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• A new two-step pretreatment was pro-
posed for spray formed Al alloy.

• Microstructural stability of Al alloy is en-
hanced by the new treatment.

• The strength is significantly enhanced
by the proposed approach.

• The improved microstructural stability
is related to Al3Zr particles.
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Aluminum alloys fabricated by spray forming (SF) technology are commonly followed by hot-working without
heat treatments. A new approach that is a pretreatment before hot-working is proposed in the present work.
The results show that the microstructural stability of materials processed by this new approach is improved ev-
idently,which is related to the pinning effect ondislocations and grain boundaries byAl3Zr particles induced dur-
ing pretreatment. The strength of SF Al alloy processed by this treatment can be enhanced significantly. Owing to
the combined effect of grain refinement strengthening, dislocation strengthening and precipitation strengthen-
ing, the yield strength and ultimate tensile strength can be enhanced by 171 MPa and 143 MPa, respectively.
Based on experimental characterizations and a physical-based model, the underlying mechanisms regarding
on enhancement ofmechanical properties ismainly related to the induced Al3Zr particles and the optimized pre-
cipitates by the pretreatment.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminum alloys are widely used for structure components in aero-
space applications owing to a superior combination of high strength to
density ratio, excellent mechanical properties, and fracture toughness
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[1–3]. Numerous methods are performed to enhance the strength and
ductility by refining microstructure, reducing segregation or adjusting
alloy composition, such as severe plastic deformation (e.g. equal chan-
nel angular pressing and high-pressure torsion), rapid solidification
technology (e.g. additive manufacturing, powder metallurgy and spray
forming (SF)). Among all these methods, SF can fabricate large-bulk bil-
lets by the successive deposition of atomized alloy as one of the rapid
solidification technologies, which has the advantages of fine equiaxed
grains, low segregation level and decreasing hot-cracks [4–6]. Thus, SF
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Table 1
Heat treatments and deformation processes of SF 7050 Al alloy billets.

Name Pretreatment Extrusion Solution
treatment

Aging
treatment

HH1
sample

– 400 °C 477 °C@60 min 120 °C@24 h

HH2
sample

300 °C@36 h
+ 470 °C@15 h

Z. Wang, M. Wang, Y. Li et al. Materials and Design 203 (2021) 109618
has been recognized as an attractive and useful technology for develop-
ing high strength aluminum alloys.

Numerous studies of Al alloys produced by SF technology focused on
forming mechanism of pores, alloy design, hot-deformation behavior
and the following heat treatments. For instance, Cai et al. [7] gave an
explanation of pores which formed in SF 2024 Al alloy and developed
low-pressure SF technique. Sharma et al. [6] developed a high Mn com-
position alloy and showed high strength. Jia et al. [8] investigated the
hot-deformation behavior of SF Al-Zn-Mg-Cu alloy and concluded that
the deformation activation energy of SF alloy is relatively lower than
that of the casting alloy owing to much finer microstructure, high
solid solubility and reduced segregation at grain boundary (GB). Aging
treatmentsmake a great impact onmicrostructures,mechanical proper-
ties and corrosion behaviors of SF Al alloys by changing residual solid so-
lution concentrations and distribution of GB precipitations, matrix
phases and precipitate-free zones (PFZs) [9,10]. Also, the relationship
between microstructure and mechanical property of SF Al alloys is re-
ported frequently [11–17]. Generally, their works advanced the SF tech-
nology and demonstrated that the materials processed by SF showed
good comprehensive mechanical property with homogenous micro-
structure. However, few works focused on the microstructural stability
of SF Al alloys during heat treatments and the correlative effects on
the mechanical properties.

Deformation (e.g. extrusion, rolling and forging) can further refine
grains and optimize microstructures to enhance the strength. For the
deformable and heat-treatable Al alloys, keeping the stability of grain
structures during the following heat treatments is crucial for increasing
mechanical properties of the components [18]. It is proved that addi-
tions of Zr in Al alloys can effectively improve their microstructural sta-
bility and properties by forming nano Al3Zr particles [19]. The improved
microstructural stability is attributed to the effects of particles on re-
crystallization and grain growth since they can effectively pin disloca-
tions and GBs at elevated temperatures during hot deformation and
solution treatments [20,21,22]. Moreover, the precipitation of Al3Zr re-
quires long-time annealing at high temperature due to slow diffusion
rate of Zr element [23]. In ingot metallurgy (IM) alloy, homogenization
treatment is often needed before deformation to reduce micro-
segregation and induce precipitation of the particles [24,25]. In SF Al al-
loys, homogenousmicrostructureswith low segregation and fine grains
were reported repeatedly [8,11,16,17,26,27]. The long-time annealing
may break the refined microstructures [5,28]. Attributing to these
facts, it is generally accepted that it should be better to deform directly
from the SF Al alloy billets [5]. Thus, few works focused on the heat
treatment for as-deposited billets. However, the precipitation of Al3Zr
particles should be strongly limited by conventional process (direct de-
formation after SF) of SF Al alloys with Zr addition, which can affect the
microstructural evolution and mechanical properties. Recently, studies
have reported the coarse grains of as-solutionized samples under con-
ventional process [29,30]. Therefore, a pretreatment before hot defor-
mation may be better for optimizing the microstructures of SF
material by inducing the precipitation of dispersoids.

In this study,we aim to explore themicrostructural stability andme-
chanical properties in the case of SF Al-Zn-Mg-Cu-Zr alloy. Before hot-
extrusion, a pretreatment was added to improve the microstructural
stability. The effect of pretreatment on the grain size and texture evolu-
tions of SF Al-Zn-Mg-Cu-Zr alloy during heat treatment was investi-
gated. Finally, the correlative strengthening mechanisms of the
pretreated SF Al-Zn-Mg-Cu-Zr alloy were discussed.

2. Experimental details

2.1. Materials

The SF Al alloy billets were prepared in an environmental chamber.
Before the SF process, the pure Al, Zn, Mg, Al–Cu andAl–Zrmaster alloys
were fully melted to be atomized by nitrogen gas at 993–1073 K. The
2

distance of the atomizing deposition was kept constant at 650 mm.
The typical round billets (Diameter, 360mm;Height, 500mm)were de-
posited for the experiment. The composition of as-deposited 7050 Al
alloy is Al-6.52Zn-2.53 Mg-2.39Cu-0.12Zr (wt%).

2.2. Extrusion and heat treatments

There are two sets of heat treatments and deformation processes
performing on the SF 7050 Al alloy billet in this work (Table 1). For
the HH1 sample, the cylindrical specimens with a diameter of 40 mm
were cut from SF billets and then directly extruded at 400 °C using an
extrusion ratio of 16:1 with the extrusion speed of 0.8 mm/s. After hot
extrusion, the diameter of extruded rod was 10 mm (as-extruded
state). Afterwards, the as-extruded billet was solution treated at
477 °C for 60 min (477 °C@60 min) and quenched into water (as-
solutionized state). Then, the aging treatment was performed at
120 °C for 24 h (120 °C@24 h) in order to achieve the peak aging (T6
state).

For the HH2 sample, the SF billet was cut into cylindrical specimens
with a diameter of 40 mm and the specimens were heated by 300 °C@
36 h and 470 °C@15 h with a heating rate of 100 °C/h from 300 °C to
470 °C, followed by quenching in water to avoid uncontrolled precipita-
tion. This process is called as pretreatment and the benefit of this treat-
ment should be discussed in the later part. Furthermore, the hot
extrusion, solution and aging treatments were processed in the same
manner with the HH1 sample.

2.3. Microstructural characterizations and tensile tests

The polarized light metallography was used to observe grain mor-
phologies. The samples were polished and anodic coated by (3vol.%
HBF4 + 97vol.%H2O) at 25 V. The X-ray diffraction (XRD) analyses
were performed using a D8 ADVANCE DAVINCI X-ray diffractometer
with Cu Kα radiation and the scan speed was 2°/min. Microstructures
were examined by scanning electron microscopy (SEM, TESCAN
MIRA3) equipped with energy dispersive spectroscopy (EDS). Electron
backscattered diffraction (EBSD) was conducted on the SEM to charac-
terize the grains and grain boundaries (GBs). The step-size and acceler-
ating voltage were 0.3 μm and 20 kV, respectively. The EBSD date was
analyzed using the commercial software HKL CHANNEL 5. The GBs
with the misorientation angles larger than 15° were defined as high
angle grain boundaries (HAGBs, black lines), while those in 2°–15°
were defined as low angle grain boundaries (LAGBs, gray lines) in the
EBSD maps. The GBs with misorientation angles lower than 2° were
not studied. The samples for transmission electron microscopy were
prepared from 80 μm to 100 μm thick foils using a twin-jet electro-
polishing system, and a (30% nitric acid +70% methanol) solution
cooled to−30 °C and operated at 20 V. The TEManalyseswere operated
in the JEOL 2100F and Talos F200X at 200 kV. The mean radius, number
density and volume fraction of the precipitates were quantified by
image analysis of digitized TEM images. More than 200 particles were
measured for each sample. The round specimens were used for tensile
test, the gauge length five times the diameter. The tensile testing was
carried out on a Zwick/Roell machine at a strain rate of 10−4 s−1 at
room temperature according to ASTM E8/E8M-15a [31].
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3. Results

3.1. Microstructure evolution during pretreatment

Fig.1 exhibits the backscattered electron (BSE) micrographs of both
HH1 (Fig. 1a–b) and HH2 (Fig. 1c–d) samples before hot extrusion. For
the HH1 sample, the fine equiaxed grains with the average size (dav)
of ~36 μm (Fig. 1a), which is distinguished from the dendrite structures
of the reported as-cast 7050 alloy (dav = ~100 μm) [32]. The fine
equiaxed grains of the HH1 sample are mainly due to two aspects
[5,31]: (1) higher solidification rate during the flight process between
atomizer and substrate; (2) hitting interaction between the sprayed
droplets and top semi-solid layer.

Fig. 1b shows two types of secondary phases with distinct origins.
The first type is the coarse phases formed at GBs during the solidifica-
tion process caused by the segregation of alloying elements [12]. Quan-
titative metallographic analysis indicates a value ~2% in area for this
type of segregation, which is a very low value in comparison with the
conventional as-cast 7050 Al alloy (~7%) [33]. Thus, the element
Fig. 1. Microstructures of samples before hot extrusion: (a) BSE micrograph of HH1, (b) en
(d) enlarged area at higher magnitude in (c) and corresponding element mappings; (e) XRD r
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segregation of SF billet is less severe than the as-cast 7050 Al alloy.
The second type is formed inside grains during the billet cooling. The
XRD result (Fig. 1e) confirms that secondary phases should be MgZn2

phases, and the corresponding element mapping images present both
two types of secondary phases containing Mg, Zn, Cu elements. Thus,
secondary phases can be regarded as Mg(Zn,Cu,Al)2 due to Cu solutes
dissolved into MgZn2 phases [34]. Besides, few pores are observed,
which are commonly formed in SF metals due to shrinkage for rapid
cooling rate and suction for cooling gas [7].

For HH2 sample (Fig. 1c), many secondary phases are dissolved into
thematrix after the pretreatment. A few undissolved intermetallics rich
in Cu, Mg and/or Cu, Fe elements are observed (Fig. 1d), which are hard
to be dissolved at the pretreatment temperature and frequently found
in Al-Zn-Cu-Mg alloys [11].

3.2. Microstructure evolution during solution treatment

Fig. 2a and b exhibit the SEMmicrographs of both as-extruded HH1
and HH2 samples, respectively. In both samples, most pores are
larged area in (a) and corresponding element mappings; (c) BSE micrograph of HH2,
esults of HH1 and HH2.



Table 2
Chemical compositions (at.%) of the secondary phases in as-extruded samples.

Sample Element Al Zn Mg Cu Fe Zr

HH1 A 58.37 18.09 14.88 8.61 0.01
B 45.07 21.80 21.62 11.02 0.01

HH2 C 50.24 2.22 23.84 23.65 – 0.01
D 65.49 1.88 15.57 16.92 0.09 –
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eliminated by the hot extrusion,which is efficient to reduce the porosity
of billet [13]. For HH1 sample (Fig. 2a), the secondary phases either
formed inside grains or at GBs are aligned along the extrusion direction
(ED) and some coarse phases are broken into fragments. The corre-
sponding EDS results are listed in Table 2, and the secondary phases
can be identified as Mg(Zn,Cu,Al)2. This result is agreed with the micro-
structure of HH1 sample before hot extrusion (Fig. 1b and e). It suggests
that these phases are generated during spray forming process. For HH2
sample (Fig. 2b), a number of coarse phases are aligned along ED. The
number of coarse phases in the as-extruded HH2 sample is much less
theHH1 sample and only few S(Al2CuMg) phases can be found. Besides,
a number of small precipitates can generate during hot extrusion in
HH2 sample.

Fig. 2c and ddisplay the EBSDmaps of the as-extrudedHH1 andHH2
sample, respectively. Both HH1 and HH2 sample show the typical 〈001〉
and 〈111〉 fiber textures along ED, in accordance with the results of ex-
truded Al alloys [14,30]. The recrystallized fraction of as-extruded HH1
and as-extruded HH2 samples is 11.4% and 4.6%. It suggests that
Fig. 2. BSEmicrograph of as-extruded (a) HH1 and (b) HH2 sample, EBSDmapswith IPF color c
60 min) (e) HH1 and (f) HH2 sample.

4

dynamic recrystallization occurs during hot extrusion in both as-
extruded samples. After solution treatment, the recrystallized fraction
of as-solutionized HH1 (Fig. 2e) and HH2 (Fig. 2f) samples is 95.1%
and 12.4%. For the HH1 sample (Fig. 2e), it is found that the fiber tex-
tures have disappeared after solution treatment. The static recrystalliza-
tion occurs in HH1 sample during solution treatment and the grains
become more equiaxial with larger size. However, for the as-
solutionized HH2 sample (Fig. 2f), the <001> and<111> fiber textures
are still clearly observed. Both the grain morphologies and orientations
oding of as-extruded (c) HH1 and (d) HH2 sample; EBSDmaps of as-solutionized (477 °C@
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of as-solutionized HH2 sample exhibit almost the same features with
the as-extruded one. It indicates that the static recrystallization behav-
ior of HH2 sample should be strongly impeded during solution treat-
ment (477 °C@60 min).

Fig. 3 exhibits the grain size distribution and aspect ratio of two sam-
ples. For the as-extruded HH1 sample (Fig. 3a), the average grain size
(dav) is ~8.9 μmand the average grain aspect ratio (Aav) is ~4.0. After so-
lution treatment, dav is ~85.9 μm and Aav is ~2.5. Clearly, the value of dav
is increased by ~865% and the value of Aav is decreased by ~37.5%. For
the as-extruded HH2 sample (Fig. 3b), dav is ~11.4 μm and Aav is ~4.0.
After solution treatment, dav is ~12.0 μm and Aav is ~3.9. Notably, both
the grain size and aspect ratio of HH2 sample are not obviously changed
after 477 °C@60 min, showing excellent microstructural stability.

Comparatively, two as-extruded samples show little difference in
the average grain size and grain aspect ratio. Importantly, the change
of dav and Aav suggest that not only static recrystallization but also
grain growth occur in HH1 sample during solution treatment. In short,
the microstructures of HH2 sample present much better stability in
comparison with the HH1 sample during solution treatment.

3.3. Microstructure of both HH1 and HH2 samples after aging treatment

Fig.4 displays the cross-sectional EBSD maps of the extrusion rods.
The dav of HH1-T6 and HH2-T6 sample in the cross-sections is 37.4 μm
and 6.3 μm, respectively. Besides, the insets are the corresponding
maps of Taylor factor analyzed by CHANNEL 5. The average Taylor factor
(M) of HH1-T6 and HH2-T6 samples are 2.901 and 3.252, respectively.
Fig. 3. Grain size distribution and grain aspect ratio under different conditions: (a) as-extrud
60 min), (d) as-solutionized HH2 sample (477 °C@60 min).
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The variations of dislocations densities for both two samples aremea-
sured by XRD patterns (Fig. 5). The full-width at half-maximum
(FWHM) of the peaks is obtained by deducting the instrumental broad-
ening. There are mainly two reasons for the narrowing of Al peaks in the
alloys [35], which are grain refinement and dislocationsmultiplication or
annihilation. Therefore, the variations of the FWHMmainly demonstrate
the change of dislocation densities. Dislocation densities can be esti-
mated from peak broadening using the Williamson-Hall method [36]:

B cos θ ¼ 2ε sin θþ λ
d

ð1aÞ

ρ ¼ ε
ffiffiffi
3

p

db sin θ
ð1bÞ

where ρ is dislocation density, b is Burgers vector, d is average grain size,
B is the FWHMof diffraction peak, λ is thewavelength of CuKα radiation
(1.54 Å), θ is the Bragg angle. The dislocation density measured in the
HH1-T6 sample is 8.3 × 1012 m−2, while it is 7.5 × 1013 m−2 in the
HH2-T6 sample. The HH2-T6 sample has much higher dislocation den-
sity than the HH1-T6 sample.

Fig. 6 exhibits the bright-field (BF) TEM images of HH1-T6 sample
and HH2-T6 sample. Obviously, the equilibrium phase η (MgZn2) and
the matrix precipitates could be visualized directly on the TEM images.
The η phases are distributed selectively on the GBs (Fig. 6a-b), where
the nucleus for pre-precipitations is served under aging treatment. Fine
and uniform precipitates are distributed within the grain under T6 treat-
ment (Fig. 6c-d). And the width of PFZs of two samples is different. The
ed HH1 sample, (b) as-extruded HH2 sample, (c) as-solutionized HH1 sample (477 °C@



Fig. 4. Cross-sectional EBSD maps of extrusion rods: (a) HH1-T6, (b) HH2-T6. The insets are corresponding maps of Taylor factor analyzed by CHANNEL5.

Fig. 5. XRD patterns of the SF 7050 Al alloys after aging treatment, the broadening peaks
suggesting the higher dislocation density in HH2-T6 sample.
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width of PFZ is ~25.2 nm for HH1-T6 sample, while no obvious PFZ is ob-
served in HH2-T6 sample. Fig. 6e displays the high-resolution transmis-
sion electron micrograph (HRTEM) image of HH2-T6 sample which is
obtained along the [110]Al zone axis in Al matrix. The FFT diffractogram
(Fig. 6f) is consistent with the simulated diffractograms derived from
the orientation relationships of η' precipitates with respect to the Al ma-

trix: (0001)η'//(111)Al, 1010
h i

η0
//[110]Al. This result is in agreement

with Chung'swork [37]. Besides, plate-like GPII zone (3–5 nm) is also ob-
served in HRTEM and the zone forms on the {111}Al habit plane. Fig. 6g
shows the precipitate size distribution for the aged alloys. The mean di-
ameters of precipitates (including GPII zones and η' phases) are 5.3 nm
and 4.8 nm for HH1-T6 and HH2-T6 sample. The precipitate size in
HH2-T6 sample is smaller than the HH1-T6 sample.

3.4. Mechanical properties of both HH1 and HH2 samples

Table 3 shows themechanical properties of the SF 7050 Al alloys and
Fig. 7a shows the engineering stress-strain curves of HH1 andHH2 sam-
ples. Notably, pretreatment can effectively improve the yield strength
(YS) and ultimate tensile strength (UTS) of the studied SF alloys. In as-
solutionized samples, the YS and UTS are enhanced by ~90 MPa
and ~114 MPa, respectively. Similarly, after aging treatment (120 °C@
24 h), the YS and UTS of HH2 sample are also higher than those of
HH1 sample. It proves that the pretreatment enhances the YS and UTS
by ~171MPa and ~143MPa for T6 samples, respectively. Fig. 7b presents
6

the summaries of tensile properties of reported Al-Zn-Mg-Cu alloys
after aging treatments [10,12,13,16,38–50]. Apparently, the strength of
the SF 7050 Al alloy with pretreatment (HH2 sample) in our work is
muchhigher than the alloywithout pretreatment (HH1 sample) and re-
ported Al-Zn-Mg-Cu alloys.

4. Discussion

Unlike the previous studies of SF Al alloys, a pretreatment of SF 7050
Al alloy was performed before hot extrusion in this study. The experi-
mental results have shown that the proposed pretreatment can greatly
prevent grain growth of SF 7050Al alloy (HH2) in comparisonwith con-
ventional SF process (HH1 sample), and hence the strength is signifi-
cantly enhanced. The dominant mechanisms of microstructural
stability and the correlative strengthening mechanism are discussed
as follows.

4.1. Effect of pretreatment on microstructural stability

Fig. 8 shows the microstructure evolution of both HH1 and HH2
samples after different solution treatment time. For the HH1 sample
(Fig. 8a–c), the grain size has increased dramatically after 477 °C@
6 min due to recrystallization (Fig. 8b). With duration time increasing,
the grain growth is not clearly observed (Fig. 8c). It suggests that the
grain growth has dramatically occurred within 6 min and then grain
size becomes relatively stable. Furthermore, the static recrystallization
has occurred in less than 6 min. However, for the HH2 sample
(Fig. 8d–f), the grain growth is not clearly found when the solution
treatment time is increased from 6min to 60min. It exhibits the similar
microstructures with the as-extruded state. The excellent microstruc-
tural stability of the HH2 sample should be attributed to the pretreat-
ment before extrusion.

Microstructure evolutions at elevated temperature during solution
treatment are closely related to the mobility of GBs and dislocations.
In Fig. 9a, TEM image shows a great number of dislocations in as-
extruded HH1 sample because of the plastic deformation by extrusion.
After annealing at 477 °C@6 min (Fig. 9b), dislocations are significantly
reduced. After annealing at 477 °C@60 min (Fig. 9c), few dislocations
can be observed. Apparently, it is suggested that the dislocation rear-
rangement and annihilation have occurred in HH1 sample during solu-
tion treatment. However, the higher density of dislocations is found
after solution treatments (Fig. 9d-h). In addition, a great number of
η (MgZn2) precipitates in as-extruded HH2 sample are confirmed by
EDS analyses in STEM model (Fig. 9g and h), which are also detected
by SEM (Fig. 2b, Fig. 9d). The coarse precipitates can pin dislocations
during extrusion (Fig. 9g), leading to the increase in dislocations in the
as-extruded HH2 sample. After annealing at 477 °C@6 min (Fig. 9e),



Fig. 6. TEM images showing themorphology of precipitates in 7050-T6 alloys: bright-field (BF) images of (a) HH1 and (b) HH2 sample, showing PFZ at GB; BF images showing uniformly
distributed precipitates in (c)HH1 and (d)HH2 sample; (e) HRTEM image and (f) corresponding FFT and IFFT patterns, the orientation relationships of η' precipitateswith respect to theAl

matrix can be illustrated as follows: (0001)η'//(111)Al and 1010
h i

η0
//[110]Al; (g) precipitate size distribution of two samples.

Table 3
Mechanical properties of SF 7050 Al alloys under different states (YS, yield strength; UTS,
ultimate tensile strength).

Samples YS (MPa) UTS (MPa) Elongation (%)

As-deposited – 210 ± 4 1.5 ± 0.4
As-solutionized HH1 263 ± 4 474 ± 5 33 ± 2.2
As-solutionized HH2 353 ± 6 588 ± 2 12 ± 1.0
HH1-T6 512 ± 6 602 ± 5 16 ± 2.1
HH2-T6 683 ± 5 745 ± 8 10 ± 1.9

Fig. 7. (a) Engineering stress-strain curves of HH1 and HH2 sample at different states, (b) comp
alloys. (IM: Ingot metallurgy; PM: Powder metallurgy; SF: Spray forming).
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most of the precipitates have been dissolved into matrix, the disloca-
tions are reduced. It suggests that η phases have no great contribution
to the improvement of stability of dislocation since they are dissolved
rapidly. After annealing at 477 °C@60 min (Fig. 9f), a large number of
dislocations are pinned by small spherical particles, showing the im-
proved stability of dislocations in comparison with HH1 sample.

In Fig. 10, the small spherical particles can be identified as Al3Zr parti-
cles, whose L12 structure is ascertained by the selected area electron dif-
fraction (SAED) pattern and HRTEM image. The Al3Zr particles are
arison of tensile properties of this studied SF 7050 Al alloy with the reported Al-Zn-Mg-Cu



Fig. 8. Polarized light metallographs showing microstructure evolution samples under different states. HH1 sample: (a) as-extruded, (b) 477 °C@6min, (c) 477 °C@60 min; HH2 sample:
(a) as-extruded, (b) 477 °C@6 min, (c) 477 °C@60 min.
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coherentwith thematrixwith a diameter of ~20nm,which are helpful for
improving the pinning effect of dislocations. In comparison, the
Al3Zr particles are fewer in HH1 sample (Fig. 10a) than HH2 sample
(Fig. 10b). First, precipitation of Al3Zr particles ismainly controlled by dif-
fusion rate of Zr atoms. Secondly, the diffusion distance during annealing
at low temperature is ignored because diffusion rate is significantly
smaller. Therefore, HH2 sample is annealed at 300 °C@36 h and
470 °C@15h, the diffusion distance at 300 °C can be ignored. The diffusion
rate of Zr in Al matrix at a given temperature is calculated from [5,51,52]:

D ¼ D0 exp
−Q
RT

� �
ð2Þ

where D0 = 7.28 × 10−2 m2s−1 and Q=242 kJ/mol [25]. The diffusion
rates of Zr in Almatrix at the studied temperatures of 300 °C, 400 °C and
470 °C are 6.34 × 10−24, 1.20 × 10−20 and 7.07 × 10−19 m2s−1, respec-
tively. Thus, diffusion distance Ldd in three dimensions can be estimated
by [51,52]:

Ldd ¼
ffiffiffiffiffiffiffiffi
6Dt

p
ð3Þ

where D is diffusion rate at annealing temperature and t is annealing
time. Before solution treatment, the duration and temperature of
heating are varied. The calculated diffusion distance Ldd of HH1 and
HH2 samples are 16.1 nm and 478.6 nm, respectively. Therefore, such
small diffusion distance of Zr for HH1 samplewill be detrimental to pre-
cipitation and growth of Al3Zr, leading to lower density of Al3Zr
particles.

The GBs/sub-GBs can also be pinned by Al3Zr particles in HH2
sample, and thus increase the resistance to recrystallization
(Fig. 10b). Owing to the more Al3Zr particles in HH2 sample, the dis-
locations are more difficult to move during solution treatment,
which can impede the recovery process. Dislocation evolution and
Al3Zr particles of two samples during solution treatment are signifi-
cantly different, as illustrated in Fig. 11. For HH1 sample, some
coarse phases remained inside grain before extrusion. After hot
8

extrusion, a great number of dislocation walls dislocation lines and
dislocation tangles formed. During solution treatment, dislocations
will rearrange. Few dislocations remained inside grain in as-
solutionized HH1 sample (Fig. 11a). For HH2 sample, a high number
density of Al3Zr particles formed after pretreatment. After hot extru-
sion, a great number of dislocation structure formed. In as-
solutionized HH2 sample, a large number of dislocations remained
because of the pinning effect of Al3Zr particles on dislocations
(Fig. 11b).

Evidently, the resistance of recovery and recrystallization in HH2
should be much higher than HH1 sample because the coherent Al3Zr
particles are induced in HH2 sample by pretreatment before extrusion,
which significantly increase the microstructure stability.

4.2. Strengthening mechanisms

4.2.1. Improved yield strength by pretreatment
In comparison with the HH1 sample, the YS of HH2 sample at T6

state is increased by 171 MPa due to the pretreatment. Owing to the
same alloy composition, solution treatment and aging processes for
two samples, the difference in strengthening contribution by solution
atoms for HH1 and HH2 samples can be ignored. Hence, the enhanced
YS of HH2 sample is mainly contributed from: i) Grain refinement
strengthening; ii) Precipitation strengthening caused by Al3Zr particles
and precipitates; iii) Dislocation strengthening. In addition, the effect
of textures on strength is also considered via calculating the average
Taylor factor (M) from EBSD date.

i) Grain refinement strengthening.
It is well known that GBs are themain source of yield strength and it

can be described by the Hall-Petch relationship [53]. The increased
strength caused by grain size can be expressed as [53,54]:
Δσd ¼ kd−

1
2 ð4Þ

where d is the average grain size, k is a material-dependent constant
that represents the contribution of GB to the related strengthening
(0.12 MPa

ffiffiffiffiffi
m

p
for peak-aged Al-Zn-Mg-Cu alloy [54]). In Eq. (4), the



Fig. 9. TEM BF images showing microstructures at different states. HH1 sample: (a) as-extruded, (b) 477 °C@6min, (c) 477 °C@60 min. HH2 sample: (d) as-extruded, (e) 477 °C@6min,
(f) 477 °C@60 min; (g) STEM BF image of as-extruded HH2, (h) corresponding element mappings and line scanning.
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average grain size (d) is evaluated by the cross-sectional IPFmaps of the
extrusion rods since the cross-sections are normal to the loading stress.
As shown in Fig. 4, the d value of HH1-T6 and HH2-T6 sample is 37.4 μm
and 6.3 μm, respectively. Thus, Δσd is 19.6 MPa for HH1 and 47.8 MPa
for HH2.

ii) Precipitation strengthening caused by Al3Zr particles and
precipitates.

In comparison with HH1 sample (Fig. 10a), HH2 sample (Fig. 10b)
has a higher number density of Al3Zr particles. The augment of yield
strength via Orowan strengthening (Δσor) mechanism can be analyzed
as reported in [55]:
9

Δσor ¼ K
MGbffiffiffiffiffiffiffiffiffiffiffi
1−ν

p ln ds=bð Þ
λ

ð5Þ

where K is a constant, the value of which depends on the particle size
distribution, and ds and λ are the mean particle diameter and an effec-
tive inter-particle distance, respectively, both on the dislocation slip
planes, M is average Tylor factor, which is affected by texture, G is the
shear modulus (26.9 GPa for Al-Zn-Mg-Cu alloys [51]), b is the magni-
tude of Burgers vector (0.285 nm), ν is the Poisson's ratio of the Al
(0.33). Based on modified particle size distribution, calculated results
and experimental results, the precipitation strengthening (Δσppt) was



Fig. 10. (a) BF image in as-solutionizedHH1 sample (477 °C@60min), (b) BF image showing Al3Zr pinning at sub-GB/GB inHH2 sample (c) central darkfield image in as-solutionizedHH2
sample and inset is corresponding SAED, (d) HRTEM of Al3Zr (e) the corresponding FFT image of (d).
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estimated by applying the following Orowan equations for different
precipitates [51,54,55]:

Δσor1 ¼ 13209
4b
πdm

1
1
2

ffiffiffiffiffiffi
2π
3 f v

q
−1

h i ln
πdm
4b

� �
ð6aÞ

Δσor2 ¼ M
0:4Gb
π

ffiffiffiffiffiffiffiffiffiffiffi
1−ν

p ln 2r=bð Þ
λp

ð6bÞ
Fig. 11. Schematic showing the dislocation evolutions associated with precipitates during p

10
f v ¼
π

4 λp

r þ 1
� �2 ð6cÞ

where Δσor1 is developed to estimate the effect of Al3(Sc,Zr) particles,
dm is themeanparticle diameter and fv is the volume fraction. Therefore,
the eq. (6a) suggests that the higher YS value is obtained with larger
number density of particles. In this work, the dm and fv are 21.53 nm
and 0.34% for HH2 sample. In comparison with the HH2 sample, the
retreatment, hot-extrusion and solution treatment: (a) HH1 sample, (b) HH2 sample.
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number density and fraction volume for HH1 sample are so small that
the contribution to strengthen is neglected. The precipitation strength-
ening caused by Al3Zr particles is 79.9 MPa.

In eq. (6b) and (6c),Δσor2 is used to describe the contribution of pre-
cipitates (GP zones and η’ phases), r is themean radius of a circular cross
section in a randomplane for a spherical precipitate, r ¼ ffiffiffiffiffiffiffiffi

2=3
p

r, and r is
the mean radius of the precipitates; λp is the edge-to-edge inter-
precipitate spacing. The precipitate size distribution and r is shown in
Fig.6g, thus r is 3.25nm for HH1-T6 and2.96 nm forHH2-T6. In addition,
the mean edge-to-edge inter-precipitate spacing (λp) is 38.5 nm and
33.2 nm. Therefore, the precipitation strengthening of HH1-T6 and
HH2-T6 is 271.4 MPa and 341.7 MPa, respectively. The smaller precipi-
tates in HH2-T6 sample are mainly attributed to the more uniform dis-
locations and finer grains (Fig. 2e-f, Fig. 4a-b), which can provide more
nucleation sites of precipitateswithin grains [44,54]. As a result, the pre-
cipitation strengthening of HH2-T6 sample is enhanced by pretreat-
ment, i.e., increased by 70.3 MPa in comparison with the HH1-T6
sample.

iii) Dislocation strengthening.
Fig. 9 shows that dislocation density of HH2 sample is higher than

that of HH1 sample due to pinning effect of Al3Zr particles. The
enhanced dislocation density will cause dislocation strengthening as
follow [56]:

Δσdis ¼ αGbM
ffiffiffi
ρ

p ð7Þ

where ρ is dislocation density and α is a numerical constant (0.28 in
present work). The dislocation density of two samples is different
(8.3×1012 m−2 for HH1-T6 sample and 7.5×1013 m−2 for HH2-T6 sam-
ple). Therefore, the contribution of dislocation to strengthen is 17.9MPa
and 60.5 MPa, respectively.

Consequently, the enhanced strengthen of HH2-T6 sample is mainly
contributed by the increased precipitation strengthening of Al3Zr parti-
cles and precipitates. Both dislocation strengthening and grain refine-
ment strengthening account for ~32% in the total increment of
strength. Comparatively, the strength increment directly caused by
lifted dislocation density and refined grain size is much lower.

4.2.2. Influence of pretreatment and aging treatment on the work
hardening rate

It is observed that Al3Zr particles are induced by pretreatment and
the GP zones, η’ phases are induced by aging treatment. In this section,
the effect of pretreatment and aging treatment on the work hardening
rate (WHR) is discussed. True stress and true plastic strain behavior of
metals and alloys are described by Voce strain hardening law as [57,58]:

σ ¼ σ S− σ S−σ Ið Þ exp ε−εI
−ϵtr

� �
ð8Þ

where σS is the saturation stress, σI and εI are the true stress and true
plastic strain for constant strain rate, respectively, and εtr is a character-
istic transient strain, a parameter indicating the rate at which the stress
σ approaches its saturation values σS. The Taylor equation is the basis of
all the constitutive equation to describe the true stress-strain curve after
plastic deformation which links the total dislocation density as [58]:

bσ ¼ MαGb
ffiffiffi
ρ

p ð9Þ

Kocks andMecking present a phenomenological approach tomacro-
scopic plasticity of metals that appears very useful in describing plastic
flow under different deformations [57,58]. In Kocks-Mecking model
(K-M model), the change in dislocation density may be considered to
consist of two components [59]:
11
dρ
.

dε
¼ M k1

ffiffiffi
ρ

p
−k2ρð Þ ð10Þ

where the k1
ffiffiffi
ρ

p
represents the dislocation storage capacity such as

multiplication of mobile dislocations, k2ρ represents the dislocation re-
covery including cross-slip mechanism at low temperature and disloca-
tion climb at elevated temperature.

By combining eq. (8) and definition of WHR, the plastic stress de-
pendency of WHR can be derived in the form of [59]:

θ ¼ θ0 1−
σ
σ S

� �
ð11aÞ

θ0 ¼ 1
2
M2αGbk1 ð11bÞ

σ S ¼ MαGbk1
.

k2
ð11cÞ

where θ0 is the limit value of strain hardening rate for σ → 0. Fig. 12
shows the relationship between θ and σ in two samples. The intercept
of θ axis and slope of two samples are listed in Table. 4. For pure alumi-
num, the θ-axis intercept is assumed to equal to G/20. In the present
work, it is obvious that the initial WHR which is the intercept with θ-
axis when plastic stress is zero is higher than pure aluminum and in-
creases with the precipitation of Al3Zr. Both k1 and k2 value of as-
solutionized HH2 sample are larger than that of as-solutionized HH1
sample. The increasing storage rate and recovery rate are related to
the non-shearable Al3Zr particles, which can cause dislocation loops
and these loops may rearrange through various relaxation mechanisms
as deformation proceeds, leading to an increased global storage rate for
dislocations [60,61].

Themodified KMmodel took the additional storage of geometrically
necessary dislocations into consideration and can be expressed as [62]:

dρ=dε ¼ M k1
ffiffiffi
ρ

p
−k2ρþ 1

bL

� �
ð12Þ

The additional dislocation storage due to Al3Zr particles and precip-
itates is inverse proportional to particle spacing L. In consideration of
the additional dislocations annihilation in pairs due to the introduction
of particles, the rate of dislocation dynamic recovery can bedescribedby
k2 [63]:

k2 ¼ k02 exp −
L0
L

� �
þ kp2 1− exp −

L0
L

� �� �
ð13Þ

where the first term represents the rate of dislocation recovery without
particles, the second term shows the rate of dislocation recovery with
particles, L0 is the mean moving dislocation distance. And k2

p>>k2
0, so

the k2 increaseswith the decrease in particle spacing. Therefore, the par-
ticle spacing is decreased by the pretreatment due to more Al3Zr parti-
cles induced, thus the dislocation recovery should be promoted.

After aging treatment, the dependence of the WHR on the plastic
stress is shown in Fig. 12b. The initial WHR increases with precipitates.
Compared with the as-solutionized samples, both k1 and k2 are en-
hanced by aging treatment in two samples. However, the increment of
k1 and k2 for HH1 sample is 105% and 342% and for HH2 sample is 34%
and 188%, respectively. The increment of k2 is much larger than k1,
which are related to the coherency of GP zones and η’ phases. The co-
herent match affects the dislocation storage slightly while playing an
important role in improving dislocation recovery [63,64]. In general,
the aging treatment affect work hardening rate mainly by enhancing
dislocation recovery rate.



Fig. 12. Plastic stress (σ − σy) dependence of the work hardening rate of both HH1 and HH2 samples (a) as-solutionized state (477 °C@60 min), (b) T6 state.

Table 4
Calculating results of Kocks-Mecking model in present work.

State Sample θ0 (MPa) σS (MPa) k k1 (108) k2

As-solutionized HH1 2739 269.3 −10.17 3.03 7.01
HH2 5121 237.1 −21.60 4.51 13.28

T6 HH1 5605 124.8 −44.91 6.21 30.96
HH2 6884 110.6 −62.22 6.06 38.27

Fig. 13. SEM images showing the tensile fractures of the SF 7050
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4.2.3. Fracture surface and mechanism of two samples
Fig. 13 shows the tensile fracture surfaces of SF 7050 Al alloys after

T6 treatment. Fine dimples are found in both HH1-T6 and HH2-T6 sam-
ples, indicating typical ductile fracture features. However, the difference
in fracture features can be observed in two samples. In comparison, the
fracture surface of HH1-sample is much smooth compared to HH2-
T6 sample. Importantly, dimples in the fracture surface of HH1 sample
are more than the HH2 one (Fig. 13a and c). The dimple size in
Al alloy: (a) and (b) HH1-T6; (c), (d), (e) and (f) HH2-T6.
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HH2-T6 sample is smaller thanHH1-T6 sample, which should be related
to more Al3Zr particles distributed in HH1-T6 sample (Fig. 10b and c).
The dispersed Al3Zr particles can promote the deformationmore homo-
geneous and enhance strengthen. With the dislocations pinning-up
around Al3Zr particles, the stress is lifted at the interfaces of the parti-
cles, leading to the formation and growth of voids around hard particles.
As shown in Fig. 13e, the dimples with embedded Al3Zr particles can be
apparently found. In addition, partial AlZnMgCu phases in 7050 Al alloy
can be transformed into S(Al2CuMg) phases during heat treatment
and the S phases are hard to be completely dissolved at solution tem-
perature [65,66]. For the HH2 sample, S phases are detected after
pretreatment, while they are rarely found in sample HH1 without pre-
treatment (Fig. 2b). In this case, the localized brittle fracture caused by
the coarse S phases occurs in HH2-T6 sample (Fig. 13f), which may ac-
celerate the damage during plastic deformation. Therefore, the ductility
of HH2-T6 sample is much lower than HH1-T6 sample, in accordance
with the results of tensile curve and work hardening behavior.

5. Conclusions

The 7050 Al alloy billets were fabricated by spray forming (SF)
method. It is found that the grain coarsening occurred during the fol-
lowing solution treatment when the billet was processed by the con-
ventional route for SF alloy. A pretreatment before hot extrusion was
proposed for the SF 7050 Al alloy. The correlative effects on microstruc-
tural stability during solution treatment and the mechanical properties
were investigated. The strengthening mechanisms correlated with the
microstructure evolution were discussed. The main conclusions are
summarized as follows:

(1) Both the as-extruded SF 7050 Al alloywith andwithout pretreat-
ment, the microstructure features are similar, showing <001>+ 〈111〉
fiber textures along extrusion direction. The average grain size of HH1
and HH2 sample is 8.9 μm and 11.4 μm, respectively. Both two samples
show the comparative grain size.

(2) For the SF 7050 Al alloy directly extruded from the SF billet (con-
ventional process), the grain growth phenomenon dramatically occurs
in the following solution treatment due to recrystallization, showing
the worse microstructural stability in SF 7050 Al alloy.

(3) For the SF 7050 Al alloy extruded after treated with a pretreat-
ment process, the microstructural stability in the following
solution treatment is greatly enhanced. The improvement of micro-
structural stability is attributed to a large number of dispersed
Al3Zr particles introduced by the pretreatment before extrusion,
which can pin dislocations, GBs and sub-GBs. In addition, the precipita-
tion during artificial aging is indirectly optimized by the pretreatment.

(4) The work hardening behavior of SF 7050 Al alloy can be
significantly affected by the pretreatment and aging treatment. The
influence of pretreatment on work hardening rate (WHR) is accom-
plished by Al3Zr particles. The effect of aging treatment on WHR is
caused by precipitation of precipitates, which enhance the dislocation
recovery rate.

(5) The strength of SF 7050 Al alloy can be enhanced significantly
by this pretreatment approach. The yield strength and ultimate
strength are enhanced from 512 MPa and 602 MPa to 683 MPa and
745 MPa, respectively. The enhancement of strength is mainly re-
lated to the induced Al3Zr particles and the optimized precipitates
by the pretreatment.
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