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Abstract: In order to simultaneously improve strength and formability, an analytical model for the concentration
distribution of precipitates and solute elements is established and used to theoretically design and control the
heterogeneous microstructure of Al-Zn—Mg—Cu alloys. The results show that the dissolution of precipitates is mainly
affected by particle size and heat treatment temperature, the heterogeneous distribution level of solute elements diffused
in the alloy matrix mainly depends on the grain size, while the heat treatment temperature only has an obvious effect on
the concentration distribution in the larger grains, and the experimental results of Al-Zn—Mg—Cu alloy are in good
agreement with the theoretical model predictions of precipitates and solute element concentration distribution.
Controlling the concentration distribution of precipitates and solute elements in Al-Zn—Mg—Cu alloys is the premise of
accurately constructing heterogeneous microstructure in micro-domains, which can be used to significantly improve the
formability of AlI-Zn—Mg—Cu alloys with a heterostructure.
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intermediate annealing — cold rolling — solid
solution treatment — pre-aging — stamping, and so
on [5]. A reasonable heat treatment process, such as,
the selection of heat treatment temperature and
time, not only can affect the microstructure and

1 Introduction

Heat-treatable and age-hardening characteristics
make Al-Zn—Mg—Cu alloys a very attractive

automotive structural material [1—4], which are
expected to replace steel structural parts to
avoid aluminum-—steel welding, corrosion and
other problems, and can significantly improve the
lightweight of automobiles.

The thermomechanical processing of Al alloy
sheets for automobile, normally includes, casting —
homogenization — hot rolling — cold rolling —

properties of the alloys, but also can play a
significant role in controlling the
production cost of the alloys.

During the heat treatments of alloys, the
precipitates in the alloys can be dissolved, and the
solute concentration gradient in the matrix can
be changed through solute diffusion, which
determines the size, morphology, number density

industrial
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and distribution of the precipitates and further leads
to the concentration redistribution of solute
elements in the alloys [6—10]. After subsequent
thermomechanical treatment, such as solid solution
and artificial aging, a large number of precipitates
can be formed in the alloys to enhance the
strengths. For instance, the metastable nano-sized
precipitates #' are the main strengthening phases in
the Al-Zn—Mg—Cu alloys. Through different
aging processes controlling, the strength, corrosion
resistance and toughness of the alloys can be
greatly improved to the high levels. However, when
the alloys exhibit ultra-high strength, their ductility
and room temperature formability normally
decrease significantly [11,12]. Therefore, how to
make Al-Zn—Mg—Cu alloys have both high
strength and high formability through micro-
structure design and thermomechanical processing
controlling is of great significance to their wide
applications.

Actually, it is a common problem to find a
better way to make metal materials possess both
high strength and high ductility [13—15]. For
example, the increased strength of polycrystalline
materials with nano-size grains prepared by
traditional thermomechanical processing always
leads to the decrease in ductility at the same
time [16—18], in addition, high-entropy alloys and
amorphous alloys also exhibit lower ductility due to
their higher strength. In order to effectively improve
the ductility of the above alloys, a large number of
studies have shown that the design and control of
the heterogeneous structure can be considered as a
more effective method to improve the ductility of
the alloys [19—24], such as, the formation of
multi-scale structure, gradient grain structure,
bimodal grain microstructure, and layered
nanostructure. And then, the developed alloys with
heterogeneous structure can possess both high
strength and high ductility at the same time.
Accordingly, if a special heterogeneous structure
can be also designed and formed in the high
strength AlI-Zn—Mg—Cu alloys, the formability of
the alloys should be greatly improved to meet the
demanding requirements. However, up to date,
there is no related literature on how to design and
construct the heterogeneous microstructure of high
strength 7xxx alloys. In order to solve this problem,
this work considers how to better design and
construct the heterogeneous microstructure, i.e.,

special co-existence distribution characteristics of
hard and soft micro-domains, from the perspective
of theoretical calculation, hoping to provide an
important guidance for designing and controlling
the heterostructure of high strength Al-Zn—Mg—Cu
alloys, and play a key role in promoting the
development of high strength and high formability
Al-Zn—Mg—Cu alloys in the automotive field.

2 Theoretical analysis model

The heat treatment process generally includes
the dissolution of the second phase particles and the
homogenization of the composition in the alloy
matrix. If a homogenization treatment is used in an
Al alloy in the as-cast state, the second phase
particles in the alloy can be dissolved according to
the phase equilibrium condition, and a diffusion
field can be formed around the precipitates in the
matrix due to the diffusion of solutes. Thus, a solute
concentration gradient can be further formed
in the alloy matrix in order to achieve the
final homogeneous distribution of solutes [25].
Considering the fact that the diffusion rate is
relatively slow, it is quite easy to establish a new
equilibrium by the dissolution of the precipitates at
the phase interface, which makes the diffusion of
solute elements in the matrix a limiting link
of the whole homogenization process. Thus, the
dissolution process of the second phases is
essentially controlled by solute diffusion in the
matrix.

WHELAN [26] proposed a classical single-
particle dissolution model based on the assumption
that the interface between particles and matrix is a
stationary interface, and then ZUO et al [27] further
modified the model by combining with the
JMA-like equation to deal with the interaction
between adjacent particles, so that it can be
approximately applied to the multicomponent alloy
system. In this work, the dissolution process of
precipitates in the Al-Zn—Mg—Cu alloy was also
simulated by using this model, and the dissolution
time is predicted accurately.

The schematic diagram of the dissolution of
the second phase particles in the alloy and the
concentration distribution curve of solute elements
in the alloy matrix is shown in Fig. 1. It is assumed
that all precipitates are of the same size, spherical
and uniformly distributed at the grain boundary,
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Fig. 1 Schematic diagram of models showing grains, precipitates and solute concentration distribution curve of

Al-Zn—Mg—Cu alloys: (a) Designed model; (b) Solute concentration profile

and the alloy is approximately regarded as
being composed of many spherical grains of the
same size. As shown in Fig. 1, the green sphere
represents the grain, the blue sphere represents the
precipitate located at boundary of grain, the red
dotted line represents the diffusion field formed
around the particles, and the purple line represents
the concentration distribution curve in the matrix.

2.1 Dissolution model of precipitates

Based on the assumption that the composition
of the precipitates remains unchanged and the
cross-diffusion coefficient of solute elements is zero
in the dissolution process, the dissolution formula
of a single spherical particle controlled by diffusion
can be obtained as follows [26,28]:

&®__i>_k [D "
dt 2R 2\ mt
0

D=D - 2

oexl{ RgTJ 2

where R is the radius of spherical precipitated
particles, k is the concentration constant, D is the
diffusion coefficient, ¢ is the dissolution time, T is
the temperature, R, is the gas constant, D is the
pre-exponential factor of diffusion, and Q is the
activation energy of diffusion.

2C,-C,)
C,-C,

k 3)
where C, represents the concentration of elements
in the precipitated particles, C, represents the
concentration of elements at the interface between
the particles and the matrix, which is equal to the
atomic solid solubility of the element at the
dissolution temperature, and C, represents the

concentration of elements in the matrix.

Then, the relationship between the radius R of
the spherical precipitated particles and the
dissolution time ¢ can be expressed as [27]

R:\/E(Rl—\/ﬁ)h/Rf—th (4)
s

where R; represents the decrease in the radius of
spherical precipitates from the initial radius R, to
R(f), and R, can be obtained,

1
R =——<R, %)

o

ZUO et al [27] dealt with the diffusion-
controlled dissolution transition in multi-particle
systems by introducing JMA theory, which can be
described as

Jel—exp(—x.) (6)

where f; represents the degree of dissolution of

precipitated particles in the dissolution process, and

x, represents the volume fraction dissolved by

ignoring the interaction between adjacent particles.
Then, x, can be obtained,

LNV _R-R
O

(7

where V;, represents the initial volume of the
precipitated particles.

ZUO et al [27] and ZHANG et al [29] further
modified the classical JMA model by introducing
the proportional factor m, so that it can be used
in the whole dissolution process. The modified
transformation fraction f; can be described as

Ji=m[1—exp(=x.)] ®)
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Here,

e
e—1
where e is a constant equals 2.718.

Accordingly, the relationship between the

particle radius R, at the modified transition time ¢,
and the initial radius of the particle can be
expressed as

(R, /Ry =1-f, =l-m[l-exp(-x,)] (10)

where x, can be obtained by solving Egs. (4), (7)
and (8):
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2.2 Solute element concentration distribution
model

Due to the dissolution behavior of the second
phase particles, the solute elements around the
particles form a concentration field with gradient
distribution, and when the precipitated particles are
completely dissolved, the concentration distribution
of solute elements in the alloy matrix is still uneven,
which leads to the composition homogenization
process controlled by element diffusion.

Assuming that the concentration distribution of
solute elements in the grains along the diameter
direction conforms to the cosine wave, the
concentration distribution in the grain C(x) is
expressed as

C(x)=C,+(C,. —Co)cos(%j (12)

where C, represents the equilibrium concentration
of solute elements, which is also the designed
concentration of composition, x is the location of
concentration change, Cy,, represents the maximum
concentration of elements detected in the matrix,
and R represents the grain radius. Driven by the
concentration gradient, the solute elements continue

to diffuse to equilibrium, i.e.,

C(x=0, t)=C, (13)
dC Ry

—(x=—>=, 1)=0 14
™ ( 5 ) (14)

According to Fick’s second law:

oc _ o°C

Z=_D 15
ot o’ (15)

Equations (16)—(18) can be obtained by using
the method of separated variables to solve the
diffusion equation:

Clx, 1y=X()T(f) (16)

where X(x) is the variable of concentration position,
and 7(¢) is the temperature related to time.

2 2

d )2(+ Tl x=0 (17)
A |\ R,

ar ?
—+D(iJ 7=0 (18)
dr 3

Combined with the boundary conditions
described by Egs. (13) and (14), the function of
solute elements concentration in the alloy matrix
with time and distance can be described as

C(x,)=Cy+(C,.. —C,) cos(Rﬁj exp(—m>Dt/RZ)

G

(19)
3 Results

The composition of the alloy used in this work
is  Al-5Zn—1.5Mg—1.5Cu—0.2Fe—0.1Mn—0.1Ti—
0.03Ni (wt.%). The microstructure of the alloy in
the as-cast state was observed under scanning
electron microscope (SEM), as shown in Fig. 2. The
as-cast microstructure shows that the average grain
size is about 100 pm, the precipitates are mainly
distributed at the grain boundaries, which are
composed of AlFeCu phase and AlZnMgCu phase,
and a small amount of AlZnMgCu phases are
distributed in the grains (as shown in Fig. 2). The
specific composition of the precipitates was
characterized by electron dispersive spectroscopy
(EDS), and the results are reported in Figs. 2(d) and
(e). Because AlFeCu is insoluble phase with high
melting point, the dissolution of precipitates in the
heat treatment process is only focused on the
AlZnMgCu phase [30,31].
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Fig. 2 Microstructures of Al-Zn—Mg—Cu alloy in as-cast state at low (a) and high (b, ¢) magnifications, and EDS maps

of AlZnMgCu (d) and AlFeCu (e) phases

It has been pointed out in Ref. [32] that the
diffusion of Cu element is obviously slower than
that of Zn and Mg elements under the same
conditions, which makes the diffusion of Cu
element a limiting link in the diffusion process.
Accordingly, the diffusion coefficients (D) of solute

elements are compared, as shown in Table 1 [31,32].

It is found that the diffusion coefficients of Cu
element are obviously lower than those of Zn and
Mg elements in the heat treatment temperature
range used in this paper, which is consistent with
the reports in Ref. [33]. Therefore, in order to better
highlight the functional relationship between the
influencing factors and the diffusion curve, only the
diffusion of Cu element is discussed in this work.
Based on the statistical analysis of the particle
radius (Ry) of A1ZnMgCu quaternary phase in the

Table 1 Values of parameters used in model [31,32]

Dy/ o/ Dago-c/ Dygs ¢/

Element -1 2 -1 2 -1

(m“s ) (kJmol) (m™s) (m™s )
Zn  1.19x107°  116.1 6.348x107 9.301x10"*
Mg 1.49x107° 1205 3.862x10 " 5.741x107"
Cu 4.44x107° 1339 1.274x10" 1.979x10 "

as-cast alloy, it is found that R, is distributed
between 3 and 10 um, so the Ry values used in the
model are 3, 4, 5, 6, 8 and 10 um, respectively.
According to the Factsage phase diagram, the
atomic solid solubility C, of Cu element at different
temperatures is calculated theoretically, as shown
in Table 2. Accordingly, combined with Egs. (2)
and (3), k and D values at different temperatures
can be obtained, which are also listed in Table 2.

Table 2 Parameter values of Cu element in model

Temperature/°C  C,/% k D/(m*s™)
460 224 02449  1.274x107*
465 238 02623  1.478x10°"
470 273 03067  1.712x10°
475 286 03237  1.979x10"

EDS composition analysis is carried out in the
as-cast grains, and a large number of composition
results along the diameter and equal step length
are summarized, as shown in Fig. 3, which well
indicates the trend of concentration change in the
grain unit. According to the EDS analysis on the
solute distribution in the typical one of the many
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selected as-cast grains (as presented in Fig. 3), it
can be seen that a gradient concentration of solute
elements has been formed in the grains.

With the increase of heat treatment time, the
precipitates begin to be dissolved. Based on
the model mentioned above assuming that the
concentration of Cu element in the matrix is 0, the
relationship between (R,m/Ro)3 and ¢,, with different

particle sizes

can be established according to

Eq. (10), as shown in Fig. 4. It is obvious that the
radius of the precipitated particles greatly affects
time of the precipitates at the same

the dissolution

3333

temperature. As shown in Fig. 4(a), when the heat
treatment temperature is 460 °C, the precipitated
particles with a radius of 10 um need about 8 h to
dissolve completely, while the particles with a

radius of 5 pm take only 2 h to fully dissolve.

In order to better show the effect of heat
on the dissolution of
precipitated particles, the typical particle radius was
selected to calculate the dissolution curves of
precipitated particles at different temperatures,
as shown in Fig. 5. There is no doubt that the
dissolution of precipitated particles increases with

treatment temperature

Distance/um

20 40 60 80 100 1

20

Fig. 3 Microstructure and concentration (C) distribution of solute elements in as-cast grains: (a) SEM image;

(b) Concentration distribution curves
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Fig. 4 Relationship between (R, /R,)’ and t,, for Cu element in Al-Zn—Mg—Cu with different sizes (C,,=0) at 460 °C (a),
465 °C (b), 470 °C (c), and 475 °C (d)
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Fig. 5 Relationship between (R, /Ro)’ and ¢, for Cu element in Al-Zn—Mg—Cu at different temperatures and Rg=4 pm

(Cy=0) (a), Ry=5 pum (b), Ry=8 um (c), and Ry=10 um (d)

the increase of temperature. As shown in Fig. 5(d),
when the heat treatment temperature increases from
460 to 475 °C, the dissolution time of precipitated
particles with a radius of 10 um is shortened
from 8 to 4 h, which proves that the increase in
temperature significantly accelerates the dissolution
of particles.

With the dissolution of precipitated particles,
the diffusion homogenization of solute elements
occurs in the alloy matrix at the same time. The
diffusion field formed during the dissolution of
precipitated particles has a certain concentration
contribution to the homogenization of components
in the matrix. When the precipitated particles are
dissolved completely, it is necessary to identify the
actual concentration distribution in the matrix in
order to determine the initial concentration state of
matrix homogenization that occurs in the following
time. Accordingly, the maximum concentration
distribution of solute element Cu in the alloy matrix
Crax 18 2.5%. As mentioned above, the average
grain size of the alloy is 100 um and the
equilibrium concentration of solute element Cu is
1.5%. When the maximum concentration in the

matrix is 1.6%, 1.9%, 2.2%, and 2.5%, respectively,
the concentration distribution in the matrix is
discussed in detail. As shown in Fig. 6, there is no
significant difference in the effect of the maximum
concentration of solute element Cu in the matrix on
the heat treatment time at the same heat treatment
temperature.

In order to better highlight the distribution of
solute concentration in the matrix along the
diameter direction, the functional relations with
time and distance are further calculated for different
maximum concentrations. It is clear that the
concentration on both sides of the grain is higher
than that in the center of the grain due to the
dissolution of the precipitates at the grain boundary.
Figure 7 shows the concentration distribution
curves of Cu element in the grain at 460 °C, which
reveals that the concentration distribution tends to
be uniform after heat treatment for about 15 h. With
the continuous diffusion behavior, the concentration
at the edge of grain decreases and the concentration
in the center increases gradually, which finally leads
to the homogenization of the concentration
distribution of solute elements in the matrix.
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In order to clarify the substantial factors
affecting the concentration distribution of Cu
element, it is necessary to discuss in detail different
grain size conditions and different heat treatment
temperature conditions. The specific results are
shown in Figs. 8 and 9. When the grain size is
140 um at 460 °C, the heat treatment time is 50 h,
while when the grain size is 80 um, the heat
treatment time is only 20 h, which is enough to
characterize that the grain size has a great effect on
the concentration distribution of solute elements in
the matrix, as shown in Fig. 8(a). When the heat
treatment temperature is 475 °C, the heat treatment
time is 35 h when the grain size is 140 um, while
the heat treatment time is 15 h when the grain size
is 80 um (as shown in Fig. 8(d)), which reveals that
temperature only has an obvious effect on the
concentration distribution in the larger grains.

Accordingly, the effects of temperature on the
concentration distribution of solute elements at the
same size are further compared. The results are
shown more intuitively in Fig. 9, which illustrates
that the effect of temperature on solute solubility
distribution is based on the grain size. Combined
with the above analysis, it is not difficult to find
that the diffusion homogenization of solute
elements in the matrix mainly depends on the grain
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size.

Finally, based on the theoretical time obtained
by the of
precipitates and solute elements, the experimental
alloy was heat treated, and the evenly spaced points
in the grains were analyzed by EDS. As shown in
Fig. 10, the concentration distribution curve of
solute elements in the grain unit is displayed, which
makes it clear that the composition segregation
tends to be uniform along the grain diameter
direction.

concentration distribution model

4 Discussion

Obtaining the best characteristics of hetero-
geneous microstructure, such as the collocation
distribution of hard and soft micro-domains,
is a prerequisite for the alloy to have both good
strength and plasticity. Accordingly, controlling the
distribution of precipitates and solute elements in
the Al-Zn—Mg—Cu alloys determines the precise
construction effect of the heterostructure in the soft
and hard micro-domains, which mainly depends on
the initial microstructure of the alloys and the used
heat treatment conditions, such as grain size,
precipitation phase size, heat treatment temperature,
and time.
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Fig. 8 Homogenization curves of Cu element in matrix at different grain sizes and 460 °C (a), 465 °C (b), 470 °C (c),

and 475 °C (d)
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Fig. 10 Microstructure and concentration distribution of
solute elements in homogenized grains: (a) SEM image;
(b) Concentration distribution curves

4.1 Effect of initial microstructure

According to the above theoretical calculation
it can be concluded that the dissolution time of the
precipitates in the heat treatment process is greatly
dependent on the radius of the precipitated particles.
As shown in Fig. 4, the decrease in the size of the
precipitates greatly shortens the dissolution time at
the same heat treatment temperature. It is exciting
to find that the effect of precipitate size on
dissolution time remains stable with the change of
heat treatment temperature, although the dissolution
time of precipitates of the same size decreases with
the increase of heat treatment temperature (as
shown in Fig.5). For instance, when the heat
treatment is carried out at 460 °C, the dissolution
time of the precipitate with a radius of 10 pm is
about 4 times that of the precipitate with a radius of
5 pum, and when the heat treatment temperature
is 465, 470 and 475°C, respectively, the
corresponding proportional relationship between
the radius of precipitated particles and dissolution
time is still about 4 times. Therefore, we can
naturally conclude that the dissolution time of
the precipitates mainly depends on the size of
the precipitates, especially the corresponding
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proportional relationship is almost constant based
on a certain range of heat treatment temperature.
It also highlights the core effect of initial
microstructure on the regulation of heterogeneous
microstructure.

In the process of heat treatment, when the
precipitates are dissolved, the solute elements in the
matrix also diffuse along the concentration gradient,
and the dissolved precipitates will promote the
solute element concentration to a certain extent.
Therefore, it is necessary to discuss the relationship
between initial solute concentration and heat
treatment time. Combined with the actual
alloy composition test results, four gradient
concentrations of 1.6%, 1.9%, 2.2% and 2.5% were
selected to calculate the diffusion and distribution
of solute element Cu in the alloy matrix with grain
size of 100 pm (as shown in Fig. 6). Combined with
Fig. 7, the concentration distribution trend of solute
element Cu under the same initial concentration at
different heat treatment time can be directly
characterized. It is not difficult to find that the
solute concentration in the center of the grain is
relatively low, which makes the control of the
solute concentration distribution in different regions
become the necessary core for the formation of
heterogeneous microstructure. Therefore, it is
urgent to analyze and discuss the effect of different
grain sizes on the regulation of heterogeneous
microstructure.

Correspondingly, according to the results of
Fig. 8, when the grain size is 120, 100 and 80 pm at
460 °C, the heat treatment time required for the
concentration distribution of solute elements to be
uniform is about 40, 30 and 20 h, respectively. It
can be determined that the grain size has a very
significant effect on the concentration distribution
of solute elements in the matrix and the heat
treatment time. In addition, it can also be found
that, similar to the relationship between precipitate
size and heat treatment time, the corresponding
proportional relationship between grain size and
heat treatment time is almost constant with the
change of heat treatment temperature. Moreover,
for the 140 pm grains, the corresponding heat
treatment time is 50, 40 and 35 h when the heat
treatment temperature is 460, 470 and 475 °C,
respectively, but for the 80 um grain, when the heat
treatment temperature is 460, 470 and 475 °C, the
corresponding heat treatment time is 20, 18 and

15 h, respectively, which indicates that only the
larger grain size is sensitive to the change of heat
treatment temperature.

In order to prepare the alloy with ideal hetero-
geneous microstructure, it is particularly important
to control the initial size of the precipitate phases
and grains. On the basis of mastering the original
microstructure, the dissolution degree of the
precipitates and the distribution of solute elements
in the matrix can be effectively designed and
adjusted by controlling the heat treatment time, so
as to form different soft and hard micro-domains to
accurately construct the expected heterogeneous
microstructure.

4.2 Effect of heat treatment conditions

There is no doubt that the heat treatment
temperature has a certain effect on the dissolution
of the precipitate phase and the concentration
distribution of solute elements in the matrix, as
shown in Fig.5 and Fig.9. The relationship
between the heat treatment temperature and the
dissolution time of the precipitate phase is based on
the size of the precipitates. For example, for
large-size precipitates, the reduction of heat
treatment time caused by the increase of heat
treatment temperature is larger than that of
small-size precipitates. In other words, the effect of
heat treatment temperature on large size precipitates
is more significant than that of small size
precipitates. Accordingly, combined with the above
analysis, it can be concluded that the effect of heat
treatment temperature on solute elements in large
grain size is obviously higher than that in small
grain size. Therefore, it is intuitive and clear that
the effect of heat treatment conditions on the
heterogeneous structure is based on the initial
microstructure of the alloy.

For Al-Zn—Mg—Cu alloys, through the above
theoretical calculation of the distribution of
precipitates and solute elements, it becomes simple
and feasible to form a heterogeneous microstructure
with both high strength and high formability
by thermomechanical treatment. The ideal initial
microstructure is obtained by means of composition
design and hot working process control, for
instance, our previous studies have pointed out
that adding Fe element to Al-Zn—Mg—Cu alloys
can refine the as-cast grain size, and direct
hot rolling alloy ingots can effectively break the
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Fig. 11 Schematic diagrams of heterogeneous microstructure formation: (a—d) Diffusion of solute elements in grain
with heat treatment at 460 °C for 0, 8, 20 and 30 h, respectively; (e—h) Microstructure in alloy matrix with
corresponding heat treatment at 460 °C for 0, 8, 20 and 30 h, respectively

precipitates [11,12]. After the subsequent design of
effective heat treatment conditions, such as
heat treatment temperature and time, and applying
different degrees of heat treatment, the staggered
heterostructure of soft and hard micro-domains can
be obtained.

Accordingly, the schematic diagram of the
formation of the heterogeneous heterostructure
corresponding to the initial heterostructure of grain
size of 100 um and precipitate size of 10 um is
given. As shown in Fig. 11, according to the above
calculation and analysis results, when the heat
treatment is conducted at 460 °C, the microstructure
evolution models of different heat treatment time
are shown, i.e., the heat treatment time is 8, 20 and
30h, respectively. The distribution of solute
element Cu is indicated by blue, and the soft
micro-domains with less solute element are
indicated by green. Figures 11(a—d) show the
diffusion of solute elements in a grain with heat
treatment conditions, while Figs. 11(e—h) show the
evolution of microstructure in alloy matrix
with heat treatment conditions. When the heat
treatment time is about 8 h, the precipitates dissolve
completely and the distribution of Cu elements in
the matrix reaches the maximum inhomogeneity.
As shown in Figs. 11(b, f), the distribution of
solute elements is relatively concentrated near the
grain boundary, while there is a large soft
micro-domain in the center of the grains. With the
extension of heat treatment time, the area of soft
micro-domain decreases gradually until the relative

distribution of solute elements in the matrix is
uniform.

It can be concluded that the accurate control of
heat treatment conditions based on theoretical
design can effectively construct the matching
degree of soft and hard micro-domains and form the
expected heterogeneous structure.

5 Conclusions

(1) The dissolution process of precipitated
particles in the early stage of heat treatment is
mainly affected by particle size and homogenization
temperature.

(2) The diffusion homogenization process of
solute elements in the matrix mainly depends on the
grain size, while the heat treatment temperature
only has an obvious effect on the concentration
distribution in the larger grains.

(3) The actual heat treatment results of
Al-Zn—Mg—Cu alloy are in good agreement with
the theoretical model predictions of precipitates and
solute element concentration distribution.
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