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Abstract

The presence of the dizinc magnesium (MgZn,) phase in Al-Zn-Mg—Cu alloy significantly enhances its mechanical proper-
ties due to the high density, uniform distribution, and fine size of the MgZn, phase. While previous studies have focused on
precipitation evolution during solid solution and aging, little attention has been given to dissolution behavior. The dissolu-
tion behavior of MgZn, phase during heat treatment was studied by changing the heat treatment temperature and time in the
article. It was found to be completely dissolved at 480 °C and 490 °C/60 min. Experimental results were fitted to establish
the relationship between the volume fraction of the MgZn, phase and time at temperatures ranging from 460 to 490 °C.
Additionally, a kinetic model for dissolution process was derived based on classical particle system dissolution model and
diffusion-controlled transformation theory with adjusted parameters representing physical quantities accurately. These results
are helpful to obtain precipitates with smaller size, more quantity and better dispersion, which is of great significance for
improving the mechanical properties of the alloy.
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1 Introduction

Al-Zn—-Mg—Cu alloy is a heat treatable aluminum alloy that
has gained wide application in the aerospace, automotive, and
rail transit industries [1-3]. With advancements in aviation,
transportation, and other fields, there is a growing demand for
ultra-high-strength aluminum alloy materials with enhanced
strength, toughness, and corrosion resistance. Researchers
have made efforts to improve the overall properties of this alloy
through optimization of its composition, enhancements in the
heat treatment process, and the development of new molding
methods [4-8]. Among the treatment methods, solid solution
and aging heat treatment have received considerable attention
for effectively improving the properties of Al-Zn-Mg—Cu
alloys. During this treatment, after the alloy undergoes solu-
tion heat treatment and water quenching, a substantial number
of Zn, Mg, and Cu atoms dissolve into the matrix, forming
a supersaturated solid solution. The solute atoms and vacan-
cies create a chemical driving force that strengthens precipi-
tation during aging [9, 10]. The supersaturated solid solution
begins to decompose, forming solute atoms known as GP I
and GP II. GP (I) regions are generated through the substitu-
tion and ordering of solute atoms along the Al lattice, while
GP (II) regions are zinc-rich layers found on the {111} Al
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plane. Notably, when the alloy is quenched from a solution
temperature above 450 °C, this decomposition occurs along
the < 110> Al direction [11]. The precipitation behavior
of the Al-Zn-Mg—Cu alloy can be summarized as follows:
supersaturated solid solution (SSSS)— GP zones (GP I and
II) - n' precipitates — 1 precipitates [12]. In Al-Zn-Mg—Cu
aluminum alloy, n phase has a space group of P4;/mmc, and
its equilibrium stoichiometric composition is usually close to
MgZn,, which is called the hexagonal C,, Laves phase [13].
The precipitated phase significantly influences the properties
of the alloy. Pikee Priya et al. [14] focused on investigating
the precipitation process during post-homogenization cooling.
The researchers developed a numerical model based on the
particle size distribution (PSD) to predict the diffusion-based
nucleation, growth, and coarsening of plate-like precipitates.
Yang et al. [15] characterized the morphology of the n phase
as the primary strengthening precipitate using transmission
electron microscopy. They also analyzed the orientation and
electron diffraction pattern of the 1 precipitate through transi-
tion matrix calculations, revealing that there were only three
different zone axes in the four variants, all parallel to the [110]
Al direction of the Al matrix.

However, current research on the n phase of the
Al-Zn-Mg—Cu alloy primarily focuses on its precipitation
behavior, microstructure, orientation relationship, and impact
on alloy properties after solution aging. The dissolution behav-
ior of 1 phase in the heat treatment process has not been stud-
ied. The dissolution of the second phase in an aluminum alloy
is mainly influenced by temperature and time. Dissolution is
the most important phase transformation process in the solid
solution treatment process of the material. The degree of dis-
solution directly affects the super-saturation level of strength-
ening elements, precipitation driving force during aging stage,
number of precipitates formed, as well as strength and tough-
ness characteristics of aged aluminum alloys related to aging
precipitation behavior. The essence of dissolution is atomic
diffusion. In recent years, numerous scholars [16, 17] have
used the quantification and modeling of the atomic thermal
motion rate in the phase transition process of aluminum alloy
to study the atomic motion mechanism. Based on Fick’s law
of diffusion [18, 19], Whelan [20] proposed a widely used
volume diffusion kinetic model for second phase dissolution.
Increasing the degree of second phase dissolution within the
matrix effectively enhances driving forces for subsequent
phase transformation processes such as aging precipitation
by reducing critical nucleation radii for precipitated phases

resulting in smaller size, higher number density, better dis-
persion characteristics, and improved strengthening effects.
Therefore, quantifying and modeling second phase dissolution
behaviors during solid solution stages holds significant engi-
neering application value for optimizing performance while
minimizing costs.

This study aims to investigate the effect of varying solution
heat treatment temperature and time on the dissolution behav-
ior of the n phase using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM, HRTEM). The
kinetic equation for the n phase dissolution process is con-
structed. The relationship between the dissolution process of
the n phase and mechanical properties is analyzed through
Vickers hardness testing. In this paper, the morphology and
distribution of n phase in Al-Zn-Mg—Cu alloy during heat
treatment and its dissolution behavior in solid solution pro-
cess were studied for the first time, and the dissolution model
was established. By solving the kinetic model, the variation
of the dissolution volume fraction of the second phase with
time during the solid solution process is obtained, and the time
required for the complete dissolution of the second phase is
calculated by the model, which provides theoretical guidance
for engineering applications. Additionally, considering that the
1 phase can dissolve and precipitate during hot processing, the
findings serve as a reference for understanding the evolution
of the n phase during hot deformation. Furthermore, consid-
ering that hot deformation can lead to both precipitation and
dissolution of n phases, our results serve as a reference for
understanding their evolution during such processes.

2 Experimental materials and methods
2.1 Preparation of cast Al-Zn-Mg-Cu alloy

The composition of the Al-Zn-Mg—Cu alloy is presented in
Table 1. The experimental alloy had a melting temperature
of 720 °C, and the pouring temperature ranged from 690 to
710 °C. For all alloys, high-purity raw materials were utilized,
including Al (99.99 pct), Al-50 (Cu, Mg, and Cr), Al-30Zn,
Al-10Zr, and Al-10Ti, by the nominal compositions (mass
fraction) of 7050 alloy. These raw materials, standard com-
ponent alloys, were purchased specifically for smelting. To
obtain the Al-Zn-Mg—Cu ingots, a medium-frequency induc-
tion furnace was employed to facilitate the melting process of
the raw materials. Subsequently, the resulting molten alloys
were cast into a cast iron mold.

Table 1 Chemical composition

Elements Zn Mg
of Al-Zn-Mg—Cu Alloy (Wt. %)

Fe Si Cr Mn Ti Zr Al

Contents 6.431 2.210

2.152

0258  0.105 0305 0.097 0.058 0.177 Bal

@ Springer



Advanced Composites and Hybrid Materials (2023) 6:211

Page3of16 211

2.2 Experimental procedures

The alloys underwent a two-step homogenization process at
466 °C for 36 h, followed by 470 °C for 24 h, and were sub-
sequently cooled with the furnace. Subsequently, a second
phase solution heat treatment was conducted at temperatures
of 460 °C, 470 °C, 480 °C, and 490 °C for durations of 5 min,
10 min, 30 min, and 60 min, respectively (refer to Fig. S1).
The SEM samples were polished with alumina solution after
sandpaper polishing. The elemental distribution in the alloys
was decided by applying a JXA-8230 electron probe micro-
analyzer (EPMA). The microstructure of the samples was
examined using TEM (FEI Chennai G2 F20) and SEM (a
JSM-7800F) with EDS. The SEM operated at a voltage of
15 kV, and to obtain a clearer second phase, backscattered
electrons were used to boost the contrast. The microstructures
of the second phase were analyzed using an FEI Chennai G2
F20 TEM equipped with an energy-dispersive X-ray spec-
trometer (EDS). The interface microstructures of MgZn,/
Al were investigated using high-resolution TEM (HRTEM).
TEM discs were punched out from foils with a thickness
of approximately 60 pm and electro-polished in a twin-jet
polishing machine using a solution comprising two-thirds
methanol (CH;OH) and one-third nitric acid (HNO;) at a
temperature ranging between —20 and — 30 °C. The area of
the MgZn, phase was measured in a minimum of eight back-
scattered electron images utilizing picture analysis software
(Image-J). The 3S-1000QDZ optical hardness tester was used
to test each alloy sample 10 times, and the average hardness
value of each alloy was calculated.

3 Result and discussion
3.1 Thermodynamic equilibrium phase

Figure 1a shows the equilibrium phase composition of the
Al-Zn-Mg-Cu alloy, calculated using JMatPro software,
excluding the liquid phase and Al matrix from the diagram.
The solid phase transformation of the alloy initiates at 514
°C, below the solidus temperature. Sequential precipita-
tion of the E-(AICrtMgMn) phase, Mg,Si phase, Al,Cu,Fe
phase, S (Al,CuMg) phase, Al¢Mn phase, and n(MgZn,)
phase occurs from the o (Al) solid solution. The equilib-
rium phase composition of the Al-Zn-Mg—Cu alloy at room
temperature consists of 65.67% o (Al), 9.12% n, 2.53% S,
2.06% E, 0.51% AlgMn, 0.34% Al,Cu,Fe, and 0.18% Mg,Si,
with the n phase serving as the primary strengthening phase.
Heat treatment from 460 to 490 °C was chosen to investi-
gate the dissolution behavior of the n (MgZn,) phase. To
predict the effect of aging precipitation strengthening on the
properties and microstructure of Al-Zn—Mg—Cu alloy after
solution treatment, the composition of the alloy’s metastable

phase was calculated using JMatPro software, as depicted
in Fig. 1b. The results reveal that the metastable phases in
the alloy include the S’ phase, Q’ phase, p’ phase, Al;Zr_L1,
phase, and n’ phase, with the n’ phase being the primary met-
astable phase. The desolvation sequence during aging in the
Al-Zn-Mg—Cu alloy generally follows SSSS — GP zones
(GPI and IT) — n' precipitates — 1 precipitates [21]. Notably,
the ' phase exhibits a semi-coherent relationship with the
matrix, serving as the primary precipitated strengthening
phase of the alloy, which is consistent with the simulation
results of the metastable phase.

Figure Ic illustrates the TTT curve of the Al-Zn-Mg—Cu
alloy, depicting an overall “C” shape. The GP zone has
the lowest starting transition temperature at 160 °C, with
the nose temperature and corresponding incubation time
recorded as 140 °C and 5.73 s, respectively. Subsequently,
the nose temperatures of the remaining phases, 0, S’, n
(MgZn,), and S phase, increase sequentially to 340 °C, 300
°C, 390 °C, and 410 °C, with corresponding incubation
times of 23.64 s, 22.48 s, 26.73 s, and 17.63 s, respectively.
Figure 1d shows the CCT curve of the Al-Zn-Mg—Cu alloy,
which comprehensively illustrates the relationship between
phase transformation, temperature, and time during the con-
tinuous cooling transformation of the alloy, providing the
heat treatment process design an important reference for
aluminum alloys. Based on the calculation results, the criti-
cal cooling rates for the GP zone, n (MgZn,), and S phase
are 0.69 °C/s, 166.6 °C/s, and 55.5 °C/s, respectively. Con-
sidering the TTT curve, it can be observed that the cooling
rate of the Al-Zn—-Mg—Cu alloy exceeds 166.6 °C/s. Fur-
thermore, when the cooling time of the sample solution is
less than 5.73 s, it effectively suppresses the precipitation of
other phases, resulting in the formation of a supersaturated
solid solution.

3.2 MgZn, phase distribution and structure

Figure 2 shows the element distribution of the
Al-Zn-Mg—Cu alloy following homogenization treatment
and slow cooling with a furnace. The alloy’s second phase
demonstrates uniform precipitation after homogenization,
with a predominantly rod-like and needle-like morphology
and relatively uniform distribution. Based on the elemen-
tal composition and morphological characteristics, the
dispersed phase is identified as the MgZn, phase, which
aligns with previous reports [14, 22]. From a distribution
standpoint, the MgZn, phase exhibits a high-density disper-
sion pattern after homogenization. This marks the instance
of the MgZn, phase dissolving into the aluminum matrix
during homogenization, with uniform atomic diffusion
driven by thermal factors [23]. Some of the second phases
display evident coarsening as nucleation sites at defects
grow and enlarge. Research has shown that the coarsened
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Fig.1 a Al-Zn-Mg—Cu alloy equilibrium phase diagram; b Al-Zn-Mg—Cu alloy metastable phase; ¢ Al-Zn—-Mg—Cu alloy TTT curve; d Al-

Zn-Mg—Cu alloy CCT curve

second phase is located at dislocations [24]. It is observed
that certain coarser phases are enriched with Fe. These iron-
containing phases have a higher melting point, making them
challenging to diffuse evenly during homogenization.
Figure 3a shows the bright-field microstructure image
of an Al-Zn—Mg—Cu alloy following homogenization treat-
ment and slow cooling in the furnace. It is observed that
the precipitates primarily exhibit a rod-shaped morphology.
The rod-shaped precipitates have an approximate diameter
of 0.1 um and a length of around 3 um. Figure 3b displays
the selected area electron diffraction (SAED) image of the
region indicated by the red circle. The analysis confirms
the presence of the MgZn, phase, with a crystallographic
band axis of [0221] and the (01?2) crystal plane domi-
nating the growth crystal plane. Additionally, Fig. 3d-h
depict the element distributions of Al, Zn, Mg, Cu, and Fe,
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respectively. The elemental composition of the phase is pre-
dominantly composed of Mg, Zn, and Cu elements. Nota-
bly, the large-sized flake phase exhibits a higher Cu content
than the rod-shaped phase. The bright field microstructure
image of the Al-Zn-Mg-Cu alloy is depicted in Fig. 3i. The
numerous fine nano-sized phases align with micron-sized
precipitates. During the slow cooling process, these two
distinct sizes of phases undergo growth. However, during
this process, the concentration of Mg and Zn elements in
the matrix decreases, and the growth of nucleation sites is
insufficient to form nanoscale fine phases [25]. To achieve
finer and more dispersed precipitated strengthening phases,
generating additional nucleation sites during the nuclea-
tion stage is necessary. This generates more competition
for growth, leading to mutual inhibition and growth interac-
tions among the precipitated phases. Figure 3j illustrates the
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Fig. 2 Distribution of elements
in the second phase of alu-
minum alloy. a, b, ¢, d, e, f The
element distributions of Al, Cu,
Zn, Mg, and, Fe, respectively

selected area electron diffraction (SAED) image of the yel-
low circle region. The calibration results indicate the MgZn,
phase’s presence, with a crystal band axis of [0001], and the
dominant growth crystal plane is the (1100) crystal plane.
Figure 31-p shows the element distributions of Al, Zn, Mg,
Cu, and Fe, respectively. The presence of Fe elements in
this morphology may contribute to the larger phase diam-
eter than that shown in Fig. 3a. The low diffusion rate of Fe
atoms during heat treatment often leads to micro-segregation
and coarsening [26].

Figure 4a shows the bright field microstructure image
of the AlI-Zn—-Mg—Cu alloy. It can be found that the
larger phase is composed of several mutually superim-
posed together to form a larger phase. Figure 4c shows the
selected diffraction spot of the green circle region. The
calibration result is the Al,Cu,Fe phase, and the crystal
band axis is [010]. Figure 4d shows the selected diffrac-
tion spot corresponding to the red circle region The ori-
entation relationship between MgZn, phase and Al,Cu,Fe
phase is described as (IOTO) MgZn,lI(002) Al,Cu,Fe,
and [IOTO] MgZn,II[010] Al,Cu,Fe. Figure 4e shows the
selected diffraction spot from the yellow circle region. The
calibration results indicate the band axis of the MgZn, phase
is [IOTO], while the band axis of the Al matrix is [100].
The orientation relationship between the MgZn, phase and
Al is (1010) MgZn,lI(020)Al and [1010] MgZn,II[100]AL
Figure 4f illustrates the element distributions of Zn, Mg,
Cu, and Fe, respectively. The element distribution map
reveals that the main elements in the phase where the
green circle is located are Al, Cu, and Fe, which aligns
with the selected diffraction spots and verifies the phase as
Al,Cu,Fe. Additionally, the main elements in the red circle
consist of Mg, Zn, and a small amount of Cu. The MgZn,
phase overlays the iron-containing phase, a structure com-
monly found at the grain boundary. The precipitated MgZn,
phase nucleates and grows alongside the iron containing

50 pum - - 50 pm
e — e

phase as a heterogeneous point. Previous studies have exam-
ined similar structures where this type of precipitate exists
at the coarse S or iron phase interface [27, 28].

Figure 4j shows the selected diffraction spot in the yel-
low circle area. The orientation relationship between the
MgZn, phase and Al is as follows: [ITOO] MgZn, Il [110]
Al, (111AT1 Il (1122)MgZn,, and (002)A11(0002)MgZn,.
Scholars have classified and defined the n phases with dif-
ferent orientation relationships with aluminum in previous
studies. These phases have been categorized into a group
parallel to the (110) and (111) Al habit planes. Typically,
the (110) Al habit plane phase appears hexagonal or disc
shaped. However, cross-section effects may influence this
observation, and the rod-like precipitates can be identified
as smaller discs. Additionally, previous reports suggest that
these different types of MgZn, phases can transition from
pre-precipitated phases, especially those that exhibit similar
orientation relationships [29].

To enhance the strength and toughness of the aluminum
alloy, achieving a high density of dispersed nano phases is
desired. Kovacs conducted research [30] based on theoretical
calculations of shear stress for dislocations interacting with
and bypassing precipitated particles in an Al-Zn-Mg alloy.
The study revealed that while the precipitated phase parti-
cles’ size was under 6 nm, dislocations cut through the pre-
cipitated particles, whereas dislocations generally bypassed
the particles when their size exceeded 6 nm. However, while
a larger size of the second phase benefits dislocation bypass-
ing, the presence of a large incoherent phase disrupts the
matrix continuity and diminishes the alloy’s plasticity and
toughness [31]. The high density, uniform distribution, and
fine n phase particles can make the grain boundary and
intra-granular strength of the alloy uniform, which is benefi-
cial to improve the strength and toughness of the alloy syn-
ergistically, especially those nano-precipitates with coherent
interface relationship with the aluminum matrix [32].
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image in the yellow circle of Fig. 3i. k Microstructure of the EDS

Fig.3 a Microstructure of rod-like second phase. b The SAED image
region. I, m, n, o, p The element distributions of Al, Zn, Mg, Cu, and

in the red circle of Fig. 3a. ¢ Microstructure of the EDS region. d, e,
f, g, h The element distributions of Al, Zn, Mg, Cu, and Fe, respec- Fe, respectively
tively. i Microstructure of ellipsoidal second phase. j The SAED
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Fig.4 a Microstructure of the second phase. b The local enlargement
of Fig. 4a. ¢ The SAED image in the green circle of Fig. 4b. d The
SAED image in the red circle of Fig. 4b. e The SAED image in the
yellow circle of Fig. 4b. f The element distributions of Mg, Zn, Cu,

Figure S2 shows the line element distribution map and
point element diagram of the second phase of Al-Zn-Mg—Cu
alloy. The content of Zn, Mg, and Cu elements shows a sharp
increase from the matrix interface to the phase, while the
content of the Al element decreases to its lowest level. The
mass fraction and atomic fraction of Zn and Mg elements
are approximately 2:1, by the compositional characteris-
tics of the MgZn, phase. The interface exhibits noticeable
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and Fe, respectively. g Microstructure of the second phase. h The
local enlargement of Fig. 4a. i The SAED image in the red circle area
of Fig. 4h. j The SAED image in the yellow circle area of Fig. 4h

fluctuations in peaks, indicating atomic composition vari-
ations that affect the arrangement of interface atoms. The
strength of the alloy is significantly influenced by the adhe-
sion at the interface [33]. Hence, it is worthwhile to explore
the relationship between the arrangement of interface atoms
and interface adhesion, as the phase interface is influenced
by directionality.
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3.3 Evolution of MgZn, Phase

To strengthen the alloy, it is crucial to have the MgZn, Phase
in a fine size and dispersed distribution. To comprehend
the evolution of the MgZn, Phase during heat treatment,
SEM analyzed the alloy’s microstructure after subjecting it
to various temperatures and durations. Figure 5a, b shows
the microstructure after homogenization and slow cooling,
which is also the initial microstructure of the subsequent
heat treatment sample. The crystal contains numerous

dispersed rod-shaped second phases, ranging from approxi-
mately 2 to 10 um. The microstructure at 460 °C/5 min is
depicted in Fig. 5c. A comparison with the initial micro-
structure reveals that certain smaller MgZn, phases dissolve
into the matrix. This phenomenon occurs due to the ease of
dissolution and activation of the small-sized phase during
heating, which facilitates Mg and Zn atom diffusion and
dissolution [34]. Dissolution primarily occurs at the grain
boundary, as the precipitated phase near the grain boundary
accumulates along it, creating a non-precipitation zone of

Fig.5 Microstructure of aluminum alloy different heat treatment pro-
cesses. a Cooling with furnace after homogenization. b Magnification
diagram of the yellow region. ¢ 460 °C/5 min; d 470 °C/5 min; e 480
°C/5 min; f 490 °C/5 min; g 460 °C/10 min; h 470 °C/10 min; i 480

@ Springer

°C/10 min; j 490 °C/10 min; k 460 °C/30 min; 1 470 °C/30 min; m
480 °C/30 min; n 490 °C/30 min; 0 460 °C/60 min; p 470 °C/10 min;
q 480 °C/30 min; r 490 °C/60 min.(The red word in the figure is the
dissolution rate of MgZn,)
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approximately 10 um. Consequently, the concentration of
Mg and Zn atoms at the grain boundary is lower, leading
to a larger concentration gradient between the phase at the
grain boundary and the matrix.

Figure 5g shows the microstructure of 460 °C/10 min. The
dissolution of the MgZn, Phase becomes more apparent after
10 min at this temperature, resulting in a significant reduction
in the density and size of the MgZn, Phase compared to 5
min. Figure 5k, o depicts the microstructure after 30 min and
60 min of treatment at 460 °C, respectively. The density of
the MgZn, phase at these two periods does not significantly
differ from that at 10 min, suggesting a deceleration in the
dissolution trend after 10 min at this temperature. Further-
more, the low driving force for the diffusion of MgZn, atoms
at this temperature is evident. At 460 °C, a substantial dis-
solution of phases occurs within 5-10 min. Subsequently, due
to a decrease in the concentration gradient difference between
the MgZn, atoms and the matrix, leading to a decline in the
dissolution rate [35]. Figure 5h, 1, p displays the microstruc-
ture after 10 min, 30 min, and 60 min of treatment at 470 °C,
respectively. The coarse phase at the grain boundary remains
undissolved, while the density of the MgZn, phase decreases
as the holding time increases. Notably, the MgZn, phase at
470 °C/60 min undergoes near-complete dissolution into the
matrix, with only a small residue remaining undissolved. It
shows that the dissolution rate at 470 °C is faster than 460 °C.
Particularly after 30 min, the atomic concentration difference
between the matrix and the interface decreases, necessitating
a stronger driving force for atom diffusion.

Figure 5i and m show the microstructure diagram at 480
°C for 10 min and 30 min, respectively. The density of the
MgZn, phase decreases at this temperature, and the dis-
solution rate is faster than 460 °C and 470 °C. It can be
seen from the microstructure of 30 min and 60 min that
the MgZn, phase is almost completely dissolved into the
matrix, and the dissolution time is shorter than that at 470
°C. The dissolution process involves atom diffusion, as
solid-state diffusion occurs through the thermal activation
of atoms. With increasing temperature, atomic vibrations
become more intense, increasing the activation probability
and thereby reducing the dissolution time [36]. Figure 5j,
n shows the microstructure diagram at 490 °C for 10 min
and 30 min, respectively. It is found that the microstructure
at this temperature is like that at 480 °C. This suggests that
the thermal activation effect at 490 °C is not significantly
different from that at 480 °C. The limited migration distance
of diffusion atoms, less than 1 nm each time, results in the
considerable time needed to fully dissolve the second phase
and form a solid solution within the matrix lattice [37]. This
indicates that the dissolution process is governed by atom
diffusion, and the gradual incorporation of the second phase
into the matrix lattice is time dependent.

Figure 6a shows the statistical results of the second phase
from several micrographs. The initial volume fraction of
the second phase conforms to the thermodynamic calcula-
tion results. It shows that the thermodynamic calculation
results can be well predicted, so it is feasible to customize
the experimental scheme with reference to the simulation
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Fig.6 a MgZn, phase content in different heat treatment processes.
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the volume fraction of the second phase transition and time
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results. By observing the height of the columns and the dis-
tribution of colors in the diagram, a clear trend emerges: the
fraction of the second phase decreases with longer treatment
times and higher temperatures. These conditions, namely
longer treatment times and higher temperatures, facilitate
the diffusion of solid metal atoms [38]. In order to provide
a more intuitive analysis of the influence of temperature on
the diffusion of atoms, an exponential function relationship
is utilized to demonstrate the changing pattern between the
diffusion coefficient and temperature. Consequently, the
calculation equation for the solid diffusion coefficient of
Zn, Mg, and Cu elements [39] is derived, and the detailed
information is shown in Table 2. The results show that the
diffusion coefficient of Zn is 5 times and 3 times larger than
Cu and Mg’s, respectively. During the heat treatment pro-
cess, the Zn element at the MgZn, phase interface diffuses
into the aluminum matrix at a higher diffusion rate, followed
by the Mg element. The atomic composition ratio of the
MgZn, phase closely aligns with a 1:2 ratio, resembling the
diffusion rate ratio of Mg and Zn atoms. This relationship
may be attributed to the composition of the MgZn, phase
and has implications for the balance of atomic precipitation
and dissolution processes. With increasing temperature, the
diffusion rate also rises, causing the gap in diffusion rates
between Zn and Mg, and Cu to gradually diminish. This
observation suggests a higher dissolution efficiency during
the high-temperature stage.

3.4 Vickers hardness

Figure 6b illustrates the Vickers hardness of the sample fol-
lowing heat treatment at various temperatures and durations.
The figure reveals that the Vickers hardness of the aluminum
alloy increases with longer treatment times at each tempera-
ture while also showing an increase in Vickers hardness with
higher treatment temperatures. In general, elevating the tem-
perature or extending the duration promotes a more extensive
dissolution of the undissolved second phase into the matrix,
resulting in a higher degree of super-saturation of alloying
elements. The presence of solid solution atoms in the lattice
leads to lattice distortion, with greater distortion occurring
as the radius difference between solute atoms and solvent
atoms increases [41, 42]. As the second phase dissolves,

solute atoms fully diffuse into the aluminum matrix, result-
ing in increased lattice distortion and a stronger strengthening
effect. As the temperature increases, the driving force for
phase transformation intensifies, leading to a sharp increase
in the atomic diffusion coefficient. Consequently, the second
phase dissolves and diffuses more comprehensively. Addi-
tionally, higher temperatures promote the generation of more
vacancies, enabling more solute atoms to dissolve into the
aluminum matrix and induce increased lattice distortion [43].

Additionally, the disparity in size between solute atoms
and solvent atoms influences the degree of lattice distortion.
The radii of aluminum, zinc, magnesium, and copper atoms
are 1.43, 1.39, 1.60, and 1.28 /0%, respectively. The relative
size of the solute atom and the solvent atom is calculated
by Eq. (1), resulting in Ary;, =0.1189, Ary; 4, =0.0279,
and Aryyc,=0.1049. The comparison reveals that the rela-
tive size between Al-Mg and Al-Cu components is simi-
lar, whereas the relative size between Al-Zn components is
smaller. This suggests that the lattice distortion caused by
the dissolution of Mg and Cu atoms is significantly larger
than that caused by Zn atoms. During the initial stages at low
temperatures, Mg and Zn atoms enter the MgZn, phase of
the matrix and dissolve first. As the temperature rises, the
Al,CuMg phase dissolves, resulting in a significant amount
of Cu and Mg atoms being dissolved into the matrix and
generating substantial lattice distortion.

Figure 6b can be seen that the Vickers hardness at 480 °C
and 490 °C is significantly higher than that at 460 °C and
470 °C, which also indicates that more solute atoms begin
to enter the matrix at 480 °C, which is likely to be the dis-
solution of the Al,CuMg phase with a higher melting point
[44]. The introduction of Cu and Mg atoms into the matrix
results in an increase in solute atoms within the matrix. This,
coupled with the influence of the size difference between
Mg, Cu, and Al atoms, significantly enhances the strength-
ening effect. Moreover, solution treatment facilitates the
dissolution of second phase particles into the matrix, sub-
sequently decomposing into nano-sized precipitates (GP
zone or 1'-phase) by using natural aging (NA) and artificial
aging (AA), leading to significant aging hardening [45].
While the experimental alloy did not undergo aging heat
treatment, it is worth considering the influence of natural
aging. The higher the degree of dissolution, following the

Table 2 Solid diffusion coefficient (D) of Cu, Mg, and Zn elements during heat treatment (m>s™h

Elements Calculated equation [40] D, 460 °C 470 °C 480°C 490°C

Cu D=D, exp (- 16,069/T) 4.8x1073 1.454x 10714 1.952x 10714 2.602x 10714 3.441x 1071
Mg D=D, exp (- 13,831/T) 6.23x1076 3.994x 1071 5.149x 107 6.592x 1071 8.385x 1071
Zn D=D, exp (- 14,385/T) 2.45%107° 7.378x 1071 9.608x 10714 1.242x 10713 1.596x 10713
D¢y Dyt Dz / / 1.0:2.7:5.1 1.0:2.6:4.9 1.0:2.5:4.8 1.0:2.4:4.5
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formation of a supersaturated solid solution in the matrix,
the stronger the driving force for precipitation, leading to
denser and smaller-sized precipitates. Apart from solid solu-
tion strengthening, there is a proportionate contribution of
precipitation strengthening [46].

Ar = Ta ™ 7

ey

Ty

where Ar is the relative size of solute and solvent atoms; r,
is the atomic size of the solvent, and r,, is the size of solute
atom.

3.5 MgZn2 phase dissolution kinetics

To investigate the dissolution behavior of MgZn,, the influ-
ence of solute diffusion in the system was analyzed using the
classical Johnson—-Mehl-Avrami (JMA) theoretical frame-
work. Before establishing the kinetic dissolution model, the
transition fraction f was introduced [47].

fi=@=p0)/P.—P)0<f, <1 )

Here, p is a physical quantity that change with the tran-
sition process; p, is the value corresponding to the initial
transition state p; p, is the value corresponding to the final
state p.

The dissolution of the second phase, f; can be expressed
as follows:

i
“ =t ®)

Here, fis the volume fraction of the second phase in the
dissolution process; f; is the initial volume fraction of the
second phase; f, is the volume fraction of the second phase
after transformation.

The evolution of the transition fraction with time in parti-
cle systems is analyzed based on the Johnson—Mehl—-Avrami
(JMA) theoretical framework, and the associated kinetic
parameters are suitably adjusted [48]:

J;

fi=1-exp(—x,) 4)
where x, is the extended transition fraction, x, = (Wr)",
f=rf+ G —f)exp (=(W)") 5)

The experimental results are used to substitute into
Eq. (5), with n and W being fitted as parameters. The result-
ing equation can be utilized to describe the actual dissolution
process [49]. The model parameters fitted by experimen-
tal data are listed in Table 3. Through the fitted R? value,
the simulation parameters fit well. The MgZn, phase fit-
ting curve is shown in Fig. 6a. This demonstrates that the
fitted model effectively predicts the content of the second

Table 3 Model fitting parameters

Temperature f, o w n R?

O

460 1.060 18.585 0.688+0.10 1.266+0.23 0.9998
470 0.100 15433 0.524+0.01 1.461+0.07 0.9999
480 0.030 19.737 0.713+0.06 1.338+0.14 0.9999
490 0 22.213  0.767+0.08 1.333+0.17 0.9999

phase, enabling the calculation of the second phase content
at a specific temperature and time, facilitating regulation of
the desired phase content. However, the equation is only an
empirical model of the rough deformation of the classical
JMA theory, and the parameters in the equation have no spe-
cific physical meaning because this is a microscopic theory
that does not consider diffusion in the dissolution process
[50]. To make the model more consistent with the solute
diffusion process in the dissolution process, the extended
transition fraction in the model is based on the solute diffu-
sion behavior, and the dissolution kinetic model is obtained
from both experimental data and theoretical derivation.

The most commonly used kinetic dissolution model of
bulk diffusion control is shown in Eq. (6) [51].

a__k(p, [D ;
d~ 2\ R xt ©)

Here, R is the second phase radius; ¢ is the dissolu-
tion time; K is the shape factor; D is the atomic diffusion
coefficient.

Ca - CM

K=2-2—"M
C,-C 7

a

Here, C, is the atomic concentration at the interface
between the second phase and the matrix; Cy; is the con-
centration of atoms in the matrix; Cﬁ is the concentration of
atoms in the second phase.

dR __C=Cu(D, [D q
dt Cﬁ—C R it ®)

a

At present, the most used dissolution kinetic model con-
trolled by volume diffusion characterizes the diffusion of the
spherical model phase. This study aims at the dissolution of
the MgZn, phase, and the morphology of the MgZn, phase
is around rod. It is necessary to modify its shape when using
this model and introduce volume change correction to the
expansion fraction. The specific content of volume change
correction is shown in support information.

Figure 6¢ shows the evolving relationship between the
volume fraction of the second phase transition and time
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during heat treatment using this model. The theoretical
results agree with the overall trend of the experimental data.
The dissolution of the n (MgZn,) phase is essentially the
diffusion of Mg and Zn atoms. The diffusion coefficients
of Mg and Zn atoms in the aluminum matrix are calcu-
lated from Table 2. Since the number of Zn atoms in the
n (MgZn,) phase dissolution system is close to twice that
of mg atoms, the diffusion rate of Zn atoms is used as the
dissolution rate of the n (MgZn,) phase. According to the
Mg-Zn binary phase diagram, the mass fraction of Zn atoms
around the n phase interface in the matrix is C, = 0.43. The
alloy’s mass fraction of the Zn atom in 1 phase is C3=0.84.

From Table 1, the alloy’s mass fraction of the Zn atom is
Cy=0.064. When subjected to the same heat treatment time,
a higher temperature results in a greater extent of second
phase dissolution, with the difference increasing over time.

3.6 Microscopic characterization of phase interface

To better understand the solubility of the MgZn, phase and
the mechanism of its influence on the alloy from a micro-
scopic perspective, HRTEM characterization AI/MgZn, inter-
face. The Al/MgZn, interface orientation relationship largely
determines the interface bonding strength and is also a key

Zone=[100]Al 5nm’!

[li lO]Manz

\ [110]a1

(2)

[22 03] MgZn:

[1 OIO] MgZn2

S = e = = =

%
g (020),,
%

[100]a1

Fig.7 a Microscopic morphology of Al/ MgZn, interface. b The FFT
of zone 1 in a; ¢ the FFT of zone 3 in a; d the FFT of zone 2 in a; e
the IFFT for zone 2 in a. The schematic illustration that indicates the
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factor in studying the diffusion of Mg and Zn atoms at the
interface. Figure 7a shows the microscopic morphology and
interfacial orientation relationships of Al/ MgZn, interface.
In the figure, the white and bright area on the left is the Al
matrix and the dark area on the right is MgZn,. The phase
interface of the transition region can be seen between the
matrix and the phase. Figure 7b shows the FFT of zone 1.
The calibration result is Al and the crystal band axis is [100].
Figure 7c shows the FFT of zone 3. The calibration result is
MgZn, and the crystal band axis is [223]. Figure 7d shows
the FFT of zone 2, which is the interface region between the
Al matrix and phase. The SAED in Fig. 7d indicates that the
[100] Al zone axis of Al is parallel to the incident electron
beam, whereas the [223] MgZn, zone axis of MgZn, is parallel
to the incident electron beam, so there is [223] MgZn,ll[100]
Al. Meanwhile, (212) MgZn,ll(020) Al is known from Fig. 7d
shows the orientation relationships of MgZn,/Al interface
are [212) MgZn,|1(020) Al [223] MgZn,|I[100] Al. Figure 7e
shows the IFFT for zone 2. The interplanar spacing of (020) Al
is 0.202 nm, while that of (212) MgZn, is 0.220 nm, indicating
a distance proximity between these two parallel crystal planes.

From the microscopic picture, it can be found that there is lat-
tice distortion in the two phases interface bonding. In general, the
twisted interface structure has large defects and interface energy,
which provides diffusion channels and potential energy condi-
tions for interface atom diffusion. The mismatch configuration of
atoms at the interface cannot be simply understood as an interface
defect but as a necessary condition for stabilizing the interface
[52]. The high defect concentration at the interface facilitates the
diffusion of Mg and Zn atoms. Therefore is requisite to compre-
hensively consider the diffusion behavior of interface atoms to
study the dissolution and growth of the MgZn, phase.

Figure 7f and g shows a schematic diagram depicting the
morphologies of different orientation relationships and n
precipitates concerning the Al crystal. Figure 7f shows the
orientation relationship between MgZn, phase and Al are
[1 100] MgZn, ||[[110]AL (1 11 1)A1]|(1122)MgZn,. Figure 7g
shows the orientation relationship between MgZn, phase and
Alis (101 1)MgZn, ||(020)Al and [01 10] MgZn,|l[100] Al The
orientation relationship between MgZn, phase and Al matrix
is [223] MgZn,||[[100]Al and (212) MgZn,||(020)Al. The
lower interface energy resulting from a lower lattice mismatch
during the growth of the precipitated MgZn, phase plays a
crucial role in determining the growth direction and resulting
morphologies. The influence of morphology on [53] is also
an important factor in the dissolution process. Certainly, the
arrangement of atoms at the interface and the lattice distortion
at the interface will affect the diffusion path of atoms. There-
fore, in the subsequent research, we will consider the influence
of the second phase interface structure on the specific disso-
lution behavior, and deeply understand the contribution of the
second phase interface structure in the strengthening alloy and
its strengthening mechanism.

4 Conclusion

The dissolution behavior of MgZn, phase during heat treat-
ment was studied by changing the heat treatment tempera-
ture and time in the article. The following conclusions have
been drawn.

The calculation results show that the n (MgZn,) weight
fraction of Al-Zn-Mg—Cu alloy is 9.12% at room tempera-
ture, which accords with the experimental results. Addition-
ally, the critical cooling rates for the GP zone and 1 (MgZn,)
are determined to be 0.69 and 166.6 °C/s, respectively.

Temperature and time are primary factors that influence
the dissolution of the MgZn, phase. With the increase in
temperature and time, the dissolution degree of MgZn,
phase is higher. The dissolution rates of MgZn, phase at
460 °C/60 min, 480 °C/60 min and 490 °C/60 min were
88.86%, 99.22%, and 99.81%, respectively. More dissolu-
tion corresponds to a higher degree of super-saturation of
the alloy solute, leading to increased hardness.

Based on the statistical data of the experimental alloy
MgZn, phase, the semi-empirical dissolution model was
fitted based on the JMA theoretical model to describe the
relationship between the volume fraction of MgZn, phase
and time under isothermal heat treatment. Based on the
classical dissolution model and JMA theory, an analytical
model of solute diffusion including the front of the second
phase/Al matrix interface is established.
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