step employed an extrusion ratio of 8.65:1, finally
increasing the alloy’s tensile strength to 382 MPa. Wei et al. [66] studied the hot extrusion
process of spray-formed Al-Zn-Mg-Cu alloys, extrusion ratios of 7:1, 14:1, and 28:1 are
used for the densification of deposited billets. The results showed that all three extrusion
ratios could eliminate micro-porosity and achieve a relatively dense structure. However,
the as-extruded alloy’s performance varied depending on the amount of deformation, such
as the tensile strength being 250 MPa at an extrusion ratio of 7:1, and increasing to 372 MPa
at an extrusion ratio of 28:1. Consequently, suitable extrusion ratios ought to be selected
in the actual production process, based on the characteristics of different alloys and their
intended applications.

3.2. Forging

Pressure is applied to alloys through forging to induce plastic deformation, resulting
in the production of forged components with specific shapes, dimensions, and properties.
As shown in Figure 6, in the case of spray-formed alloys, porosity is commonly eliminated,
defects are reduced, and grains are further refined through hot forging, thereby enhancing
strength. Multidirectional forging at 350 °C was employed by Kishchik et al. [67] to reduce
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pore size in the spray-formed Al-4.8Mg-1.2Mn-0.1Cr alloy and to form an equiaxed grain
structure with grain sizes of approximately 6 pm in the recrystallized sheet. The effects
of square cladding forging on the density and mechanical properties of spray-formed Al-
8.5Zn-3.4Cu-1.7Mg alloy were studied by Xu et al. [68]. Following square cladding forging,
it was found that the alloy’s density exceeded 99%, with the ultimate tensile strength and
elongation increasing from 285 MPa and 4.6% in the as-deposited state to 397 MPa and 6.1%,
respectively. Subsequent to T6 heat treatment, the ultimate tensile strength was further
increased to 607 MPa, whereas the elongation slightly decreased to 5.2%. Furthermore,
forging combined with extrusion (at a ratio of 24:1) was utilized by Khan et al. [57] on the
spray-formed 7055 alloy, resulting in the refined microstructures shown in Figure 6. The
alloy’s tensile strength increased from 224 MPa in the as-deposited state to 415 MPa in the
hot deformation state, and finally reached 784 MPa in the T6 state.

ST S SR O

Figure 6. Microstructure of the Al-Zn-Cu-Mg alloy processed by (a) spray forming and (b) spray
forming followed by hot forming processes (hot forging and hot extrusion) [57].

3.3. Rolling

Rolling is identified as a key technology in forming Al-Zn-Mg-Cu alloy sheets. Through
interaction with the rolls, the billet undergoes plastic deformation [69]. The microstructural
comparison between the as-deposited and hot-rolled spray-formed alloy is illustrated in
Figure 7. The applied pressure during the rolling process refines or even eliminates pores
within the billet, resulting in the material’s densification. Moreover, grains are refined
and coarse second phases are crushed post-rolling, significantly enhancing the mechanical
properties [70]. Currently, conventional symmetric rolling and asymmetric rolling are the
processes predominantly utilized in industrial production [71,72]. The effectiveness of
rolling is primarily influenced by the rolling temperature and rolling speed. Selecting suit-
able rolling parameters allows for the control of grain growth and precipitation behavior.
The impact of various rolling temperatures on the rolling effectiveness and alloy properties
has been thoroughly investigated. Mei et al. [73] discovered that a warm rolling process at
120 °C results in a more uniform distribution of solute atoms and vacancies in an Al-7.7Zn-
2.2Mg-2.0Cu alloy, consequently leading to a more consistent precipitation distribution
during aging. Additionally, Xiang et al. [36] conducted homogenization (at 350 °C for 5h
followed by 470 °C for 24 h with a heating rate of 30 °C/h from room temperature) on the
7034 alloy, then performed warm rolling at 200 °C, followed by solution treatment and ag-
ing. This resulted in a notable improvement in mechanical properties, with a yield strength
of 868.9 MPa and an ultimate tensile strength of 878.6 MPa. Furthermore, Wang et al. [74]
observed the fragmentation of primary phases in an Al-10.8Zn-2.8Mg-1.9Cu alloy during
hot rolling at 380 °C and identified the extensive presence of two types of coherent GP
zones (spherical GPI zones and thin platelet GPII zones), leading to superior strength.



Metals 2024, 14, 451

7 of 22

Figure 7. SEM micrographs of spray-deposited Al-10.8Zn-2.8Mg-1.9Cu alloy: (a) as deposited and
(b) as hot-rolled [74].

During the hot deformation processes such as hot extrusion, forging, and hot rolling,
spray-formed aluminum alloys are inevitably subjected to localized unevenness in tem-
perature and load, leading to irregularities in microstructure and properties. For example,
the friction between the spray-formed billet and the extrusion die during hot extrusion
results in higher levels of deformation, deformation rates, and temperatures at the billet’s
surface layer compared to its central region. Similar situations are observed during the
forging and rolling processes. Concurrently, grain deformation, dynamic recrystallization,
and the evolution of second phases, typically associated with hot deformation parameters,
frequently occur. Thus, even minor differences in these parameters may significantly affect
the alloy’s microstructure and properties [75-77]. Aryshenskii et al. [78] observed that
the inhomogeneity of stress state, strain intensity, and strain rate in the deformation zone
leads to uneven microstructure and properties in alloys processed by hot deformation. This
finding has been corroborated by numerous studies. For instance, the tensile properties
of forged 7010 alloy diminish gradually from the surface to the center [61]. Similarly, the
interlayer structure, texture, tensile properties, and fracture toughness of rolled 7050 sheets
display unevenness along the thickness direction [79]. The strength of the central layer
of the hot-rolled 7055 thick plate is found to be superior to that of the surface layer [80].
Additionally, during the hot extrusion process, coarse-grained structures are prevalent
in the surface layers of 2x x x, 6xX X x, and 7x x x Al alloys, with grain sizes reaching
10 to 100 times those at the center, significantly reducing the strength, toughness, and
stress corrosion cracking (SCC) resistance [81-83]. To ensure product quality, it is common
practice to remove areas with inferior performance or discard the entire product, leading
to increased production costs [84,85]. Therefore, the inhomogeneity along the thickness
direction of the plate must be fully considered when studying the effects of heat treatment
and hot deformation on the microstructure and properties of spray-formed Al-Zn-Mg-Cu
alloys. Appropriate methods should be implemented to mitigate the unevenness caused by
hot deformation, thereby enhancing the alloy’s comprehensive properties.

4. Heat Treatment of Spray-Formed Al-Zn-Mg-Cu Alloy

The heat treatment processes have a profound influence on the microstructure of
the Al-Zn-Mg-Cu alloy, such as grain size, recrystallization, grain boundary morphol-
ogy, precipitates, and precipitate-free zones. This significantly impacts the alloy’s overall
performance [86-90]. Due to the rapid solidification characteristic of spray forming, an
enhanced solid solubility of alloying elements into the matrix is enabled, resulting in a
notably higher solute concentration compared to traditional casting alloys. Furthermore,
the diminished solute concentration gradients in the matrix, resulting from the relatively
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low level of composition segregation in spray-formed Al-Zn-Mg-Cu alloys, led to reduced
atomic diffusion, thus affecting the alloy’s microstructure and properties. Consequently, it
is imperative that an exhaustive investigation into the effects of diverse heat treatments
on the microstructure, mechanical properties, and SCC resistance of the spray-formed
Al-Zn-Mg-Cu alloy is performed [37,91].

4.1. Homogenization

Compared with traditional cast Al-Zn-Mg-Cu alloys, the microstructure of spray-
formed Al-Zn-Mg-Cu billets exhibits exceptional homogeneity and negligible composi-
tional segregation, leading some researchers to question if the homogenization of these
billets is necessary [92,93]. However, existing studies have shown that the homogeniza-
tion of spray-formed Al-Zn-Mg-Cu alloys is beneficial for promoting the precipitation
of nanoscale dispersed phases such as Al3Zr, Al3Sc, and Al;Cr, which is beneficial for
inhibiting recrystallization and improving the comprehensive performance of the alloy.
For example, Yu et al. [85] conducted an extended solution treatment (lasting for 24 h at
450 °C) on spray-formed 7055 extruded plates that had not undergone homogenization
treatment. This approach resulted in superior mechanical properties, specifically, a yield
strength of 608 MPa, a tensile strength of 667 MPa, and an elongation of 10%, respectively.
Furthermore, Xie et al. [9] found that due to the characteristics of the spray-forming process,
compared with traditional cast Al-Zn-Mg-Cu alloys, the homogenization of spray-formed
alloys will result in a more uniform distribution and smaller size of the Al3Zr dispersed
phases, which better inhibits the occurrence of recrystallization. Figure 8 shows the grain
structure after the hot extrusion of spray-formed and traditional cast 7055 aluminum alloys
after homogenization. The extruded sample of spray-formed alloys shows a recovered, but
still mainly deformed, fibrous microstructure with limited recrystallized grains as shown
in Figure 8a, while the extruded sample of casted alloy shows a mainly recrystallized mi-
crostructure in Figure 8b. This difference is definitely attributed to the different contents of
Al3Zr dispersoids formed during homogenization in the two alloys. The Al3Zr precipitates
in traditional cast alloys after homogenization have uneven distribution and larger size,
while those in spray-formed alloys after homogenization have homogeneous distribution
and much finer size.

(b)

Figure 8. SEM EBSD orientation imaging maps of extruded 7055 alloy after homogenization at
470 °C/72 h: (a) spray-formed 7055 alloy and (b) conventionally cast 7055 alloy [9].

4.2. Solution Treatment

Solution treatment involves the alloy being held for a specific duration at high-
temperature, to ensure the dissolution of the primary phase into the matrix, and then
rapidly cooled to produce a supersaturated solid solution. The primary objective of this
treatment is the elimination of the work hardening of the alloy during hot deformation and
the establishment of suitable microstructure conditions for subsequent aging treatments [94].
Typically, the probability of achieving a supersaturated solid solution is enhanced by higher
solution temperatures and faster quenching speeds. However, an excessively high solution
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temperature leads to over burning. In that case, solution treatment is generally applied to
Al-Zn-Mg-Cu alloys at approximately 470 °C. Figure 9 represents the extent of the disso-
lution of secondary phase particles in the solutionized alloy preserved for 3 h at 475 °C
and the inserted image corresponds to the extruded condition, verifying that most of the
secondary phase particles in the extruded alloy dissolved during solution treatment.

Figure 9. Optical micrograph of solutionized alloy and corresponding extruded alloy (as inserted) [37].

Notably, in spray-formed Al-Zn-Mg-Cu alloys, the high solute concentration and
low concentration gradient result in a reduced unit diffusion of solute atoms, thereby
decreasing diffusion efficiency. Consequently, an extended solution time becomes necessary
to attain favorable solution effects [37]. The diverse re-dissolution temperatures of different
second phases in Al-Zn-Mg-Cu alloys present challenges for a single solution treatment to
effectively dissolve them all. As a result, the dual-stage or multi-stage solution treatment
has been designed. By gradually increasing the solution temperature in steps, the final
solution treatment can be carried out at higher temperature while avoiding over burning,
thereby ultimately improving the solution effect.

4.3. Aging

The predominant strengthening mechanism for Al-Zn-Mg-Cu alloys, precipitation
hardening [65,95,96], is achieved through the solution treatment to form a supersatu-
rated solid solution followed by the aging process to precipitate abundant strengthened
phases [97-100]. Common aging treatments include single-stage aging (T6), double-stage
aging (T7) [101], and retrogression and re-aging (RRA) [102]. The aging temperature and
time are the crucial parameters that impact precipitation behaviors. During aging at tem-
peratures ranging from 20 to 100 °C, Guinier—Preston (GP) zones are initially precipitated
in Al-Zn-Mg-Cu alloys [103], transforming into the n’ phase with prolonged aging time.
Aging at temperatures between 120 and 170 °C primarily results in the precipitation of the
n’ phase [104], which gradually transforms into the 1 phase over extended aging periods,
while direct precipitation of the n phase [105], coarsening with increasing aging time, is led
by aging above 170 °C [106,107]. Typically, the highest strength for Al-Zn-Mg-Cu alloys is
achieved through aging at 120 °C for 24 h, known as peak aging [108].

For spray-formed Al-Zn-Mg-Cu alloys, a shorter time is required to reach peak aging
compared to traditional casting ones, which is associated with their solute element content.
Current research has indicated that the time required for the alloy to reach peak aging is
mainly influenced by the content of the alloying element Zn [109], and is related to the
driving force for precipitation. The driving force for precipitation, denoted as Ag, can be
calculated using the following formula [110]:

KT C
Ag = “Va m(a) 1)
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In Formula (1), K represents the Boltzmann constant; T stands for the thermodynamic
temperature; V,; denotes the volume of solute atoms (considered constant); ¢ represents
the molar concentration of solute in the matrix; and ceq signifies the molar concentration
of solute at equilibrium. The driving force for precipitation is determined by the solute
concentration in the alloy matrix when the aging temperature is fixed. In spray-formed
alloys, a greater influx of solute atoms into the matrix during solution treatment results
from the higher content of alloying elements, leading to a higher concentration within the
matrix, which amplifies the driving force for precipitation, thereby accelerating the time
to reach peak aging. It was observed by Tian et al. [64] that a tensile strength of 796 MPa
was achieved by the extruded plate of spray-formed 7034 after undergoing dual solution
treatment and aging. A study was conducted by Li et al. [35] on a spray-formed Al-8.15Zn-
2.46Cu-1.97Mg-0.15Fe-0.13Zr-0.04Cr alloy, which was subjected to single-stage aging (T6),
two-stage aging (T7), and non-isothermal retrogression and re-aging (NRRA) processes.
The variations in the composition of precipitation phases resulting from different aging
treatments are depicted in Figure 10. The findings revealed that outstanding comprehensive
mechanical properties were demonstrated by the alloy after NRRA treatment, with its
tensile strength approaching that of the T6 state, an elongation of 10.5%, and much better
corrosion resistance than that of the T6 state alloy.

Figure 10. TEM images of the specimens under different aging conditions: (a,d) peak-aging; (b,e) over-
aging; (c,f) NRRA [24].

5. Second Phases and Their Influence on the Recrystallization Behavior of
Spray-Formed Al-Zn-Mg-Cu Alloys

5.1. Second Phases

In spray-formed Al-Zn-Mg-Cu alloys, three main types of second phases are present:
the primary phase, dispersoids, and precipitates during aging (including intragranular and
intergranular second phases), distinguished by their formation time and size [111,112]. The
second phases in spray-formed Al-Zn-Mg-Cu alloys may differ from those in traditional
casting ones, due to the rapid solidification, high alloying, and uniform composition
without segregation characteristics attributed to the spray-forming process.
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5.1.1. Primary Phases

The primary phase is formed during the solidification of the alloy melt and is located
at grain boundaries or within grains. They are primarily composed of the main alloying ele-
ment Al and impurity elements such as Fe and Si, mainly including the S phase (Al,CuMg),
Fe-containing phase (Al;Cu,Fe), Si-containing phase, and primary coarse AlsZr, with sizes
typically varying from 0.1 to 30 um. The primary phase, being a detrimental brittle phase
for the alloy, includes certain phases capable of re-dissolving into the matrix during sub-
sequent heat treatment [87]. The spray-forming process is conducted under a protective
environment of high-pressure inert gas, which can mitigate the introduction of impurities
such as Fe and Si, thereby reducing the presence of impurity phases like the Fe-bearing
phase (Al;CuyFe) and Si-containing phase. Moreover, the solubility of alloying elements is
enhanced by the rapid solidification in the spray-forming process, consequently minimizing
the precipitation of coarse primary phases [92,113]. It is noteworthy that the absence of
the S phase (Al,CuMg) in spray-formed Al-Zn-Mg-Cu alloys is reported in some studies,
while the presence of the S phase in the spray-formed 7055 alloy has been detected by Si
and Yang et al. [114,115].

5.1.2. Precipitates during Aging

Throughout the aging process, nanophases are precipitated within grains and at
grain boundaries in Al-Zn-Mg-Cu alloys. Notably, the nano-scale strengthening phase
within grains, exhibiting coherence or semi-coherence with the matrix, serves as the pri-
mary reinforcement phase, while the corrosion resistance is influenced by grain boundary
precipitation (GBP) [116]. The typically established aging precipitation sequence for Al-
Zn-Mg-Cu alloys is as follows: supersaturated solid solution (SSS)—GP zone—n’ phase
(MgZny)—sstable 1 phase (MgZn,) [106,117-119]. The three types of precipitates in spray-
formed Al-Zn-Mg-Cu alloys are presented in Table 2. The disc-shape n’ precipitates, with
diameters typically spanning 10 to 20 nm and thicknesses generally below 5 nm, have
four variants which are shown in Figure 11. The shape of )/ appearing in TEM images
could adopt needle-like or plate-like shapes depending on the observed plane. Equilibrium
phase 1 phases are often manifested as disc-shaped structures, with diameters exceeding
50 nm and thicknesses surpassing 10 nm [120]. Furthermore, the precipitation of T phase
(Mgs2(Al, Zn)49) and T phase (Mgs2(Al Zn)y) may be led by elevated Mg content in the
alloy (Zn/Mg < 2.2 wt.%) [121,122]. The morphologies of the n’ and n phases are depicted
by transmission electron microscope (TEM) images in Figure 12, highlighting discernible
disparities in their shapes and sizes.

(a)

Figure 11. (a) Four variants of n’ precipitates marked blue (i.e., n'1 ton’4) grow on [111,123] ; habit
planes, and the observed plane via TEM is the (110); plane in green. (b) The intersections between
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four variants of n/ precipitates and the (110)5; plane of the Al matrix are sketched. (c) Along the
observation of the (110) ] zone axis, two variants of 1)/ precipitates (i.e., n'1 and n’;) are shown as
edge-on configurations, and the others (i.e., 13 and 1'4), as ellipse-like morphologies [107].

Table 2. The three types of precipitated phases of spray-formed Al-Zn-Mg-Cu alloys.

Name Sort Coherent Lattice Constant (nm) Pattern
GP(I) zone, .

GP zone GP(Il) zone Coherence Globosity
Hexagonal

1’ phase Coherence, a, = 0.496 Circular

semi-coherence n

C.nl =1.403
Hexagonal

1 phase Incoherence an ~ 0.5221 Stick circular
cn =~ 0.8567

The mechanical properties of Al-Zn-Mg-Cu alloys are significantly influenced by the
content of Zn and Mg elements [124]. Theoretically, the strength of these alloys can be
augmented by approaching theoretical limits of Zn content and maintaining an appropriate
Cu to Mg ratio; however, practical constraints arising from alloy solubility limit this pursuit.
Specifically, the development of coarse reticular second phases, leading to diminished me-
chanical performance, is often culminated by Zn content exceeding 8 wt.% in conventional
cast alloys [125,126]. Contrastingly, the solubility of alloying elements is enhanced by the
spray-forming process, thereby facilitating the precipitation of strengthening n’ phases
during subsequent heat treatment and aging processes, ultimately elevating the mechanical
properties [127,128].

Figure 12. TEM images of (a) i’ and (b) 1 [128].

5.1.3. Dispersoids

During high-temperature heat treatments such as homogenization and solution treat-
ment, dispersoids are formed within the grains, especially in alloys containing Sc, Zr, or
rare earth elements. These dispersoids, which include fine Al3Zr, Al3Sc or AlzRe, typi-
cally range in size from 0.03 to 0.5 um. Once precipitated, these dispersoids, possessing
stable structures, become challenging to re-dissolve into the matrix [129]. The presence of
these dispersoids effectively hinders dislocation movement and inhibits grain boundary
migration during hot deformation and solution treatment, thereby suppressing recrystal-
lization and grain growth. This refinement results in grain size reduction and a consequent
enhancement of the mechanical properties [88]. Due to the high cost of Sc, research has
predominantly focused on the influence of Zr on the properties of Al-Zn-Mg-Cu aluminum
alloys [130-133]. It is generally accepted that the addition of 0.05-0.15 wt.% Zr can result
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in the formation of the fine intermetallic compound Al;Zr [134]. It was noted by Xie
et al. [9] that the distribution of Zr within the grain is uneven in the as-cast 7055 alloy,
while it is uniformly distributed in the spray-formed 7055 alloy billet. This disparity results
in differences in the precipitation behavior of Al;Zr after two-stage homogenization at
350 °C/5h + 470 °C/24 h (at a heating rate of 30 °C/h). In the spray-formed 7055 alloy, a
large number of uniformly distributed, nanoscale Al3Zr particles are precipitated through-
out the entire grain, whereas in the as-cast 7055 alloy, Al;Zr particles tend to aggregate at
the center of the grain.

5.2. The Influence of the Second Phases on the Recrystallization Behavior of Spray-Formed
Al-Zn-Mg-Cu Alloy

The composition, size, shape, and quantities of second phase particles in Al-Zn-Mg-Cu
alloys are known to have varying impacts on the nucleation and growth of recrystallization,
as shown in Figure 13, consequently influencing its properties [135,136]. The existence of
fine second phase particles is conspicuously noted to induce a Zener pinning effect, effec-
tively impeding the movement of grain boundaries and dislocations, thereby suppressing
the nucleation and growth of recrystallized grains [137].

(@) ®)
! Spray forming :-(i-m-u;-» -\- Z-U(-l -('-u-?(:h-»l-'(_l Z:: El-||;l Group A n phasc 7 phase dissolved into matrix D0,
1 | Group B - 250°C@36h+470°C@24h), 1
1Group C - 420°C@36h+470°C@24h)! 200°C@36h 470°C@24h
pd —_— —_—
Pretreatment Solution treatment Ll
o Femm N (ST: 477°C@1h) -
‘5 1 Group C ; Extrusion Group B Homogeneous nucleation in matrix
- I
1
S ! | 250°C@36h 470°C@24h
gl | ' - =
£ ' ; :
(0} [ [ | o —
[t ' / | } gl on 5 phase
1| . Group C 7 phase dissolved into matrix
1
1
! | 420°C@36h 470°C@24h
! | _— _—
'
e ; . /) T
21
Time o 1 phase © ® @ LI AliZr ® DOy AliZr

Figure 13. (a) Schematic diagram of different treatments; (b) schematic showing the evolution of n
phases and heterogeneous nucleation mechanism of Al3Zr precipitates during pretreatments; and
(c) EBSD IPF maps of as-quenched spray-formed 7050 alloys after different treatments shown in
(a) [136].

The Zener pinning force (P,) is expressed using the following formula [138]:

_ 3fvvas

P, o )

In Formula (2), f; is defined as the percentage of the total volume occupied by the
second phase particles, yap represents the interfacial tension, and r is identified as the
radius of the second phase particles. When the coarse second phase particles exceed the
critical nucleation size, a significant misorientation between the second phase particles and
the surrounding matrix is noted, resulting in a high dislocation density within the region of
strong lattice distortion. This high dislocation density is observed to provide a substantial
driving force for grain boundary migration, promoting recrystallization nucleation and
accelerating the recrystallization behavior.

The critical nucleation size (d) of the second phase is calculated using the following
formula [139]:

d 2y

*3(P  Pz) v
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In Formula (3), 'y represents the grain boundary energy, Pp corresponds to the recrys-
tallization driving force associated with deformation stored energy, and Pz is the Zener
pinning force required to separate the grain boundaries from the second phase. According
to Nes et al. [140], the shape and spatial distribution of second phase particles, apart from
their size, were discovered to have a considerable impact on the Zener pinning force,
thereby strongly affecting recrystallization and grain growth. Furthermore, an extensive
EBSD analysis conducted by She et al. [141] on the influence of different types of coarse
second phases with varying Fe and Si content on recrystallization in hot deformed 7055
revealed that irregular Mg,Si and Al;CuyFe particles with aspect ratios of 3—4 induced a
severe degree of local non-uniform deformation, leading to a stronger promotion effect on
recrystallization. In contrast, rod-like Al;Cu,Fe particles with aspect ratios greater than
six were found to cause the most significant local non-uniform deformation. However,
due to their shape, local non-uniform deformation was confined within their deformation
area, resulting in less promotion effect on recrystallization compared to irregular Mg,Si
and Al;Cu,Fe particles with aspect ratios of 3—4. This suggests that the extent of local non-
uniform deformation induced by these second phases aligns with their promotion effect
on recrystallization. Thus, to refine grain size and enhance the performance of aluminum
alloys, the blunting, spheroidizing of needle-like, skeletal, and plate-like second phase
particles and their uniform dispersion are generally necessary.

5.3. The Influence of the Grain Size on the Mechanical Properties

The small secondary phase in the alloy hinders recrystallization, resulting in smaller
grain size and better grain boundary strengthening effect, leading to an increase in the
strength of the alloy. This is because the grain boundaries between differently oriented
grains can strongly hinder the motion of dislocations towards neighboring grains, causing
dislocations to accumulate at the grain boundaries and generating an interaction force with
the grain boundaries, resulting in the formation of the stress field near the grain boundaries.
At the same time, this stress field can further hinder the motion of dislocations, resulting in
a strengthening effect and improving the strength of the alloy [123]. This strengthening
effect is known as grain boundary strengthening, also known as fine grain strengthening.
The grain-boundary strengthening mechanism is usually described by the Hall-Petch
equation [142,143]:

Oy = O + kd™1/2 (4)

where 0, is the contribution of grain boundary strengthening to the strength of the alloy,
d is the average grain diameter, oy is the strength of the Al matrix and k is the Hall-
Petch slope. From the formula, it can be seen that the smaller the grain size of the alloy,
the more beneficial to the improvement of its strength. The spray-forming technique
can effectively refine the grain size of aluminum alloys, thereby greatly enhancing their
mechanical properties.

In summary, large-sized second phases found in spray-formed 7055, such as the
S phase (AL,CuMg), n phase (MgZn;), T phase (Mgs2(Al, Zn)4g), Fe-containing phase
(AlyCuyFe), and Si-containing phase, are observed to promote recrystallization and should
be minimized. Conversely, for the relatively smaller second phases that precipitate during
aging, such as the GP zone and 1/ phase, as well as the Al3Zr that precipitate during heat
treatment [144,145], it is advisable to judiciously control the heat treatment parameters to
achieve a dispersed distribution. This strategy is aimed at hindering recrystallization and
refining grain size, thereby enhancing the mechanical properties.

6. High-Temperature Performance of Spray-Formed Al-Zn-Mg-Cu Alloy

Despite the superior room temperature mechanical properties of spray-formed Al alloy
compared to the traditional casting one, more stringent high-temperature performances
have been required by the rapid development in the aerospace industry. Aluminum
alloys are prone to recovery and recrystallization owing to the relatively low melting
point and high stacking fault energy. Rapid coarsening or dissolution of phases above
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200 °C is experienced by many precipitation-hardened Al alloys, making their utilization
at temperatures exceeding 200 °C challenging. Taking the 7075 alloy as an example, its
high-temperature tensile strength at 200 °C and 300 °C is only approximately 30% and
10% of its room temperature strength, respectively [146]. The improvement of the high-
temperature performance of Al-Zn-Mg-Cu series aluminum alloys, especially in aerospace
applications, has become a focal point of research. The high-temperature performance of
the 7075-T6 alloy under different strain rates from room temperature to 450 °C was studied
by Rong et al. [147], who sought to propose an improved continuous fracture model to
describe and predict the fracture behavior of the 7075 alloy at high temperatures. It was
found by Guo et al. [148] that concurrent work hardening, dynamic recovery, and dynamic
recrystallization at 200 °C were exhibited by the hot-rolled Al-Zn-Mg-Cu alloy; below
200 °C, work hardening emerged as the primary deformation mechanism, while above
200 °C, dynamic recovery and dynamic recrystallization became the main deformation
mechanisms, and the microstructure became sensitive to the flow strain rate. A decrease in
the flow stress of 7150 during isothermal hot compression within the temperature range
of 325-425 °C and a strain rate range of 0.017! s71 was observed by Jiang et al. [149].
This decrease was correlated with elevated temperatures, increased cumulative strain, as
well as reduced strain rates and deformation. The high-temperature performance (room
temperature to 175 °C) of the forged 7085-T74 alloy was investigated by Dai et al. [150],
who discovered a transition in the fracture mode of the alloy from mixed transgranular
and intergranular fracture to a pure transgranular fracture as the temperature increased to
150 °C.

Currently, the enhancement of heat resistance is primarily achieved by forming a
high-volume fraction of thermally stable strengthening phases within the matrix, utilizing
the pinning effect of these phases on dislocations and grain boundaries to enhance the high-
temperature performance. The addition of rare earth elements or transition metal elements
(such as Sc, Er, and Zr), along with suitable aging treatments, leads to the formation of
dispersed phases (Al3Sc, Al3Zr, etc.) with outstanding thermal stability and anti-coarsening
capabilities, thus improving the alloy’s high-temperature performance [151]. It was found
by Lang et al. [152] that secondary Al3(Sc, Zr) particles formed in Al-Zn-Mg-Cu alloys
with added trace amounts of Sc hindered dislocation movement during high-temperature
deformation, effectively enhancing the high-temperature performance. Zhai et al. [153]
discovered that the formation of high-melting point Al;yCu;Sm; phases in Al-Zn-Mg-Cu-Zr
alloys with Sm addition anchored grain boundaries during high-temperature deformation,
thereby improving the high-temperature performance. Furthermore, the high-temperature
performance of Al-Zn-Mg-Cu alloys, similar in composition to the 7055 alloy but without Zr,
was studied by Han et al. [154]. Their results indicated that increasing the oxygen content
during the alloy preparation process allowed the formation of y-Al,O3, which hindered
dislocation movement and grain boundary migration, thus enhancing the high-temperature
performance.

In addition, the low solid solubility caused by traditional casting processes is com-
pensated by rapid solidification technology [155-157], which enhances the supersaturated
solid solubility of alloying elements in the aluminum matrix and promotes the formation
of thermally stable fine dispersed phases [158]. The preparation techniques commonly
used for the rapid solidification of heat-resistant aluminum alloys mainly include planar
flow casting [159], gas atomization [160], and spray forming [161]. Research on the high-
temperature (room temperature to 400 °C) tensile properties of spray-formed 7055-T6 and
7055-T74 alloys by Khan et al. [57] indicates that a maximum environmental temperature of
200 °C can be withstood by the structural components of the 7055-T6 alloy. Wang et al. [162]
found that in the spray-formed Al-8.5Fe-1.1V-1.95i heat-resistant alloy, the formation of
coarse and brittle primary silicon crystals and eutectic phases between dendrites was
inhibited due to the low solidification rate, while dispersed fine spherical Al;,(Fe, V)35i
particles with exceptional thermal stability were distributed in the matrix. Such microstruc-
ture endows the alloy with excellent room temperature and high-temperature mechanical
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properties. Therefore, one of the important approaches for developing high-strength and
high-temperature resistant Al-Zn-Mg-Cu alloys is the spray-forming technique combined
with microalloying.

7. Summary and Prospect

1. Several advantages are offered by the Al-Zn-Mg-Cu alloys produced by spray forming
rather than traditional casting, including uniform composition, fine grain size, low
internal stress, and high alloying capacity. Nevertheless, the performance of spray-
formed alloys can be negatively impacted by the presence of significant porosity.
This issue can be resolved through hot deformation processes such as hot extrusion
and forging, which refine the microstructure and reduce the porosity. Different heat
treatments like homogenization, solution treatment, and aging, can be optimized,
further enhancing the material’s properties.

2. Despite the validation of spray-formed Al-Zn-Mg-Cu alloys in some application
scenarios, the technique is still limited by a lack of material diversity and narrow
application scope. To address current challenges, both the material design and new
applications of spray-formed aluminum ought to be explored, for example, high
alloyed Al-Zn-Mg-Cu alloys, aluminum alloys for high temperature applications,
high toughness aluminum alloys, etc.

3. Inorder to develop spray-formed aluminum alloys with superior performance suit-
able for practical use, it becomes imperative to conduct comprehensive numerical
simulations and optimizations of the manufacture process. This ensures that deforma-
tion processing and heat treatment are optimized, resulting in enhanced outcomes.
Real-time monitoring and intelligent control of the spray-forming process should also
be exploited to improve the quality of spray-formed products.
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