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� The relationship among the
composition, microstructure and
homogenization process for Al-Zn-
Mg-Cu alloys was clarified by the
experiments and thermodynamic
calculations.

� The optimal one-/two-step
homogenization processes were
suggested based on the coarse
residual phase.

� A critical (Cu + Mg) level (depending
on the solubility limit) and a linear
correlation between Cu and Mg
contents (depending on the
stoichiometric balance) were
revealed for guiding the
homogenization processes.

� A thermodynamic approach was
established for composition design of
Al-Zn-Mg-Cu alloys.
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The alloy design and homogenization processes are intimately associated with the microstructure, phase
composition and performance for Al-Zn-Mg-Cu alloys. The microstructures and phase composition of a
series of Al-Zn-Mg-Cu alloys before and after the homogenization treatments were investigated along
with thermodynamic calculation to understand the underlying relationship. The eutectic microstructures
(a-Al + M (Mg(ZnAlCu)2)) are dominating with Cu-enriched [AlCuMgZn] particles, both depending on the
Zn:Mg ratio and (Cu + Mg) content, in addition to minor constituent h (Al2Cu) and Al7Cu2Fe phases in the
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Thermodynamic calculation
Homogenization
as-cast alloys. The optimal homogenization process was suggested based on the analysis of the residual
phases (i.e., the S (Al2CuMg) phase) since all (for low/mediate-(Cu + Mg) alloys) or partially (for high-
(Cu + Mg) alloys (�>4.24 wt%)) S (Al2CuMg) particles were dissolved during the homogenization. This
residual S phase may be transformed from the primary M and/or Cu-enriched [AlCuMgZn] phases. The
homogenization kinetics calculation results agreed well with above experimental results. A critical
(Cu + Mg) level and a linear correlation between Cu and Mg concentrations were revealed based on
the thermodynamically modelling, which can be conductive to determine the optimal homogenization
process. Furthermore, the solubility limit and stoichiometric balance principles based on controlling
the homogenized microstructures can guide the composition design for advanced high-strength alu-
minum alloys.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The high-strength aluminum alloys, e.g. AA7075, AA7050,
AA7055, AA7085, are commonly applied in the transportation
industry [1-3] with long-term objective of better integrated prop-
erties such as high strength and fracture toughness, good corrosion
resistance and high fatigue resistance [4-15]. These properties are
highly impacted by the strengthening precipitates, dispersoids and
coarse constituents, i. e., insoluble Cu-/Fe-rich intermetallics and
the partially soluble S (Al2CuMg) phase [7-9], as well as serious
macro-/micro-segregation [12-16], all of which highly depend on
the composition and processing [17-30]. Specifically, the soluble
g (MgZn2) phase or its precursors such as metastable g’ and GP
zones are mainly responsible for the alloy strength [7], while the
workability and fracture behavior are highly affected by the sol-
uble T (Al2Mg3Zn3 or Al6Mg11Zn11) phase, partially soluble S phase,
insoluble Al7Cu2Fe and Mg2Si phases [8,14,31-34], besides process-
ing parameters. Additionally, the macro/micro-segregation may
bring difficulty to the subsequent thermal-mechanical processing
and deteriorate the final properties [13,16]. Thus, it is desirable
to inhibit the formation of the T and S phases and control the con-
tents and morphologies of the Al7Cu2Fe and Mg2Si phases[8] dur-
ing the solidification, while dissolving/eliminating the coarse
intermetallic particles and segregation as much as possible by
high-temperature treatments.

Most previous studies have been focused on the as-cast
microstructures and phase composition for Al-Zn-Mg-Cu alloys,
and it is generally believed that the as-cast alloys contain different
combinations of the g, T, S and h phases, i.e., g, S and h phases in
AA7050[35], g, T, S and h phases in AA7055[19], g and h phases
in AA7085 alloys[36]. This indicates that the alloying strategies
(such as adjusting the Zn:Mg ratio, the Cu:Mg ratio and/or
(Mg + Cu) content) can play a substantial role in controlling the for-
mation of these phases and are directly associated with final
microstructures and properties. It is generally believed that the
formation of the g phase is mainly affected by the Zn:Mg ratio,
especially between 2.5 and 7.0[37], which is above the threshold
Zn:Mg = 2.2 when the g phase begins to form [38]. In addition,
thermodynamic calculation shows that the fraction of the M phase
increases with Zn content in the low-Zn alloys (5.1–6.7 wt% Zn) but
decreases with Mg content, which means that the high Zn:Mg
ratios can promote the precipitation of the M phase [39]. However,
the effect of Mg content on the precipitation of the g phase for
high-Zn alloys (8.8–9.6 wt% Zn) is different from that of low-Zn
alloys, i.e., with the increase of Mg content the fraction of the g
phase firstly increases and then decreases, thus the effect of Zn
and Mg contents on the fraction of the g phase needs more studies
[40]. Furthermore, the non-equilibrium calculations show that the
Mg content (2.0 and 2.5 wt%) in high-Zn alloys (9.2 and 9.8 wt%)
has a greater effect on the fraction of the g phase than that of
the Zn content [41], which is obviously different from the equilib-
2

rium calculation [39]. Therefore, the effect of Zn and/or Mg content
on the formation and fraction of the g phase in the as-cast Al-Zn-
Mg-Cu alloy can be well understood with a quantitative composi-
tion index, which would be vital for controlling the formation of
the g phase.

It was considered that the solidified microstructures could con-
tain the nonequilibrium S phase, in which the Cu sublattice were
replaced partially by Zn atoms [19], but others believed that an
unstable (Cu, Mg)- and/or Cu-enriched phase rather than the stable
S phase might appear in the as-cast alloys [42]. Although the for-
mation of the S or (Cu, Mg)- and/or Cu-enriched phase are corre-
lated with the (Cu + Mg) content [19,43], there is still lack of
effective approach to determine their formation in the as-cast
state. It was shown that the high Cu and low Mg concentrations
were favorable for the formation of the h phase while the high
Mg and low Cu concentrations for T phase [38], but there is no
quantitative criterion for determining the formation of both
phases. In addition, high-Zn Al-Zn-Mg-Cu alloys [�8.5 wt% Zn-
(1.4 � 2.5) wt% Mg-(1.4 � 3.0) wt% Cu] only contain the g phase
without the T and/or S phase [43], and the formation of the g phase
can be promoted by high Mg and Cu concentrations, and the S or
(Cu, Mg)- and/or Cu-enriched phase may appear in the as-cast
alloys [19,43]. Definitely, the composition variation (i.e., Zn:Mg
ratio and (Mg + Cu) content) can affect the complex precipitation
and phase transformation by influencing the solidification thermo-
dynamic parameters (such as the solidus and solvus lines of differ-
ent phases) [44]. The systematic investigation about the
comprehensive effects of the Zn/Mg/Cu composition could help
in understanding the formation of the as-cast microstructures of
the high-strength Al alloys.

The homogenization process as a critical manufacture step is
applied for the ingots to dissolve and/or eliminate the low-
melting point eutectic microstructures and secondary/constituent
phases formed during solidification so as to benefit the workabil-
ity, hardening and final properties [45-51]. It is known that the g
phase can be dissolved quickly while the dissolution of T and S
phases is sluggish [19], and the remaining secondary/constituent
phases may deteriorate the alloy properties under some homoge-
nization treatments (i.e., <470 �C). Although high-temperature
and/or long-time one-step homogenization treatments can
decrease or eliminate some of the coarse constituent particles,
the two-step or multi-step homogenization processes are also
applied with considering the costs, efficiency and the risk of over-
burn at high temperatures [45,47,48]. These homogenization pro-
cesses are mainly controlled by the diffusion of the Zn/Mg/Cu
atoms, and the different responses of the constituent particles to
the homogenization treatments depend on their chemistry. The
effects of the Zn:Mg ratio and (Cu + Mg) content on the microstruc-
ture evolution during homogenization were explored for low-Zn
Al-Zn-Mg-Cu alloys [13,14], which indicated that the T and S
phases could be effectively controlled by adjusting both two

http://creativecommons.org/licenses/by-nc-nd/4.0/
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parameters, i.e., with the increase of the Zn: Mg ratio and the
decrease of the (Cu + Mg) content, the T and S phases can be inhib-
ited. However, the initial coarse (Cu, Mg)- and/or Cu-enriched
phase or the S phase transformed during the homogenization can-
not be completely eliminated even by a high-temperature and/or
long-time treatment for some alloys such as having high
(Cu + Mg) content and/or low Zn: Mg ratio [13,35,46]. Although
high alloying levels can contribute to a higher strength [48], i.e.,
AA7136 alloy, it will complicate the as-cast microstructures and
their evolution, i.e., coarse second phase or constituent particles
and macro-/micro-segregation, both of those cannot be completely
eliminated during subsequent heat treatments such as homoge-
nization or solution treatment [48]. In addition, the alloy design
was previously based on the equilibrium and/or non-equilibrium
thermodynamic calculations and limited experiments, and the
large differences/deviations between them (i.e., solidification path
and phase components) may lead to a time-consuming and high-
cost alloy development. Thus, the correlation between the
microstructures, alloy compositions and homogenization pro-
cesses still needs in-depth understanding aiming at the effectively
guided alloy design.

In this study, a series of Al-Zn-Mg-Cu alloys with different Zn:
Mg ratios and (Cu + Mg) contents were designed to study the
microstructures and phase components before and after homoge-
nization with thermodynamic calculation. The optimal homoge-
nization process was suggested by understanding the
relationship between the composition, microstructure and phase
composition before and after the homogenization, and the princi-
ples based on the control of homogenization microstructures were
proposed to guide the composition design of high-strength Al-Zn-
Mg-Cu alloys. This may pave a way for a reliable and accurate com-
position regulation for Al and other alloys.
2. Experimental procedure

A series of Al-Zn-Mg-Cu alloys (with the compositions in Table 1
measured by the Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES, GB/T 20975.25-2008)) were prepared with
high purity Al (99.99 %), Zn (99.99 %), Mg (99.99 %), and Al-50 Cu,
Al-10 Zr, Al-10 Ti and Al-5 Ti-B (wt%) master alloys. The raw mate-
rials were melted in an electric resistance furnace at 730–780 �C
and then poured into a water-cooled steel mold at 690–725 �C with
average 2 � 3 �C /s cooling rate for ingots with sizes of
210 mm � 120 mm � 100 mm. Specimens with dimensions of
12 mm � 12 mm � 12 mm were cut from the quarter thickness
position of these ingots.

Some of these samples were heated to 475 ± 2 �C (heating rate:
30 �C/h) and held for 18/24 h in an air furnace with subsequently
quenching into room-temperature water. A two-step homogeniza-
tion process (475 �C/24 h + 485 �C/12 or 24 h) was also applied.
Other samples were additionally treated at 465/470 �C for 24 h.
A 3 mm-diameter disc (�10 mg) was tested in a TA2910 differen-
tial scanning calorimeter (DSC, heating rate: 10 �C/min) to measure
Table 1
Chemical compositions of the present alloys (wt%).

Alloys Zn Mg Cu Zr Zn + M

1-1 7.20 2.21 1.83 0.090 11.24
1-2 7.20 2.11 2.58 0.098 11.89
2-1 6.87 2.35 1.79 0.10 11.01
2-2 6.86 2.17 2.07 0.10 11.10
3-1 6.40 2.24 1.84 0.10 10.48
3-2 6.50 2.37 1.79 0.10 10.66
3-3 6.50 2.15 2.89 0.10 11.54
Fe,Si＜0.08, Ti, Mn, Cr＜0.05, Al balance

3

the transformation temperatures with high purity aluminum disc
of the same weight as a reference.

Metallographic samples were mechanically polished and etched
with a solution of 2.5 vol% HNO3 + 1.5 vol% HCl + 1 vol% HF, and
observed using a Zeiss Axiovert 200 MAT model optical microscope
(OM). The mechanically polished samples were analyzed by a scan-
ning electron microscope (SEM) (ZEISS LEO 1450) equipped with
an energy dispersive X-ray spectroscopy (EDS, Kevex SIGMA). The
area fraction of the micron-sized particles in the as-cast and
homogenized samples were measured and averaged from at least
three SEM images (magnification: � 200) using the Image-Pro Plus
image analysis software. It is known that the quantitative EDS
results may be affected by the matrix composition under different
acceleration voltages, which in turn may affect the electron beam
penetration depth. After several trials, we used an acceleration
voltage of 10 kV for EDS analysis combined with the multiple point
or micro-zone analysis with similar features in order to decrease
the electron beam deflection-induced error for a reliable composi-
tion information. X-ray diffraction (XRD) analysis was performed
in a Rigaku DMAX-RB X-ray diffractometer (Cu Ka-Al radiation;
working voltage: 40 kV; step length: 0.02�; scanning rate: 9�/
min, Rigaku Corporation, Tokyo, Japan). Thermo-Calc thermody-
namic software (TCS Al-based Alloy Database-TCAL8) was used to
calculate phase diagrams and equilibrium/non-equilibrium (Schiel
simulation) solidification process. If the solidification is very slow,
and the alloy system is always maintained in the thermodynamic
equilibrium state, and solutes in solid and liquid phases can be
fully diffused for the equilibrium calculation. The Schiel simulation
assumes that if the solidification is faster, the solute atoms cannot
be diffused in the solid but still can fully diffuse in the liquid phase
[43]. The real process may fall in between both conditions.
3. Results

3.1. Microstructure and phase constituents of the as-cast alloys

Typical aluminum dendrites and eutectic structures appear in
the as-cast alloys (Fig. 1(a-c)) and the grain size seems to be grad-
ually refined with higher solute levels, as reported previously
[19,43]. The metallographic statistics show that the average den-
drite arm spacing L [52] in the alloys 1-2, 2-2 and 3-3 are 45 lm,
39 lm and 47 lm, respectively, while 23-26 lm in the alloys 1-
1, 2-1, 3-1 and 3-2. The significant interdendritic solute segrega-
tion [52] occurs for the alloys with the higher solute level or
(Cu + Mg) content. Fig. 1(d-j) shows the white reticulated phase
mainly along grain boundaries or in the interdendritic regions in
the alloys 1-2, 3-1 and 3-3, while a few gray phase particles near
the white phase only appear in the alloys 1-1, 1-2, 2-2, 3-1 and
3-3. Table S1 shows that the white phase with wide composition
range can be identified as the non-equilibrium M phase with the
crystal structure similar to the g phase [45]. In addition, some
white particles with Cu content different from that of the M or S
phase appear, namely a Cu-enriched phase (or [AlCuMgZn]
g + Cu Zn + Mg Zn/Mg Cu/Mg Cu + Mg

9.41 3.26 0.83 4.04
9.31 3.41 1.22 4.69
9.22 2.92 0.76 4.14
9.03 3.16 0.95 4.24
8.64 2.86 0.82 4.08
8.87 2.74 0.76 4.16
8.65 3.02 1.34 5.04



Fig. 1. Optical microstructures (a-c), SEM images (d-j), XRD patterns (l) and DSC curves (m) of the as-cast alloys: (a) 1-1; (b) 2-2; (c, f, i) 3-3; (d, g) 1-2; (e, h) 3-1; (j, k) line
scan analysis.
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phase)[42]. The non-equilibrium M phase exists in all alloys but
the [AlCuMgZn] phase only appears in some alloys, i.e., 1-2, 2-1,
2-2, 3-1, 3-2 and 3-3 (Table S1). Fig. 1(j, k) and Table S1 show that
the Al:Cu ratio in the gray phase adjacent to the [AlCuMgZn] phase
is close to 2:1, which is identified as h phase [7] in the alloys 1-1, 1-
2, 3-1 and 3-3. Besides, the [AlCuMgZn] phase (as-arrowed by F in
Fig. 1(i)) also appears as a divorced phase in the interdendritic
regions. XRD results (Fig. 1(l)) are consistent with SEM observation.
No h phase appears in Fig. 1(l) because of its small concentration,
and the [AlCuMgZn] phase may be isomorphous to the M or S
phase[42,53], which needs more analysis.

Fig. 1(m) shows the DSC curves of the as-cast alloys and the
peak temperature TP and reaction heat DHR associated with phase
transformation are calculated and listed in Table 2. There are one
(peak I) or two (peak I and II) endothermic peaks in each DSC
curve: peak I: 479.8–482.0 �C, corresponding to the dissolution of
eutectic microstructures (a-Al + M) [45,54,55]; Peak II: 484.4–49
1.3 �C, corresponding to the dissolution of the S phase [56,57] or
Cu-enriched phase [42], which is likely overlapped with peak I.
The endothermic peaks relating to h and Al7Cu2Fe phases do not
appear in the as-cast alloys due to their small fractions and/or high
melting temperatures. It can be seen that the alloy 1-1 mainly con-
tains theM phase, and the alloys 2-1, 3-1 and 3-2 additionally con-
tain some S or [AlCuMgZn] phase, while the alloys 1-2, 2-2 and 3-3
mainly contain the M and S or [AlCuMgZn] phases, which is consis-
tent with SEM observations above. Table 2 also shows that the
reaction heat DHR is proportional to the statistic volume fraction
of the phase dissolved, which is in line with previous reports [58].
Table 2
Peak temperature TP and reaction heat DHR calculated from the DSC curves (in Fig. 1(m))

Alloys Peak I Peak II

TP(�C) DHR(J/g) TP(�C)

1-1 480.9 11.254 –
1-2 479.8 10.657 487.2
2-1 480.9 10.086 484.4
2-2 480.8 13.050 485.8
3-1 481.4 8.232 486.7
3-2 482.0 9.630 485.5
3-3 480.0 8.267 491.3

4

3.2. Microstructures and phase constituents after one-step
homogenization

Only a fewM and/or [AlCuZnMg] (i.e., Cu-enriched phase as will
be discussed in 4.1) phase particles remain in all alloys and the
insoluble Al7Cu2Fe phase is present in some alloys, i.e., the alloys
1-1, 1-2, 2-1 and 2-2 (Fig. 2 and Table S2) after the initial homog-
enization treatment at 475 �C for 24 h based on the DSC results in
Fig. 1(m). Finally, only a few residual M and/or [AlCuZnMg] and S
phase particles appear in the alloys 1-1, 2-1, 3-1 and 3-2, and more
S phase appears in the alloys 1-2, 2-2 and 3-3, along with a few
adjacent M and/or [AlCuZnMg] particles. The statistical area frac-
tion of the second phases in Table S2 shows an obvious reduction
after one-step homogenization but it remains still high in the
alloys 1-2, 2-2 and 3-3 because of the residual S phase.

The homogenization treatment was also performed at 465 �C
and 470 �C to compare the phase dissolution and transformation
at different temperatures. A large number of gray S and white M
phases are detected after the homogenization of the alloys 1-1,
2-1, 3-1 and 3-2 at 465 �C for 24 h (Fig. 3(a, d, g, j)), and the total
area fractions of the second phases in these four alloys are 1.550
± 0.010 %, 1.190 ± 0.005 %, 1.400 ± 0.007 % and 1.500 ± 0.007 %,
respectively. The statistic results based on the contrast difference
of different phases indicate that the area fractions of the white M
phase are 0.410 ± 0.005%, 0.080 ± 0.003%, 0.090 ± 0.001% and 0.0
50 ± 0.001%, and the area fraction of the gray S phase are 0.850 ±
0.006%, 1.060 ± 0.004%, 1.320 ± 0.006% and 1.390 ± 0.005% in these
four alloys, respectively. The dominant M phase in the as-cast
alloys disappears largely after 465 �C � 24 h homogenization, indi-
of the as-cast alloys.

Peak I + II Area fraction of second phase /%

DHR(J/g) DHR(J/g)

– 11.254 3.36 ± 0.01
7.541 18.198 4.07 ± 0.01
2.551 12.637 3.58 ± 0.01
3.849 16.899 3.86 ± 0.01
2.053 10.285 3.21 ± 0.01
2.331 11.961 3.45 ± 0.01

10.551 18.819 4.36 ± 0.01



Fig. 2. SEM images of the one-step homogenized (475 �C/24 h) alloys: (a) 1-1, (b) 1-2, (c) 2-1, (d) 2-2, (e) 3-1, (f) 3-2, (g) 3-3.
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cating that the second phases are dissolved and/or transformed to
a large extent. The results show that the S phase is dominant along
with the M phase, and no [AlCuZnMg] phase is found in the alloys
1-1, 2-1, 3-1 and 3-2. After the homogenization at 470 �C for 24 h,
most of the second phases in the as-cast alloys disappear, and a
few appear, i.e., the S phase, however most of the newly formed
S phase transformed from the M phase and/or [AlCuZnMg] phase
is dissolved during the homogenization (Fig. 3 (b, e, h, k))
[42,54,59]. In addition, there is still a few undissolved M particles
(Fig. 3 (e, k)) and the insoluble Al7Cu2Fe phase (Fig. 3 (b, h)) adja-
cent to the newly formed S phase.

In addition, the calculated phase diagrams in Fig. 3(c, f, i, l) show
that the alloys 1-1, 2-1, 3-1 and 3-2 are located in the [a-Al + S], [a-
Al + S], [a-Al + M + S] and [a-Al + M + S] phase fields at 465 �C,
respectively. It means that a longer time (�24 h) is required for
the homogenization of these four alloys at 465 �C while 470 �C is
near the solvus of S phase (Fig. 3(c, f, i, l) and 11), and a short-
time homogenization (i.e., =< 24 h) can completely dissolve the
M and S phases [60].

The endothermic peaks I, II and III in Fig. 4 correspond to the
dissolution of the M phase, [AlCuMgZn] phase and S phase, respec-
tively. The weak endothermic peak I and the disappearance of the
endothermic peak II in the alloys 1-1, 2-1 and 3-2 reveal that most
of the M phase and all the [AlCuMgZn] phase are dissolved. How-
ever, the strong endothermic peak III in the alloys 2-1, 3-1 and
3-2 indicates that new S phase is formed although it may be par-
tially dissolved [42,54,59,61]. Fig. 3 (a, d, g, j) shows that the S
phase exists in the alloy 1-1 but with the lowest area fraction
(�0.85%) compared to others after homogenization at 465 �C for
24 h. Therefore, the endothermic peak III reflecting the S phase
may not occur during the DSC test. However, no endothermic peak
appears for the alloys 1-1 and 2-1 after homogenization at 470 �C
and/or 475 �C for 24 h, which means that most of the M phase, all
of the [AlCuMgZn] phase and the S phase transformed from the M
phase [42,54,61] are dissolved. The weak endothermic peak III
reveals that most of the M phase and all of the [AlCuMgZn] phase
are dissolved besides a small amount of the S phase that is trans-
formed from the M phase for the alloys 3-1 and 3-2 after homoge-
nization at 470 �C for 24 h [42,54,59,61]. And there is no
endothermic peak after homogenization at 475 �C for 24 h, indicat-
ing the complete dissolution. The above DSC analysis about the
alloys 1-1, 2-1, 3-1 and 3-2 is basically consistent with SEM results
except for a few remaining phases that could not be detected by
the DSC test.

Furthermore, the alloys 1-1, 2-1, 3-1 and 3-2 homogenized at
475 �C for 18 h exhibit more residual S phase compared with that
after 475 �C /24 h treatment (Fig.S2 and Table S4). In a word, the
5

homogenization with 475 �C/24 h could be suitable for these
ingots.

3.3. Microstructures and phase constituents after two-step
homogenization

There are still a large number of second phases along grain
boundaries (Fig. 5(a, d, g)), as well as a few spherical S particles
(Table S3) in the alloys 1-2, 2-2 and 3-3 even after homogenizing
at 475 �C for 24 h. The volume fraction of the S phase is further
decreased except for a few spherical or short-rod S particles along
grain boundaries after the two-step homogenization
(475 �C/24 h + 485 �C/12 h) (Fig. 5(b, e, h)). The intragranular/inter-
granular distribution of the S phase in the alloys 1-2 and 3-3 does
not change apparently but the S phase is almost dissolved in the
alloy 2-2 with prolonging the second-step homogenization time
to 24 h, as indicated in Fig. 5 (c, f, i), Table S5 and Table S3.

The peak temperature TP and reaction heat DHR from the DSC
curves (Fig. 6) of the homogenized (one- and two-step) alloys as
shown in Table S6 indicate that only the endothermic peak III
(�495 �C) after the two-step homogenization (475 �C/24 h + 485
�C/12 h or 475 �C/24 h + 485 �C/24 h) appears in the alloys 1-2,
2-2 and 3-3. And the peak intensity for the alloy 1-2 continuously
decreases, corresponding to a continuous reduction of DHR value,
while the endothermic peaks of the alloys 2-2 and 1-3 after the
homogenization with 475 �C/24 h + 485 �C/12 h are not noticeably
weakened as compared with that after 475 �C/24 h treatment,
which means no significant variation in the DHR value. The
endothermic peak completely disappears in the alloy 2-2 but not
in the alloys 1-2 and 3-3 after the homogenization with
475 �C/24 h + 485 �C/24 h (Fig. 6). The DSC analysis of the alloys
1-2, 2-2 and 3-3 is consistent with the above SEM observations.

4. Discussion

4.1. Correlation between the alloy composition and solidification
phases

The thermodynamic calculation shows that the equilibrium
microstructures at room temperature are composed of four main
phases: a-Al, M, T(equilibrium)[(AlCuZn)49Mg32] and h, being consis-
tent with above as-cast microstructure results except for the T(equi-
librium) phase below 80 �C (Fig. 7(a, b) and Table 3). This indicates
that the T(equilibrium) phase has no correlation with the S phase or
Cu-enriched phase, both of which can be dissolved at �490 �C
(Fig. 1(m)) and do not exist at room temperature in Fig. 7(a, b)
and Table 3. The solidification paths based on the Scheil model of



Fig. 3. SEM images of the one-step homogenized alloys with 465 �C/24 h (a, d, g, j) and 470 �C/24 h (b, e, h, k): (a, b) 1-1, (d, e) 2-1, (g, h) 3-1, (j, k) 3-2, and calculated isopleth
of Al-Zn-Mg-xCu system with (c) 1-1: 7.20 wt% Zn and 2.21 wt% Mg; (f) 2-1: 6.87 wt% Zn and 2.35 wt% Mg; (i) 3-1: 6.40 wt% Zn and 2.24 wt% Mg; (l) 3-2: 6.50 wt% Zn and
2.37 wt% Mg.
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the typical alloys in Fig. 7(c, d) indicate that the a-Al, T(non-
equilibrium), S and V phases are formed successively during the solid-
ification in the alloys 1-1 and 3-1 (low (Cu +Mg) content) while the
a-Al, S, V and T(non-equilibrium) phases successively in the alloys 1-2
and 3-3 (high (Cu + Mg) content). Their final phase compositions
are obviously inconsistent with the experimental results
(Table S1). The S phase precipitates at �462-472 �C during the
solidification in these four alloys and then transforms (via transi-
tional reactions) into the T(non-equilibrium) or V phase without the
residual S phase (Fig. 7(d)), which is consistent with that of Fig. 1
(l, m) and Table S1. Thus, it can be considered that the S phase
6

may transform into the V or T(non-equilibrium) phase during the
solidification.

Some earlier studies showed mainly MgZn2 and Al2Mg3Zn3

phases or their isomorphous phases in the as-cast state without
the S phase [36,49 54,61], and Cu sublattices in the S structure par-
tially replaced by Zn atoms, thus forming the stoichiometric Al2-
CuXMgZn1-X phase ((50–58)Al-(14–17)Zn-(19–23)Mg-(9–13)Cu,
at.%)[19]. In addition, some Zn sublattices in the MgZn2 structure
can be replaced by Al and Cu atoms, thus forming the M phase
(eventually forming AlCuMg phase), which also occurs in the Al2-
Mg3Zn3 structure to form Mg3(AlCuZn)2 phase (eventually in the



Fig. 4. DSC curves of the as-cast and homogenized (465 �C and 470 �C, 24 h and 475 �C, 18 h/24 h) alloys.

Fig. 5. SEM images of the two-step homogenized alloys 1-2, 2-2, 3-3 (a, b, c: alloy 1-2; d, e, f: alloy 2-2; g, h, i: alloy 3-3; a, d, g: 475 �C/24 h; b, e, h: 475 �C/24 h + 485 �C/12 h;
c, f, i: 475 �C/24 h + 485 �C/24 h).
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form of Al6CuMg4) [14,53]. It is noteworthy that the variable com-
position of the present Cu-enriched phase (Table S1, for example
the stoichiometric ratio of the Cu-enriched [AlCuMgZn] phase,
i.e., Mg:Al:Cu:Zn�10: 65: 14: 10 in the alloy 1-2) is different from
the stoichiometric S (Al2CuXMgZn1-X) [19],M (Mg(ZnAlCu)2) [43] or
7

T (Mg3(AlCuZn)2) phases [14]. Furthermore, the dissolution tem-
perature of the new phase (between that of the M (�480 �C) and
S (�490 �C) phases, corresponding to the endothermic peak II in
Fig. 1(m)), reveals that a metastable phase (i.e., the Cu-enriched
phase) appears in the as-cast state, namely the [AlCuMgZn] phase



Fig. 6. DSC curves of homogenized (one- and two-step) alloys.
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(the structural study is on-going), which is consistent with a previ-
ous report, i.e., existence of Cu-enriched non-equilibrium alu-
minides between the S and h phase [42]. The above analysis
considers no S phase but mainly a-Al, M and [AlCuMgZn] phases
in the as-cast state, which is similar to the results calculated by
the Scheil model (Fig. 7) except for the alloy 1-1. However, the
Fig. 7. Calculated isopleth((a): alloy 1-1; (b): alloy 1-2) and the solidifica
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solidification paths and phase components calculated by the Scheil
model and the equilibrium phase diagram are not completely con-
sistent with the experimental results, i.e., no h phase appears in the
Scheil model but in the equilibrium state, which agrees with the
results in Table S1. The T phase presents in the Scheil model while
the M phase can be found in the equilibrium state and experi-
ments. Although the V phase calculated by the Scheil model is close
to the Cu-enriched phase, the Scheil model shows that the V phase
exists in the alloy 1-1, while the experiment and the equilibrium
phase diagram show there is no Cu-enriched phase, which signifies
that the V phase might be different from the Cu-enriched phase. In
a word, the Schiel model can predict all possible phases during the
solidification, but it is not consistent with the real solidification.
The real solidification mostly agrees with the equilibrium solidifi-
cation and usually falls between the Schiel model and equilibrium
calculation. Finally, the phase components of different alloys are
same (with different phase fraction) except for the alloy 1-1 with-
out the Cu-enriched phase due to its low (Cu + Mg) content.

It is considered that the g phase can be formed for the alloys
with Zn > 3.0 wt% and Zn:Mg > 2.2 [38], which agrees with the pre-
sent alloys. The reaction heat DHR of the endothermic peak I (cor-
responding to the area fraction of the M phase) in Fig. 1(m) is
ranked as: 2-2 > 1-1 > 1-2 > 2-1 > 3-2 > 3-3 > 3-1 (Table 2), which
is closely related to their Zn, Mg and Cu contents. The fraction of
the M phase increases as the Zn:Mg ratio increases and
(Cu + Mg) content decreases for the alloys 1-1, 2-1 and 3-1, which
is consistent with previous study [14]. However, the fraction of the
M phase depends on the (Zn + Mg + Cu) content for the alloys 3-1
tion paths in the Scheil model[(c) and (d), alloys 1-1, 1-2, 3-1, 3-3].



Table 3
Solidification paths of different alloys under equilibrium condition.

Fig. 9. Analysis of solidification microstructure of previous and current studied
alloys with different Zn:Mg ratio and (Cu + Mg) content.
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and 3-2 with similar Zn:Mg ratio and (Cu + Mg) content, i.e., the
higher the (Zn + Mg + Cu) content, the higher the fraction of M
phase (Table S1). Additionally, it is known that the high Zn:Mg
ratios and/or high Cu levels are conducive to forming the M phase
[38,40], but excess Cu may cause coarse S phase that will consume
Mg solute and decrease the fraction of the M phase [62]. The high
Cu level can promote the formation of theM phase due to stoichio-
metric balance among Zn, Mg and Cu solutes (that means all the
Zn, Mg and Cu atoms can be consumed to form the second phase
without any excess) for the alloy 2-2 with medium Zn:Mg ratio
compared with that of the alloy 1-1. The alloy 1-2 with high
(Cu + Mg) content (excess Cu) and Zn:Mg ratio (=3.41) higher than
the alloys 2-1, 3-1, 3-2 and 3-3 exhibits more M phase, while the
alloy 3-3 with high (Cu + Mg) content (excess Cu) and Zn:Mg ratio
(=3.02) close to that of the alloys 1-1 and 2-2 exhibits lessM phase.
Fig. 8 shows that the reaction heat DHR (peak II) is closely related
with the alloy’s (Mg + Cu) contents: the higher the (Mg + Cu) con-
tent, the higher the reaction heat, and the higher the fraction of the
[AlCuMgZn] phase, which is similar with the relationship between
the (Mg + Cu) level and S phase content [14,19]. Thus, the
[AlCuMgZn] phase does not exist in the as-cast alloy 1-1 but in
others with (Mg + Cu) level above 4.04-4.08 wt%. Also, the forma-
tion of the h phase mainly depends on Cu and Mg levels (or Cu:Mg
ratio) but not on Zn level [40], i.e., high Cu:Mg ratios can facilitate
the formation of h phase [38]. As a result, it is easier for the alloys
1-2 and 3-3 but difficult for the alloys 2-1, 3-1 and 3-2 to form h
phase (Table 1), which agrees with their as-cast microstructures
(Fig. 1 (g, h, i)).

Fig. 9 shows the variation of the Zn:Mg ratio and (Mg + Cu) con-
tent as well as related phase components in the as-cast alloys. It
reveals that the alloys with high Zn:Mg ratio and low (Mg + Cu)
content (such as AA7085 [63,64], AA7037 [63,65] and AA7056
Fig. 8. Reaction heatDHR (peak II) and the correlation of DHR and (Mg + Cu) content
of different alloys.
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[21,43,65], AA7097 [65] alloys) mainly contain a-Al and M phase
but the alloys with low Zn:Mg ratio and high (Mg + Cu) content
(such as AA7x50 alloy [47,66] and the present alloys) mainly con-
tain a-Al, M and S or Cu-enriched phases. However, the as-cast
alloys only contain a-Al and M phases for low Zn:Mg ratio and
low (Mg + Cu) content (such as AA7040/7010 [54], AA7449 [43]
alloy), or for high (Mg + Cu) content and high Zn:Mg ratio (such
as AA7136 [43], AA7095 [65] alloys). The alloys with high Zn:Mg
ratios do not contain the Cu-enriched phase or S phase for equal
(Mg + Cu) content, such as the alloys 2-2 and 3-1, AA7095 [65]
(Al-9.1Zn-2.0 Mg-2.2Cu, wt%) and AA 7A56 [21] (Al-9.0Zn-
2.1 Mg-2.0Cu, wt%) alloys. It can be found that the as-cast alloys
mainly contain a-Al and M phases except for the blue area that
may contain additional Cu-enriched or S phase (Fig. 9).

The fraction of the g phase increases with Zn content but
decreases with Mg content for Zn <= 6.9 wt% for the alloys with dif-
ferent Zn, Mg and Cu contents (6.5–8.0 wt% Zn, 1.8–2.6 wt%Mg and
1.5–3.0 wt% Cu), as shown in Fig. 10(a, b, c, i, j), indicating that this
fraction increases with Zn:Mg ratio. However, the fraction
increases firstly and then decreases with Mg content for Zn > 6.9
wt%, and the Mg content corresponding to the maximum fraction
of the g phase gradually increases for higher Zn content. The alloys
can be divided into three types: 6.5–6.9 Zn wt%, 7.2–7.6 Zn wt%
and 7.8–8.0 Zn wt% based on the Zn and Mg content corresponding
to the maximum g fraction (Fig. 10(j)), which corresponds to Mg<=
1.8 wt%, Mg = 2.0 wt% and Mg = 2.2 wt%, respectively (Fig. 10(k)),
and the related Zn:Mg ratios are �3.6–3.83 (6.5–6.9 wt% Zn), 3.6–
3.8 (7.2–7.6 wt% Zn) and 3.55–3.64 (7.8–8.0 wt% Zn). It seems that
there is a critical Zn:Mg ratio corresponding to maximum fraction
of the g phase, as schematically shown in Fig. 10(l), below which
the fraction increases with Zn:Mg ratio but decreases above this
critical ratio that is consistent with previous study [67]. The Zn:
Mg ratios in this study are lower than above critical values
(�3.6), thus as the Zn:Mg ratio increases, the fraction of the g
phase increases. The analysis is based on the consideration that
the low Cu content (1.5 wt%) has no obvious effect on the fraction
of the g phase (Fig. 10(d)). Although it could affect the formation of
the M phase and the corresponding Mg content as well as critical
Zn:Mg ratio under higher Mg and Cu contents, the critical Zn:Mg
ratio can still hold. It is noted that higher Cu content will reduce
the solubility of the Mg solute, thus decreasing the fraction of
the g phase (Fig. 10(d)), which is in accord with the present alloys
(such as the alloys 1-1, 2-2 and 3-3). Fig. 10(e, f, g, h) show that



Fig. 10. The fraction of g and S phases under different Zn (a, b, e, f), Mg (c, g) and Cu contents (d, h). (i, j) the fraction of g phase fraction at different Zn and Mg contents at
room temperature (24 �C); (k) the critical Zn:Mg ratios and Mg content corresponding to the maximum fraction of g phase at different Zn contents; (l) schematic variation of
the fraction of g phase with Zn:Mg ratio.
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there is no S phase after the solidification, which is in line with the
results in Fig. 1 and Table S1. However, the M and Cu-enriched
[AlCuMgZn] phases can evolve into stable S phase during high-
temperature treatment (or homogenization) (Fig. 2 and Table S3),
which is the results from the different diffusion velocity of the
Zn, Mg and Cu atoms during high temperature treatment, i.e., the
Zn atom in the M and Cu-enriched [AlCuMgZn] phases is diffused
into the matrix more easily than the Mg and Cu atoms, finally lead-
ing to the transformation from the M and and Cu-enriched
[AlCuMgZn] phases to the S phase [42,54,61]. The residual S phase
after high-temperature treatment (or homogenization) could be
detrimental to the alloy’s integrated properties, and it’s important
to avoid the residual S phase by tuning the composition (Zn/Mg/
Cu), so the evolution of the S phase fraction for the alloys with dif-
ferent compositions (Zn/Mg/Cu) at high temperature during solid-
ification were discussed based on the one-axis equilibrium
thermodynamic calculations in order to guide the alloy design
(Zn:Mg ratio and (Cu + Mg) content). The varied Zn (for Zn = 6.5–
8.0 wt%, Mg = 1.8 or 2.2 wt%, Cu = 1.5 wt%) and Mg contents (for
Zn = 7.2 wt%, Mg = 1.8–2.6 wt%, Cu = 1.5 wt%) have less effect on
the S phase during the solidification (Fig. 10(e, f, g)), but higher
Zn:Mg ratio is conducive to decrease the fraction of the S phase
(Fig. 10(e, f, g)). Also, the Cu content (for Zn = 7.2 wt%,
Mg = 2.2 wt%, Cu = 1.5–3.0 wt%) has a significant influence on
the formation of the S phase, i.e., the maximum S phase fraction
increases from 1% to 4% (Fig. 10(h)). Thus, the Cu content should
be strictly controlled to avoid more S phase, especially under
higher Mg content (2.0–2.4 wt%). The S phase can be basically dis-
solved by high-temperature treatment for Cu = 2.07 wt% (the alloy
2-2), but will be residual for Cu > 2.07 wt% (i.e., the alloys 1-2 and
3-3). The fraction of the g phase can be maximized with critical Zn:
Mg ratio and lower (Cu + Mg) content, while the S phase can be
avoided by increasing the Zn:Mg ratio and decrease the
(Cu + Mg) content.
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4.2. Homogenization kinetic analysis

The isothermal equilibrium phase diagrams in Fig. 11 show that
the alloys 1-1, 2-1, 3-1 and 3-2 are located in the a-Al + S phase
field at 470 �C but in the single a-Al phase field at 475 �C, which
could suggest a homogenization temperature of 475 �C with con-
sidering the dissolution of the M phase (Fig. 1(m)). However, the
alloys 2-2, 1-2 and 3-3 are located in the a-Al + S phase field at
475 �C and may be overburnt at 480 �C. It also shows that the alloy
2-2 near the solvus of the S phase while the alloys 1-2 and 3-3 far
away from this solvus, and longer soaking time or two-step
homogenization process (low + high temperatures) might be suit-
able, especially the latter. The homogenization process for the alloy
2-2 is suggested as 475 �C/24 h + 485 �C/24 h, but a complete dis-
solution of the second phases after this two-step homogenization
for the alloys 1-2 and 3-3 cannot be achieved because of the resid-
ual S phase, which could be costly eliminated with higher homog-
enization temperatures or longer times from the SEM observation
and DSC analysis (Figs. 5 and 6, Table S5 and S6).

The dissolution of the M and [AlCuZnMg] phases, the transfor-
mation of the M and [AlCuZnMg] phases to S phase [54,55] (i.e.,
Zn < 8 wt%) and the dissolution of the S phase [36,59,68] could
be occurred during the homogenization. Firstly, the interdendritic
eutectic microstructures (i.e., M and [AlCuZnMg] phases) are dis-
solved during the homogenization but the transformation into
the S phase as well as the growth of the S phase mainly depends
on the diffusion of solute atoms from these eutectic phases [49].
It is found that high Cu concentration might be formed in local
eutectic regions for the low diffusion rate of Cu atom compared
to that of Zn and Mg atoms [69] and this may facilitate the forma-
tion of the S phase [59]. Further homogenization will continue the
transformation into the S phase and dissolve the eutectic
microstructures, and the decrease of the Cu concentration gradient
between grain boundaries and Al matrix will promote the dissolu-



Fig. 11. Calculated isothermal sections of Al-(7.2 wt%, 6.87 wt%, 6.5 wt%)Zn-Mg-Cu
system at 470 �C, 475 �C and 480 �C.

Fig. 12. (a) Schematic diagram of the solute concentration distribution between the
tertiary inter-dendrite phases in the initial state; (b) Dissolution rate curves of the
tertiary inter-dendrite phase at 475 �C; (c) Diffusion kinetic curves of solute
elements in the tertiary inter-dendrites phase.
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tion of the S phase [49,59]. However, the different dissolution
behaviour of the intragranular /intergranular phase during the
homogenization should be considered.

(1) Kinetic analysis of intragranular phase dissolution and
solute diffusion

The diffusion from the interdendritic second phases into Al
matrix is considered as a planar diffusion process for the typical
dendrite morphologies along with interdendritic second phases
(i.e., M and Cu-enriched [AlCuZnMg] phases) in the as-cast alloys
[70,71]. Supposing a spherical second phase, the initial solute dis-
tribution is schematically shown in Fig. 12.
11
Where

2R is the diameter of the interdendritic second phase,
L is the distance between the interdendritic second phase,
which is equal to the dendrite arm spacing,
CP is the average solute concentration inside the phase,
CI is the average solute concentration at the interface between
the phase and dendrite,
CM is the average solute concentration in the matrix at L/2
position.
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A stationary interface and homogeneous solute concentration
within the phase are generally considered without variation of
the distance or time, and the solute concentration at the interface
is not changed during the diffusion.

Solute concentration distribution curve in the dendrites shown
in Fig. 12(a) is as follows[70,71]:

Cðx; tÞ ¼ CM þ ðCI � CMÞ½1� sin½p x� Rð Þ
L

	 
 exp½�p2

L2
Dt		 ð1Þ

The dissolution rate dR/dt of the second phase between den-
drites can be expressed as[70,71]:

dR
dt

¼ �Dkp
2L


 expð�p2

L2
DtÞ ð2Þ

The k value is related to the solute concentration and expressed
as k ¼ 2ðCI�CMÞ

CP�CI
. Similar to the grain boundary phases, the intragran-

ular phase mainly consists of the M phase along with the Cu-
enriched [AlCuMgZn] phase and a few h phase. Therefore, with
considering the different Cu concentrations in the grain boundary
phases, the Cu concentration for the calculation was averaged from
the M phase, the Cu-enriched [AlCuMgZn] phase and h phase. The
approximative Cu concentration of the interdendrite phases (CP)
close to the average Cu concentration of the grain boundary phases
(i.e.,�20 at.% obtained from the Table S1 and Fig. 1(k)). The Cu con-
centration in the dendrite is 0 � 3 at.% and CM = 1 at.% is used based
on the line scan analysis ((Fig. 1(k))). It is assumed that the average
Cu concentration at the interface (CI) is the middle value (�11 at.%)
between the average solute concentration inside the phase (CP) and
the average solute concentration in the matrix at L/2 position (CM)
based on the line analysis results (Fig. 1(k)). Thus, k equals to 2 and
is not affected by Cu concentration.

The radius evolution of the second phase with diffusion time by
integrating the Eq.(2) to the diffusion time t can be described as
[70,71]:

R
R0

¼ 1þ kL
2pR0

exp �p2

L2
Dt

� �
� 1

� �
ð3Þ

where R0 is the initial radius of the second phase. Statistics show
that in the alloys 1-1, 2-1, 3-1 and 3-2, R0 is<5 lm, and the spacing
is less than 26 lm. Then, the calculated radius at 475 �C in Fig. 12(b)
indicates the radius ratio (R/R0) is gradually decreased with homog-
enization times and tend to be zero after �4.5 h, i.e., the interden-
drite phase is dissolved completely after 4.5 h homogenization.

In addition to the dissolution of second phase, a uniform solute
distribution is also required. The concentration difference between
two phases will be gradually decreased with prolonging the
homogenization times. Supposing 1% difference corresponds to
uniform solute diffusion, the related condition can be expressed
as[71]:

DCðtÞ
DCð0Þ

¼
C R;tð Þ � C L

2þR;tð Þ
C R;0ð Þ � C L

2þR;0ð Þ
¼ 1% ð4Þ

Based on the Eq. (1), Eq. (4) can be simplified as:

exp �p2

L2
Dt

� �
¼ 1% ð5Þ

The kinetic equation of solute diffusion process can be obtained
by substituting Arrhenius equation (D = D0
exp(� Q

RT)) into Eq. (5)
[71]:

1
T
¼ R

Q
ln

4p2D0t

4:6L2

� �
ð6Þ

The diffusion kinetic curves of Cu solute with different spacings
are shown in Fig. 12(c) and it can be found that the smaller spacing
12
corresponds to shorter time and/or lower temperature for uniform
diffusion. The times for uniform solute diffusion for the alloys 1-1,
2-1, 3-1 and 3-2 with L = 23-26 lm at 475 �C are 4.4–5.6 h.

(2) Kinetic analysis of intergranular phase dissolution and
solute diffusion

It can be found that the dissolution times of the intragranular
second phase and for the uniform solute diffusion are relatively
short at 475 �C combined with above analysis about the dissolution
of intragranular second phases and solute diffusion kinetics. But
longer times might be required for dissolving the eutectic struc-
tures and second phases as well as solute diffusion at some tem-
peratures (such as 475 �C) [70,71]. It is known that a-Al + M and
[AlCuZnMg] eutectic structures appear at grain boundaries along
with a few a-Al + h eutectic or h and Al7Cu2Fe phases. Partial eutec-
tic phases are rapidly dissolved as well as some h phase but with-
out the dissolution of Al7Cu2Fe and S phases during the
homogenization. The dissolution and/or transformation of the M,
[AlCuZnMg] and S phases can be theoretically defined as a diffusion
process in a semi-infinite space [71]. In order to simplify the calcu-
lation and analysis, the grain boundary residual phase is assumed
to be spherical and Fig. 13(a) shows the initial solute concentra-
tion. The distribution curve of solute concentration during the dif-
fusion can be expressed by Fick’s second law containing Gauss
error function [71]:

Cðx; tÞ ¼ CM þ CI � CMð Þ 1� r
x
erf

x� rð Þ
2
ffiffiffiffiffiffi
Dt

p
� �

ð7Þ

where r is the radius of grain boundary phase, x is their spacing.
The dissolution rate of grain boundary phase is expressed as fol-

lows based on the equilibrium solute flux at the phase interface
[71]:

dr
dt

¼ � k
2

D
r
þ

ffiffiffiffiffiffi
D
pt

r !
ð8Þ

Then, the size evolution of the phase with homogenization time
by integrating Eq. (8) with time t can be expressed as [71]:

r
r0

¼ 1� kDt
2r02

� k
r0

ffiffiffiffiffiffi
Dt
p

r
ð9Þ

The dissolution rate curves of grain boundary phases with dif-
ferent sizes at 475 �C based on the Eq. (9) are shown in Fig. 13
(b). It shows that the dissolution time increases rapidly with
the size (i.e., 10–20 lm) and is 4.0–16.1 h with the maximum
less than 25.2 h, being consistent with experimental results
(Figs. 2 and 4).

It will take times to eliminate the concentration difference
between the grain boundary and grain interior considering the
higher solute concentration near grain boundaries. It is assumed
that the solute concentration distribution in the grains can be
expressed as a sine function, which will be gradually attenuated
with the increase of homogenization times [55]. It means that this
concentration difference will be decreased gradually. The concen-
tration distribution [71] can be expressed in a similar form to Eq.
(1).

Cðx; tÞ ¼ Cin þ Cgb � Cin
� �½1� sin½px

d
	 
 exp½�p2

d2 Dt		 ð10Þ

Where

Cin are the solute concentrations within grains,
Cgb are the solute concentrations at grain boundary,
x is the distance from the grain boundaries,
d is the half distance of adjacent grain boundary phase.



Fig. 13. (a) Schematic diagram of initial solute concentration distribution around
grain boundary phase; (b) Dissolution rate curves of phase at grain boundary; (c)
Diffusion kinetic curves of solute at the grain boundary.
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The solute diffusion becomes uniform when the concentration
difference decreases to 1% relative to the initial state. The kinetic
diffusion equation can be expressed as[7]:

1
T
¼ R

Q
ln

4p2D0t

4:6d2

� �
ð11Þ

The diffusion kinetic curves of Cu solute with different spacings
of adjacent grain boundary phase based on Eq. (11), are shown in
13
Fig. 13(c), revealing that the smaller the spacing, the less the diffu-
sion time. A uniform solute diffusion at 475 �C requires 4–32 h for
the spacing of 50–150 lm, in accord with above results (Fig. 2 and
Table S2 and S4). As a result, the element distribution will become
uniform after 475 �C� 24 h homogenization except for the residual
insoluble phase at grain boundaries.

4.3. Regulating principle for composition and phase component

The above reveals that the maximum allowable treatment
temperature, 475 �C, corresponds to the maximum solubility limit
that depends on temperatures for the low-to-medium Zn content
(6.5–7.2 wt%) (Fig. 11). According to the solubility curves from
450 �C to 500 �C[72] or the isothermal phase diagram at 475 �C
(Fig. 11) and the phase stability in the Al-Mg-Cu-Zn system at
460 �C[73], the present alloys 1-1, 2-1, 3-1 and 3-2 are within
the a-Al phase field while the alloy 2-2 is in the (a-Al + S) phase
field at 475 �C, but both will be overburnt at 480 �C or above. As a
result, the one-step homogenization should be performed at or
below 475 �C for the alloys 1-1, 2-1, 3-1 and 3-2 (Fig. 2 (a, c, e,
f)), however, the S phase is residual in the alloy 2-2 (Fig. 2 (d))
that is in the region below the solvus of the S phase at 480 �C
(Fig. 11). Thus, this alloy can be treated by the two-step homog-
enization process: the first low-temperature homogenization at
or below 475 �C can dissolve the M and Cu-enriched phases
including partially transformation into the S phase, and then,
the full homogenization can be achieved at higher temperature,
i.e., 475–490 �C (Fig. 5 (d, e, f)). But the alloys 1-2 and 3-3 in
the region above the solubility limit of the S phase at 490 �C can-
not be completely homogenized even at higher temperatures
(Fig. 5 (a, b, c) and (g, h, i)).

Fig. 14(b) shows the schematic solubility limits of the alloys
with low-to-medium Zn content (5.47–7.24 wt%) at different tem-
peratures and three regions are separated by two critical solubility
limits at 475 �C and 490 �C: region 1� below 475 �C, region 2 � be-
tween 475 �C and 490 �C, and region 3 � above 490 �C. For the
alloys in the region 1, the second phase can be fully dissolved after
the one-step homogenization (at 475 �C or below), but for the
alloys in the regions 2 and 3, the second phase cannot be fully dis-
solved after the one-step homogenization at 475 �C or below and
overburn may occur at higher temperatures, i.e., 475–490 �C, and
a two-step homogenization process could be used. As a result,
the homogenization process for the alloys with low-to-medium
Zn content can be designed based on the principle of solubility
limit. However, completely eliminating the coarse phases (i.e., S
phase) after high-temperature treatment for the alloys with nar-
row (such as alloy 2-2) or no a-Al single phase field (such as alloys
1-2 and 3-3) is still difficult. And the high solvus of the S phase will
increase the quenching sensitivity and subsequently affect the
strength, toughness, and SCC performance[4,5]. Therefore, a rea-
sonable composition design should follow the basic principle[4]
of low S phase solvus and wide a-Al single phase field, and those
with narrow or no a-Al single phase field and high S phase solvus
should be avoided [6,13,74].

In this study, the fraction of the S phase after homogenization at
475 �C for 24 h mainly depends on the (Cu + Mg) content, i.e., high
(Cu + Mg) content will cause more S phase (Fig. 2 and Table S2),
which is consistent with previous studies [13,14]. Thus, the present
alloys can be divided into three types according to the (Cu + Mg)
content:

(1) low (Cu + Mg) content (4.04–4.16 wt%), i.e., the alloys 1-1, 2-
1, 3-1 and 3-2, in which the S phase transformed from the M
and Cu-enriched phases can be fully eliminated after
475 �C/24 h homogenization;



Fig. 14. (a) Equilibrium isothermal phase diagram of Al-Zn-Mg-Cu alloys with different Zn contents (6.5 wt%, 6.87 wt% and 7.2 wt%) at 475 �C; (b) Schematic solubility limit of
Al-(6.5–7.2 wt%)Zn-xMg-yCu alloys at different temperatures.
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(2) medium (Cu + Mg) content (�4.24 wt%), i.e., the alloy 2-2, in
which abundant of the S phase transformed from the M and
Cu-enriched phases can be eliminated after the homogeniza-
tion of 475 �C/24 h + 485 �C/24 h;

(3) high (Cu + Mg) content (4.69–5.04 wt%), i.e., the alloys 1-2
and 3-3, in which the S phase transformed from the M and
Cu-enriched phases cannot be completely eliminated after
the two-step homogenization (475 �C/24 h + 485 �C/24 h).

Obviously, there is a critical (Cu + Mg) content near 4.24 wt%,
below which the second phases can be completely dissolved after
the homogenization at 475 �C, i.e., for the alloys 1-1, 2-1, 3-1 and 3-
2, or the alloys in the a-Al single phase field or below the solubility
limit at 475 �C. For the (Cu + Mg) content higher than this critical
value or the alloys in (a-Al + S) phase field (i.e., the alloys 2-2, 1-2
and 3-3), there are still some residual coarse phases after high-
temperature treatment (i.e., 475 �C) when the alloys lie outside
the solubility limit at 490 �C (i.e., the alloys 1-2 and 3-3). However,
these coarse phases can be completely dissolved after specific
treatments (i.e., the two-step high-temperature treatment) when
the alloys lie between the solubility limits at 475 �C and 490 �C
(i.e., the alloy 2-2), but they may exhibit high quenching sensitiv-
ity[4,13,14]. Also, the Zn:Mg ratio can affect the fraction of the S
phase, i.e., as the Zn:Mg ratio increases at a constant Cu content,
the alloy will move from the two-phase field into a single-phase
field[43]; high Zn:Mg ratio may increase the Cu solubility and
more S phase can be dissolved[14], i.e., the AA7050 alloy. As a
result, the fraction of the S phase after 475 �C/24 h homogenization
will decrease with lowering the (Cu + Mg) content and/or increas-
ing the Zn:Mg ratio. The effects of a range of Zn:Mg ratios (i.e., 3.5–
5, presently 2.74–3.41) on the microstructure evolution needs
more studies for reasonably matching the composition and
homogenization process for advanced Al-Zn-Mg-Cu alloys.

For the critical (Cu + Mg) content, ten data (CMg, CCu) from the
solvus in Fig. 14(a) are fitted and the minimum critical (Cu + Mg)
content and the corresponding Cu and Mg contents are obtained
by taking the derivative for a constant Zn content, as shown in
Fig. 15(a), and it is slightly increased from 4.16 to 4.2 wt% with
Zn content (6.5–7.2 wt%). For the negative effect of the alloy com-
position beyond the solubility limit line on the toughness[8,31],
the solubility limit at 475 �C can be approximated as a linear func-
tion according to the minimum critical (Cu + Mg) content for the
low-to-medium Zn alloys (6.5–7.2 wt%). For example, the solubility
limit at 475 �C for Zn = 6.5 wt%, 6.87 wt% and 7.2 wt% can be
14
defined as (CMg + CCu) = 4.16 wt%, (CMg + CCu) = 4.18 wt%, and
(CMg + CCu) = 4.2 wt%, respectively. Therefore, for Zn = 7.2 wt%,
the homogenization process can be preliminarily determined
according to the relationship between the (Cu + Mg) content and
4.2 wt% (Fig. 15(b)), which means that the second phases (i.e., M,
T and transformed S phases) can be fully dissolved at 475 �C or
below in the alloys with (CMg + CCu) < 4.2 wt%. For the alloys with
(CMg + CCu) > 4.2 wt%, most of the M and T phases can be fully dis-
solved after the one-step homogenization at 475 �C or below, but
some of them might be transformed into the S phase that cannot
be fully dissolved, for which a two-step homogenization process
can be used. For the alloys with (CMg + CCu) � 4.2 wt%, the S phase
cannot be fully dissolved after high-temperature treatment and
these alloys should be avoided.

For higher Zn-containing alloys, the isothermal equilibrium
phase diagrams in Fig. 15(c) indicates that the overburn may occur
above 460 �C and the homogenization temperatures should not be
over 460 �C. The dissolution of theM and/or T phase and the reduc-
tion or elimination of solute segregation can be achieved after a
one-step homogenization (at 460 �C or below) and there is no
transformation of the M and/or T phase into the S phase for the
high-Zn alloys (>8.0 wt%)[49,55]. Accordingly, the upper limit of
the homogenization temperature for high Zn-containing alloys will
not be increased after a low-temperature homogenization ((at
460 �C or below) and the acceptable homogenization temperature
is still lower than the dissolution temperature of the M and/or T
phase (�470 �C � 480 �C)[41]. Besides of dissolving second phases,
the homogenization process can affect the formation of dispersoids
such as size, number density, etc., however, which is not consid-
ered presently but only the coarse second phase and solute segre-
gation. The corresponding solubility curve or maximum solubility
limit at 460 �C is related to the critical (CMg + CCu) content (red-
dotted line in Fig. 15(c)): 3.4–3.8 wt% for Zn = 8.5–10.0 wt%, lower
than�4.2 wt% for Zn = 6.5–7.2 wt%. This small variation (�0.4 wt%)
of the critical (CMg + CCu) content for higher Zn-containing alloys
(Zn = 8.5–10.0 wt%) agrees with the slight effect of the Zn content
to the critical (CMg + CCu) content. As a result, with low (CMg + CCu)
content (�3.5 � 3.8 wt%), the solvus of coarse phases can be
decreased and the a-Al phase field can be extended for high-Zn
alloys compared with the high (CMg + CCu) content (>3.5 � 3.8 wt
%) (Fig. 15(c)), which will facilitate the dissolution of coarse phases
and decrease the quenching sensitivity (without considering the
effects of dispersoids), i.e., AA7056 alloy. Furthermore, the solvus
of the coarse phase will increase along with narrowed a-Al single



Fig. 15. (a) a critical (Cu + Mg) content determined by the solubility limit of alloys with different Zn content at 475 �C; (b) solubility limit of Al-7.2Zn-Mg-Cu alloys at 475 �C
and 490 �C; (c) calculated isothermal section; (d) estimate and analysis of solubility limit and stoichiometric balance line of Al-Zn-Mg-Cu system with various Zn contents
(8.5 wt%, 9.0 wt%, 9.5 wt% and 10 wt%) at 460 �C.
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phase field for the (CMg + CCu) > (3.5–3.8 wt%), which means that
the fraction of the coarse phase will increase and is difficult to
decrease even at high temperatures, and the quenching sensitivity
will be intensified[4,5] (i.e., AA7136 alloy).

One can find that the second phases can be fully dissolved by
one-step homogenization for the alloys with (Cu + Mg) content less
than the critical value (4.16–4.20 wt% for Zn = 6.5–7.2 wt% or 3.5–
3.8 wt% for Zn = 8.5–10.0 wt%), but the solute segregation in differ-
ent alloys may be varied depending on whether excess Mg or Cu
atoms appear, which also affects the homogenization process. It
is known that the stoichiometric balance line model[75] can be
used to determine the excess Cu or Mg content and help designing
the homogenization process. Assuming that two precipitation
reactions occur successively. All Zn atoms are consumed in forming
the g phase including partial Mg atoms (g-MgZn2, Mg wt%: Zn wt%
= 24 � 1: 65 � 2 � 0.19), and other Mg atoms are bounden with the
S phase (S-Al2CuMg, Mg wt%: Cu wt% = 24 � 1: 64 � 1 � 0.37).
Finally, a thermodynamic equilibrium state is approached without
excess Mg or Cu atoms and the corresponding concentration equa-
tion can be expressed as a linear relationship between Cu and Mg
contents at a constant Zn content: 0.19 CZn + 0.37 CCu = CMg. Small
deviations from the model include: (1) some Cu atoms may be con-
tained in the MgZn2 structure; (2) a few Zn, Mg and Cu atoms are
still in the aluminiummatrix after aging; (3) the complete thermo-
dynamic equilibrium cannot be approached. But these are not sig-
nificant with respect to the overall conceptual model as to the
stoichiometric balance between Zn, Mg and Cu atoms and will
not affect the relationship therebetween and the model accuracy
[75]. Then, the equilibrium isothermal phase diagram can be
divided into three regions: the region near the stoichiometric bal-
15
ance line, excess Cu or Mg region, as shown in Fig. 14(a) and 15(b,
c, d). Generally, for the alloys with (Cu + Mg) content less than the
critical value and in the region near the stoichiometric balance line,
especially on the stoichiometric balance line, the one-step homog-
enization treatment (�475 �C for Zn = 6.5–7.2 wt% or � 460 �C for
Zn = 8.5–10.0 wt%) can be used. However, the solute segregation
caused by excess Cu or Mg atoms needs higher temperatures or
longer times to be uniformized for the alloys with (Cu + Mg) con-
tent less than the critical value but in the excess Cu or Mg region.
The more the excess Cu or Mg atoms, the more serious the solute
segregation, and the higher or longer the homogenization temper-
ature or time needed. The above analysis reveals that the solubility
limit and stoichiometric balance principles can be used to guide
the homogenization process for Al-Zn-Mg-Cu alloys in order to
control the homogenized microstructures as well as improving
their comprehensive properties [46,56,76].

4.4. Confirming the principles with classical high-strength aluminium
alloys

The effect of the residual coarse phases (i.e., the S or M/T phase)
and precipitates (i.e., grain boundary and matrix precipitates)
depending on the key alloying elements on the strength, corrosion
resistance and fracture toughness are considered in this study. Pre-
vious study [77] indicated that the principle of optimizing the
strength and toughness by maintaining the solute content at or
just below the solid solubility limit transcends the different precip-
itation sequences and morphologies, and the present study consid-
ers the solubility limit along with stoichiometric balance with
controlling the homogenized microstructures. It is known that
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the fracture resistance or toughness of the Al-Zn-Mg-Cu alloys can
be affected by the coarse intermetallic phases, dispersoids and
grain structures as well as precipitates[78]. Especially, the coarse
particles may cause microvoid nucleation via cracking or interfa-
cial debonding, providing a preferred cracking path so as to
decrease the crack propagation energy as well as the toughness
[43,79], which might benefit from the key alloying elements level
below the solubility limits for less or eliminating the coarse second
phases[31,77,80,81] (i.e., the higher KIC for the alloy in the a-Al sin-
gle phase field than that in the two phase field as shown in the
Fig. 16). Besides, the corrosion resistance may be also affected by
the grain structures, intermetallics and precipitates. The effects
of the first two factors are assumed to be similar for all present
alloys, and the influences of the few Fe- or Si-enriched phases
can be ignored compared to the above key factors. Furthermore,
the quenching rate is very high (�100 �C/s) after solution treat-
ment, which can inhibit the quench-induced precipitates [20,82].
The precipitation strengthening response as the dominant contri-
bution to the strength of the Al-Zn-Mg-Cu alloy is greatly deter-
mined by the size, number density and volume fraction of the
matrix precipitates (i.e., GP zone and g’ phase), which mainly
depends on the key alloying elements levels (i.e., Zn, Mg and Cu
elements). Once the key alloying elements levels are beyond the
solubility limit (i.e., within the two phase field in Fig. 14(a) or in
the (a-Al + M/T) phase field in Fig. 16), the residual coarse phases
(i.e., the S or M/T phase) may be formed and consume some of
the Zn, Mg and Cu solutes [83-85], thus reducing the solute super-
saturation and final aging hardening response [8,86] and causing
localized failure as the preferential nucleation sites for microcracks
[8,77]. When the key alloying elements levels are in the a-Al single
phase field and near the solubility limit, these elements can be
completely dissolved into the matrix during homogenization for
a high solute supersaturation that will benefit the strength (i.e.,
the higher strength in the dark-blue box as shown in the Fig. 16).
In addition, an overall saturation reduction of the composition
with respect to the theoretical maximum solubility might benefit
the low quenching sensitivity and the fracture toughness, i.e., the
AA7040, AA7085 and AA7056 alloys [4,74,86], and the key alloying
elements levels below the solubility limit also benefit the corrosion
properties such as the stress corrosion cracking (SCC) resistance
due to the absence of coarse residual phases[87] and related gal-
vanic corrosion damages. For the Al-Zn-Mg-Cu alloys, the coarse
residual phases (M/T/S) along grain boundaries (mostly) or in the
Fig. 16. The designed best composition windows of the alloy with 9.0 wt%Zn based
on the homogenized microstructure and the solubility limit and stoichiometric
balance principles.
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matrix (few) may highly affect the corrosion resistance. On the
one hand, they may act as a typical ‘‘variable polarity” phase to
form the corrosion electrochemical microcell due to the active
Mg/Zn atoms with the cathode matrix and the dealloying reaction
[88,89], leading to the dissolution of active Mg/Zn atoms and the
remaining Cu-enriched phase in the initial anode sites. As such,
the electrochemical activity of the residual Cu-enriched phase is
reduced and become noble relative to the surrounding active grain
boundaries or the matrix, and this residual Cu-enriched phase can
further act as the cathode together with the anodic grain bound-
aries and/or matrix to form the electrochemical microcell and pro-
mote the dissolution or pitting/intergranular corrosion [88,89]. The
localized corrosion damages may be changed into the microcracks
under stresses leading to SCC failure [90,91]. On the other hand,
the corrosion properties are directly connected with the Cu content
of grain boundary precipitates[92] and can be improved by
increasing it due to the reduced potential difference between the
grain boundary and the matrix or precipitate-free zones (PFZs).
Previous study[92] indicated that the residual coarse phase (such
as the S phase) decreased the Cu concentration in the matrix and
subsequently the Cu concentration in the grain boundary precipi-
tates, thus increasing the anodic reaction kinetic of the grain
boundary precipitates and accelerating the dissolution of the grain
boundary precipitates, and finally the SCC threshold value (KISCC)
was decreased. However, even though the key alloying elements
levels are below the solubility limit, excess Mg or Cu atoms and/
or the stoichiometric balance may also appear[75], for which the
excess Mg may segregate towards grain boundaries and decrease
the SCC resistances via grain boundary anodic dissolution and/or
Mg-H complex-induced cracking[14,86,93-100] (i.e., the high KIC

and good SCC resistance in the Mg excess region in Fig. 16). For
the excess-Cu alloys, less coarse phases may be along grain bound-
aries and the fracture toughness will be slightly affected compared
to that of the excess-Mg alloys[101]. Furthermore, higher Cu con-
centration of the grain boundary precipitates is beneficial for SCC
resistance[10], and thus the excess-Cu alloy may exhibit better
fracture toughness and SCC resistance than that of the excess-Mg
alloys[75,101] (as shown in the Fig. 16). As a result, the excess
Cu may exhibit less adverse effect to the comprehensive properties
compared with that of excess Mg and the stoichiometric balance
among Zn, Mg and Cu elements can promote complete/efficient
precipitation during aging and avoid excess Mg or significantly
excess Cu atoms, i.e., the dark-yellow box area with a stoichiomet-
ric balance among Zn, Mg and Cu elements more preferably or
slightly Cu excess in Fig. 16 shows the highest KIC and best SCC
resistance.

The above analysis reveals that the solubility limit and stoichio-
metric balance principles based on the control of the homogenized
microstructures can be used for alloying design reexamination,
thus its accuracy/reliability is verified by analyzing the correlation
between the composition and comprehensive properties of typical
Al-Zn-Mg-Cu alloys. It’s noteworthy that for the alloys with Zn
<=8.0 wt%, the solubility limits are estimated by the solvus of the
S phase at 490 �C due to the residual S phase transformed from
the M and/or T phase[49,55], while for the alloys with Zn > 8.0 wt
%, the solubility limits are estimated by the solvus of theM and/or T
phase at �480 �C because no S phase is remained[49,55]. As shown
in Fig. 17(a), according to solubility limit and stoichiometric bal-
ance principles, it can be estimated that the strengths of AA7050,
AA7010 and AA7040 alloys are relatively similar but the latter
two has higher fracture toughness. Obviously, the latter two alloys
are in a-Al single-phase field while AA7050 alloy is in a-Al single
phase field and/or (a-Al + S) phase field, which means a possible
residue of the S phase after the homogenization or solid solution
treatment that is detrimental to the fracture toughness[31,74].
Moreover, the alloying levels of AA7040 and AA7050 alloys are clo-



Fig. 17. The estimation of the comprehensive properties of the typical alloys based on the solubility limit and stoichiometric balance principles: (a) AA7050, AA7010, AA7040
and AA7055; (b) AA7081, AA7085, AA7475 and AA7050; (c) AA7056, AA7136 and AA7449; and the actual strength and toughness performance from AMS standards and
patents, etc: (d) AA7050, AA7010, AA7040 and AA7055; (e) AA7081, AA7085, AA7475 and AA7050; (f) AA7056, AA7136 and AA7449.
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ser to or on the stoichiometric balance line but it is far away from
the stoichiometric balance line for AA7010 alloy, which would be
in excess-Mg region that may cause inferior SCC resistance
[14,86,100]. Furthermore, the fracture toughness and SCC resis-
tance of AA7055 alloy are higher or better than that of AA7150
(close to AA7050) alloy (Fig. 17(a)). Similarly, the strength and frac-
ture toughness of AA7081 alloy are higher than that of AA7050
alloy (Fig. 17(b)) while their SCC resistance is comparable due to
the similar Mg excess levels. For AA7475 and AA7085 alloys
(Fig. 17(b)), the strength and SCC resistance of the latter is better
than that of the former but with similar fracture toughness. Both
AA7085 and AA7081 alloys (Fig. 17(b)) exhibit similar strength
and fracture toughness but the former has better SCC resistance
due to its Cu excess. In addition, based on the relationship between
the solubility limit line at 480 �C or the stoichiometric balance line
and the alloy composition range, the AA7136 alloy may exhibit the
highest strength but with the lowest fracture toughness and SCC
resistance among the three alloys in Fig. 17(c). The above esti-
mated comprehensive properties of typical alloys based on the sol-
ubility limit and stoichiometric balance principles agree well with
the actual measurements[4,6,31,49,74,85,101-127], as shown in
Fig. 17(d, e, f), showing good reliability.

Thus, there is a correlation among the composition, homoge-
nization microstructures and properties, and based on the homog-
enized microstructures, the alloy compositions with specific
microstructures (under the optimal heat treatment process) and
excellent comprehensive properties can be designed/optimized
according to the solubility limit and stoichiometric balance princi-
ples. For example, the composition windows (red box in Fig. 16) for
Zn = 9.0 wt% could contribute to a good integrated property. The
established alloying design approach can be further proved to be
reliable based on previous studies (Fig. 18)[101,102,128-133].
Specifically, the composition of Al-7.12Zn-2.02 Mg-2.13Cu with
well-balanced strength and toughness (Fig. 18(a))[128] is within
the brown-dotted box (Fig. 18(b)) but with slight Cu excess. How-
ever, the slight Mg excess occurs in Al-7.02Zn-2.14 Mg-1.89Cu
alloy, thereby deteriorating the toughness and corrosion perfor-
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mance although it can raise the strength. In addition, the Al-
8.1Zn-1.92 Mg-1.94Cu alloy with well-balanced strength and
toughness (Fig. 18(a))[129] is within the purple-dotted box
(Fig. 18(b)) and with slight Cu excess, which is anticipated to be
conducive to improve the SCC resistance based on the stoichiomet-
ric balance principle. In contrast, other alloys in Fig. 18(b) with
either lower Cu and/or Mg content or higher Cu and/or Mg content
exhibit low strength and high toughness or high strength and low
toughness, respectively (Fig. 18(a)). As shown in Fig. 18(b), the
designed composition range within the gray-dotted box according
to the present approach has been proved with better comprehen-
sive properties previously[101], i.e., with increasing the Mg or Cu
content, the strength increases and toughness decreases, and the
effect of the Mg content on the strength and toughness is more sig-
nificant (Fig. 18(a)). Therefore, the alloys with the mediate/high Mg
content (�2.0 - �2.5 wt%) and low/mediate Cu content (�1.5 -
�2.0 wt%) are preferable for better comprehensive properties
although small composition deviation may appear practically.

A recently designed high-strength Al alloy (Al - (8.3–9.5)Zn -
(2.0–2.5)Mg - (1. 3-1.8)Cu, wt%) with good combination of strength
and toughness[102,130,131] (Fig. 18(a)) is well consistent with the
composition window (blue-dotted box in Fig. 18(b)) obtained with
above principles. For example, the fracture toughness of the Al-
8.90Zn-2.29 Mg-1.76Cu alloy (wt%, 33.2 MPa
m1/2) are comparable
to that of the AA7050 and AA7136 alloys (�33 MPa
m1/2)[107,127]
but with higher tensile strength (>720 MPa) (Fig. 18(a)). The opti-
mal alloy compositions (orange (Al - (8.55–8.66)Zn - (2. 3-2.33)Mg
- (1.74–1.84)Cu, wt%) or green (Al - (8.96–9.23)Zn - (2.26–2.28)Mg
- (1.83-1.92)Cu, wt%) points) with excellent tensile strength and
toughness combination (730 MPa and 34 MPa
m1/2, or 750 MPa
and 33 MPa
m1/2)[102] are within the gray- (�8.5 wt% Zn) and
blue-dotted (�9.0 wt% Zn) composition window in Fig. 18(b),
respectively. Besides, the composition of Al-9.3Zn-2.4 Mg-(1.5,
1.8)Cu[132] with better balance of tensile strength and toughness
(Fig. 18(a)) is within the red-dotted composition window in Fig. 18
(b), while other alloys with the composition of Al-9.3Zn-2.4 Mg-
(0.8, 1.3 or 2.2)Cu exhibit higher strength and low toughness or



Fig. 18. The validation of the established alloying approach based on the previous studies[101,102,128-133] (wt%): (a) the strength and toughness properties of the studied
alloys, Al-(�7.0)Zn-yMg-xCu alloys[128], Al-(�8.0)Zn-yMg-xCu alloys[129], Al-8.5 Zn-(1.5 � 2.5)Mg-(1.5 � 3.0)Cu alloys[101], Al-(8.3 � 9.5)Zn-(1.9 � 2.5)Mg-(1.4 � 2.0)Cu
alloys[102,130,131], Al-9.3Zn-2.4 Mg-(0.8 � 2.2)Cu alloys[132], Al-10.0Zn-yMg-xCu alloys[133]; and (b) the designed best composition windows of the Al-Zn-Mg-Cu alloys
with a certain Zn content.

Fig. 19. The best composition windows for the studied alloys with a certain Zn
content(7.2 wt%).
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lower strength and lower toughness, respectively, all of which are
the results from the competitions between the residual coarse
phase fractions and the contrast of yield stress in the matrix and
grain boundary zones under the effect of the Cu content. In addi-
tion, the size of the plastic zones decreases with the increase of
strength for the alloy with the low Cu content, which may also
decrease the fracture toughness. Furthermore, based on the above
approach, the higher-Zn alloys (10 wt%) with good integrated
properties may be located within the dark-green-dotted composi-
tion window in Fig. 18(b) and two alloys with composition of Al-
9.97Zn-2.14 Mg-1.32Cu and Al-9.90Zn-2.03 Mg-1.55Cu[133] were
confirmed with better balance of tensile strength and toughness
(Fig. 18(a)). While other alloys with high Mg: Cu ratios (i.e., Al-
10.27Zn-3.2 Mg-0.71Cu or Al-10.0Zn-2.72 Mg-0.77Cu) exhibit
lower fracture toughness along with a comparable or lower
strength level[133].

The solubility limit and stoichiometric balance principles based
on controlling the homogenized microstructures can be used to
design or optimize the compositions of advanced high-strength
Al-Zn-Mg-Cu alloys and related high-temperature treatments
(i.e., homogenization and solution treatments). From the above
thermodynamic approach, the preferable composition windows
at a certain Zn content (such as 7.2 wt%), as shown in the Fig. 19,
will exhibit balanced strength, toughness and SCC resistance. In a
word, the present approach can greatly shorten and/or reduce
the time and/or costs of alloy composition design compared with
the traditional design method based on the final performance
evaluation.

5. Conclusions

The as-cast and homogenized microstructures of a series of
high-strength Al-Zn-Mg-Cu alloys were studied along with ther-
modynamic calculation for clarifying the mutual relationship
among the composition, microstructure and homogenization pro-
cess. The main conclusions are as follows.

(1) The as-cast alloys mainly contain the eutectic M phase and
Cu-enriched [AlCuMgZn] phase except for the alloys with
(Cu + Mg) �< 4.08 wt%, along with minor h (Al2Cu) and Al7-
Cu2Fe phases. The fraction of the M phase can be maximized
18
with critical Zn:Mg ratio and lower (Cu + Mg) content, while
the Cu-enriched or S phase can be avoided with Zn:Mg
�>3.41 and/or (Cu + Mg) �<4.08 wt%.

(2) The M phase (and the Cu-enriched [AlCuMgZn] phase) and
the S phase transformed from the partial M and Cu-
enriched [AlCuMgZn] phases can be completely dissolved
after the homogenization for the low-(Cu + Mg) (i.e., alloys
1-1, 2-1, 3-1 and 3-2) and the mediate-(Cu + Mg) alloys
(i.e., alloy 2-2), while the residual S phase appears in the
high-(Cu + Mg) alloys (i.e., alloys 1-2 and 3-3). In total, the
homogenization process is directly related to the formation
of the S phase that firstly depends on the (Cu + Mg) content
and secondarily on the Zn:Mg ratio, and the alloys with
(Cu + Mg) content > 4.24 wt% cannot be fully homogenized
even with the two-step homogenization process
(475 �C/24 h + 485 �C/24 h) because of the residual S phase.

(3) The kinetic analysis indicates that the dissolution of intra-
granular phases and uniform solute distribution can be
achieved after 475 �C/�5h homogenization, while the disso-
lution of intergranular phase and solute distribution can be
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achieved after 475 �C/ (4–32) h homogenization, which is in
line with the experiments except for the insoluble grain
boundary phases.

(4) Both the solubility limit and stoichiometric balance princi-
ples can be applied to determine the critical (Cu + Mg) value
and the linear correlation between Cu and Mg contents and
to design or optimize the composition and homogenization
process for Al-Zn-Mg-Cu alloys. This could pave an efficient
way for designing advanced high-strength Al alloys or other
heat-treatable metallic alloys compared to traditional
method based on final performance evaluation.
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