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Abstract: Phase fraction and solidification path of high Zn-containing Al-Zn—Mg—Cu series aluminum alloy were calculated by
calculation of phase diagram (CALPHAD) method. Microstructure and phases of Al-9.2Zn—1.7Mg—2.3Cu alloy were studied by
X-ray diffraction (XRD), differential scanning calorimetry (DSC) and scanning electron microscopy (SEM). The calculation results
show that #(MgZn,) phase is influenced by Zn and Mg. Mass fractions of #(MgZn,) in Al-xZn—1.7Mg—2.3Cu are 10.0%, 9.8% and
9.2% for x=9.6, 9.4, 8.8 (mass fraction, %), respectively. The intervals of Mg composition were achieved for 8(Al,Cu)+n(MgZn,),
S(Al,CuMg)+n(MgZn,) and (Al,Cu)+S(Al,CuMg)+n(MgZn,) phase regions. Al;Zr, a(Al), AljsFeq, n(MgZn,), a-AlFeSi, Al,Cu,Fe,
O(AL,Cu), AlsCu,MggSis precipitate in sequence by no-equilibrium calculation. The SEM and XRD analyses reveal that a(Al),
n(MgZn,), Mg(Al,Cu,Zn),, 8(Al,Cu) and Al;Cu,Fe phases are discovered in Al-9.2Zn—1.7Mg—2.3Cu alloy. The thermodynamic
calculation can be used to predict the major phases present in experiment.
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1 Introduction

Al-Zn—Mg—Cu alloys (7000 series) are extensively
used in aeronautical applications, due to their high
strength and toughness. In recent decades, three
approaches are commonly used to develop Al-Zn—Mg—
Cu alloy, i.e. changing the content of main alloying
elements (Zn, Mg, Cu), trace elements (Cr, Zr, Sc)
additive and reducing impurity element content (Fe, Si)
[1]. Through these ways, 7050, 7150, 7055 and 7085

aluminum alloys were developed based on 7075 alloy [2].

Among them, 7055 aluminum alloy owns a higher
content of zinc, and 7055-T77 gets attractive
combination of properties [3]. Since 1994, several high
zinc-containing aluminum alloys like 7055 have been
developed, such as 7449, 7136, 7056 and 7095 aluminum
alloys [4—8]. The zinc contents of these alloys, especially
the latter three alloys, are higher than 8.5%. Research on
Al-Zn—Mg—Cu alloys with high Zn has become a hot
issue [9—11]. It is known that different contents of Zn,
Mg and Cu will play an important role in the formation

of n(MgZn,), T(Al,Mg;Zn;), S(Al,CuMg) and 6(Al,Cu)
phases, which are common present in Al-Zn—Mg—Cu
series alloys. These phases will dominate the balance
properties of Al-Zn—Mg—Cu series alloys. In order to
know the kinds and amount of these phases, experiment
studies have to be used as main approach for materials
scientists. Thus, long development cycle and high
research cost have to be needed. This traditional
experimental method cannot meet the needs of rapid
development of aluminum alloy.

Calculation of phase diagram (CALPHAD) method
is coupled of phase diagrams and thermochemistry. Now
days, it has become a successful and widely applied tool
in areas of materials development, including aluminum
alloys [12—14]. FARKOOSH et al [15], HE [16], LIU et
al [17] assessed formation of phases in multicomponent
aluminum alloys, providing support for alloy design.
HALLSTEDT [18], MIRKOVIC et al [19], HE et al [20],
ZHAO et al [21] investigated the solidification paths in
Al-Bi—Zn, Al-Si—Mg, Al-Si—Cu—Mg—Ni alloys by
thermodynamic simulations, the calculation results were
confirmed to be consistent with their experiments,
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respectively. Effects of Zn and Mg variations on
n(MgZn,) phase, S(Al,CuMg) phase and 7(AlZnMgCu)
phase have been computed while the Zn content was in a
range of 5.1%—6.7% [22]. The amount of n(MgZn,)
phase increased with higher Zn and Mg contents and
S(Al,CuMg) reduced with the increase of Mg content.
7150 aluminum alloy was successfully optimized in the
same way, the content of #(MgZn,) phase could be up to
4.5%—-6.0%, while the amount of S(Al,CuMg) phase
could be lower than 0.5% [23,24]. There are few
thermodynamic calculations about alloy with Zn content
higher than 8.5%. Nowadays, many thermodynamic
calculation softwares and thermodynamic databases are
widely used, such as Thermo-Calc, Pandat, Jmat-Pro,
FactSage, MTDATA. Using CALPHAD method, the
development cycle can be shortened and research cost
can be reduced. The objective of present study is to carry
out a thermodynamic calculation for high Zn-containing
Al-Zn—Mg—Cu alloy by CALPHAD method.

2 Calculation principle and experiment
procedure

2.1 Thermodynamic principle of CALPHAD
Thermodynamics essence of phase diagram is a
process to determine the relationship between the target
system and alloy composition to obtain the content of
each constituent under isothermal and isobaric conditions
[25]. When the Gibbs free energy of the target system is
the minimum, the system will reach its equilibrium. In

this case,
¥

Gy = n’GY =min (1)
@=1

where Gy, is the total Gibbs free energy of the system; n
is the mole fraction of ¢ phase; ¥ is the total phase
number existing in the system; G? is the partial Gibbs
free energy of ¢ phase, which is expressed as

G,(f = inGiO#’ + Rszi In X + G2 (2)

where x; is the mole fraction of component ; G*? is the
Gibbs energy of the pure component i with structure ¢; R
is thermodynamic constant; 7 is the thermodynamic
temperature; G? is the excess Gibbs energy of the
phase, which is defined as

n m
K k k
G = z xiijL(i,j)(xi—xj) +
ij=l(=j k=0
- 2
—p;d’ ) (3)

Z XXX Z Ly (x, +

L,jl=1 k=i,j,l

where the first term represents the binary interaction

term and the second represents ternary. Optimization
method, iterative method and distribution iterative
method are used by computer; the composition of each
phase can be obtained using Egs. (1)—(3).

2.2 Materials and thermodynamic model

The compositions of materials calculated are based
on Al-9.2Zn—1.7Mg—2.3Cu alloy. The contents of Zn,
Mg and Cu are in the ranges of 8.8%—9.6%, 1.3%—2.1%
and 1.9%—2.1%, respectively. All of the calculations
were processed by thermodynamic calculation software
Pandat and its thermodynamic database. 7(MgZn,),
60(Al,Cu) and S(Al,CuMg) phases existing in Al-xZn—
1.7Mg—2.3Cu (x=8.8, 9.0, 9.2, 9.4, 9.6, mass fraction, %),
Al-9.2Zn—-yMg—2.3Cu (»=1.3, 1.5, 1.7, 1.9, 2.1, mass
fraction, %) and Al-9.2Zn—1.7Mg—zCu (z=1.9, 2.1, 2.3,
2.5, 2.7, mass fraction, %) alloys were calculated by
equilibrium model. Solidification paths of Al-9.2Zn—
1.7Mg—2.3Cu alloy were calculated using both Scheil
model (non-equilibrium model) and ruler model
(equilibrium model).

2.3 Experiment procedure

Al-9.2Zn—1.7Mg—2.3Cu alloy was prepared by
semi-continuous casting to verify accuracy of thermo-
dynamic calculation. The stainless steel thin-wall pipe
was applied as the casting ingot mould and the pouring
temperature was 710—720 °C. The ingot was air-cooled
to room temperature. The size of the final ingot was
210 mm in diameter and 340 mm in height. The samples
were taken at the mid-radius location of the top ingots.

Differential scanning calorimetry (DSC) was
performed using NETZSCH STA 409C/CD differential
scanning calorimeter. The DSC samples with average
mass of about 25 mg were machined from plates to discs
with 3 mm in diameter and 1 mm in height. The
experiment was performed at a heating rate of 10 °C/min
and was carried out from room temperature up to 600 °C.
The microstructures were analyzed by scanning electron
microscopy  (SEM), energy dispersive  X-ray
spectrometry (EDS) and X-ray diffraction (XRD). The
species were ground and polished before analysis.
3 Thermodynamic calculation and
experiment results

3.1 Polythermal section of Al-Zn-Mg—Cu phase

diagram

Figure 1 shows a calculated isopleth of the Al-Zn—
Mg—Cu system (Al-Mg alloys with fixed values of
2.3%Cu, and 8.8%, 9.2%, 9.6%Zn, respectively). The
section shows that crystallization of the alloys begins
with the solidification of aluminum solid solution (a(Al)).
Three important phase regions 5, 11 and 13 are
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concerned. 6(Al,Cu) phase will be formed in phase
region 5, S(Al,CuMg) will precipitate in phase region 13,
and both H(Al,Cu) and S(Al,CuMg) will precipitate in
phase region 11. Region 11 extends to upper left with the
reduction of Zn content, which is shown in Fig. 1(b)
clearly. Mg compositions corresponding to these three
phase regions are shown in Table 1. It reveals that Mg
composition ranges are distinctly different for various Zn
contents. The Mg composition range narrows down with
the increase of Zn content. From the statics listed in
Table 1, the phases presented in designed alloy can be
deuced. n(MgZn,) and 6(Al,Cu) phases will appear in
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Fig. 1 Calculation polythermal section (a) and its partial
enlarged section (b) of Al-Zn—Mg—Cu phase diagram (blue
dash line: 8.8% Zn, 0—-6% Mg, 2.3% Cu; black line: 9.2% Zn,
0-6% Mg, 2.3% Cu; red dot line: 9.6% Zn, 0—6% Mg, 2.3%
Cu): 1—L; 2—L + a(Al); 3—a(Al); 4—a(Al) + 8(Al,Cu); 5—
a(Al) + n(MgZn,) + 6(Al,Cu); 6—a(Al) + n(MgZn,); 7—L +
a(Al) + 7(MgZny); 8—a(Al) + n(MgZny) + T(ALMg,Zny);
9—a(Al) + 7, 10—a(Al) + y(MgZny) + 7; 11—a(Al) +
n(MgZn,) + 0(AL,Cu)+S(AL,CuMg); 12—a(Al) + n(MgZn,) +
S(AlLCuMg) + 7; 13— a(Al) + n(MgZny) + S(Al,CuMg);
14— a(Al) + n(MgZn,) + T(ALhMgsZn;) + S(AL,CuMg);
15—a(Al) + T(Al,MgsZn;) + S(AL,CuMg); 16—a(Al) +
n(MgZn,) + T(Al,MgzZn;) + 7; 17—a(Al) + T(ALMg3Zn3) + 15
18—a(Al) + S(ALL,CuMg) + T(Al,Mg;Zn;) + 7

Table 1 Mg composition for three important phase regions
w(Zn)/ w(a(Al)+n+6)  w(a(AD)+n+S+0)  w(a(Al)+n+S)/
% % % %

8.8 0.263—-1.985 1.985-2.12 2.12-3.565
9.2 0.257-2.1 2.1-2.187 2.187-3.365
9.6 0.252-2.23 2.23-2.26 2.26-3.214

Al-9.2Zn—1.3Mg—2.3Cu, Al-9.2Zn—-1.5Mg—-2.3Cu, Al-
9.2Zn—1.7Mg—-2.3Cu, Al-9.2Zn—1.9Mg—2.3Cu alloys;
n(MgZn,), O(Al,Cu) and S(Al,CuMg) phases will appear
in Al-9.2Zn-2.1Mg—2.3Cu. To verify this conclusion,
these designed alloys are calculated and the results are
completely consistent with the deduce.

3.2 Phases in calculated alloys

In order to further investigate the detail of
n(MgZn,), 6(AlL,Cu), S(Al,CuMg) and T(Al,Mg;Zn;)
phases in high Zn-containing Al-Zn—Mg—Cu alloy, mass
fraction of each phase was calculated. #(MgZn,),
6(Al,Cu), and T7(Al,Mg;Zn;) phases appear in these
calculated alloys, and S(Al,CuMg) cannot be found. Due
to mole ratio of Zn to Mg is higher than 3, the major
Zn-rich phase is #7(MgZn,), and the amount of
T(Al,Mg37Zn;) is less than 1%. So, only n(MgZn,) and
6(Al,Cu) phases are considered. Figure 2 shows mass
fraction of #(MgZn,) phase at different temperatures. It
can be seen obviously from Fig. 2(a) that n(MgZn,)
changing with temperature is almost the same trend for
alloys with different Zn contents. Alloys with higher Zn
content can obtain more 7(MgZn,) phases at the same
temperature. The highest fractions of 7(MgZn,) are 10%,
9.8%, and 9.2% for alloys with 9.6%Zn, 9.2%Zn, and
8.8%Zn, respectively. Figure 2(b) shows the mass
fraction of n(MgZn,) changing with temperature for
different Mg contents. 7(MgZn,) in alloys with 1.3%Mg
and 1.5%Mg decreases gradually with the increase of
temperature. However, curves of the alloys with 1.7%Mg,
1.8%Mg, 1.9%Mg are different with 1.3%Mg and
1.5%Mg alloys. The amount of x(MgZn,) decreases
gradually when the temperature is above 237 °C, and
there is a trough below 237 °C. Figure 2(c) shows the
mass fraction of #(MgZn,) in alloys with various Cu
contents. The five curves appear to be the same. This
implies that #(MgZn,) phases of alloys with fixed Zn and
Mg contents are almost the same. The fraction of
n(MgZn,) depends on the amount of Zn and Mg.

Figure 3 shows the curves of #(Al,Cu) changing
with temperature. It can be seen from Fig. 3(a) that
60(Al,Cu) phases at the same temperature are almost
same for alloys with different Zn contents, which
illustrates that Zn has little influence on 6(Al,Cu).
Figures 3(b) and 3(c) show that Cu and Mg have
opposite effect on 8 phase. The alloys with higher Mg
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Fig. 2 Curves of mass fraction of #(MgZn,) phase in alloys

with temperature

contents have less fraction of 6(Al,Cu) phase with the
fixed 9.2%Zn and 2.3%Cu, while the alloys with higher
Cu contents can obtain more #(Al,Cu) phase with fixed
9.2%Zn and 1.7Mg. It is well known that 6(Al,Cu)
virtually does not dissolve Mg, but Al and Cu will
substitute for Zn at Zn sublattice of MgZn, phase. For
alloys with fixed Zn and Cu, as the Mg content increases,
fraction of #(MgZn,) also increases, thus more Cu is
needed to dissolve into 7(MgZn,). So, less Al,Cu will be
formed.
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Fig. 3 Curves of mass fraction of 8(Al,Cu) phase in alloys with

temperature

3.3 Thermodynamic calculation for solidification

paths of Al1-9.2Zn—1.7Mg—2.3Cu alloy

Figure 4 shows the curves of solid fraction changing
with temperature. Non-equilibrium solidification path is
shown as solid line and the equilibrium path is the dash
line. Both in equilibrium and non-equilibrium curves,
a(Al) begins to precipitate at 627.07 °C. And the non-
equilibrium transformation temperature of #(MgZn,)
phase is 485.68 °C. The solidus temperature is 413.26 °C
for non-equilibrium solidification while the equilibrium
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one is 480.6 °C. With the decrease of solidification
temperature, Al;Zr, a(Al), AljsFey, n(MgZn,), a-AlFeSi,
Al,CuyFe, 6(AlL,Cu), AlsCu,MgsSis and f-AlFeSi phases
are gradually generated in the non-equilibrium
solidification process. Al;Zr, a(Al), Alj;Fes, #(MgZny,),
Al,CuyFe, Mg,Si and #5(MgZn,) phases precipitate
gradually. The solidification temperatures for all phases
are also shown in Fig. 4.
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0.8r
=
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p= ==3 — 12
804 ——4 —13
- o — 14
-=6 —15
02 —=-=7 — 16
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Temperature/°C
Fig. 4 Solidification path of Al-9.2Zn—1.7Mg—2.3Cu—0.08Fe—
0.06Si—0.12Zr (Solid line — Scheil model; Dash line —
Equilibrium model): 1—L + AlsZr (711.45-627.08 °C); 2—L +
AlZr + a(Al) (627.07-587.26 °C); 3—L + AlZr + a(Al) +
AljsFey (587.26-494.68 °C); 4—L + AlzZr + a(Al) + AlysFey+
a-AlFeSi (496.48-495.88 °C); 5—L + AlZr + a(Al) +
AljsFes + a-AlFeSi + Al,Cu,Fe (495.87-494.85 °C); 6—L +
AlZr + a(Al) + a-AlFeSi + Al,CuyFe (492.8-485.59 °C);
T—L + AlZr + a(Al) + Al;Cu,Fe (485.59-483.74 °C); 8—L +
AlZr + a(Al) + Al,CuFe + Mg,Si (483.74-481.58 °C);
9—L + AlZr + a(Al) + Al;,CuyFe + n(MgZn,) (481.58—480.68
°C); 10—L + AlZr (711.45-627.08 °C); 11—L + AlZr +
a(Al) (622.7-586.52 °C); 12—L + AlZr + a(Al) +Al;3Fe,
(586.51-485.63 °C); 13—L + Al;Zr + a(Al) + AljsFey +
n(MgZn,) (485.62—484.0 °C); 14—L + AlLZr + a(Al) +
AljsFes+ n(MgZny) + a-AlFeSi (483.99— 477.08 °C); 15—L +
AlZr + a(Al) + n(MgZn,) + Al;Cu,Fe (477.08-454.91 °C);
16—L + AlZr + a(Al) + n(MgZn,) + Al;,CuyFe + 6(AL,Cu)
(454.91— 450.86 °C); 17—L + Al;Zr + a(Al) + n(MgZn,) +
Al;,CuFe + 8(AL,Cu) + AlsCu,MgsSis (450.86—447.75 °C);
18—L + AlsZr + a(Al) + n(MgZn,) + AlsCu,MggSis+ f-AlFeSi
(447.75-413.26 °C)

DSC test was carried out to verify the accuracy of
this calculation result. Figure 5 shows DSC curve of
as-cast Al—9.2Zn—1.7Mg—2.3Cu alloy. It shows that
there is an obvious exothermic peak at 478.8 °C
corresponding to dissolution of low melting point
eutectic phase, and no other match peaks can be found.
The low melting point eutectic phases are proved to be
o(Al)+n(MgZn,), which will be discussed further in the
next section. The peak temperature is more consistent

with the temperature calculated by equilibrium model.
This calculated melting temperature of #(MgZn,) can be
used as an important reference temperature to determine
the heat treatment procedures.
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Fig. 5 DSC curve of as-cast Al-9.2Zn—1.7Mg—2.3Cu—0.08Fe—
0.06Si—0.12Zr alloy

3.4 Microstructure of Al-9.2Zn—-1.7Mg—2.3Cu alloy
Figure 6 shows the XRD curve of Al-9.2Zn—
1.7Mg—2.3Cu alloy. Peaks of three phases can be
identified, and a(Al), #(MgZn,) and H(Al,Cu) phases
present in actual solidification of Al-9.2Zn—1.7Mg—
2.3Cu alloy. The peak intensities of both a(Al) and
n(MgZn,) phase are high, while poor for 6(Al,Cu). The
other calculated phases are not found in this pattern. The
reason maybe is that the amount of these phases is too
less to be tested by XRD. According to the XRD results,
DSC analysis, and calculation results of solidification, it
can be found that both of the non-equilibrium and
equilibrium solidification models can be taken as
references for solidification. However, the non-
equilibrium solidification path is more consistent with

actual process without considering diffusion [26].
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Fig. 6 XRD pattern of Al-9.2Zn—1.7Mg—2.3Cu—0.08Fe—
0.06Si—0.12Zr alloy
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Analysis of SEM with EDS is employed to further
confirm the solidification phases in as-cast Al-9.2Zn—
1.7Mg—2.3Cu alloy. The SEM images are shown in
Fig. 7. It can be obviously been from Fig. 7(a) that the
cast sample presents a typical dendritic microstructure.
The white areas are a(Al), and the black coarse phases
almost form an network around with fine phases which
can be recognized as MgZn, according to Ref. [26]. The
eutectic structure presents as lamellar structure shown in
Fig. 7(b). The EDS results are shown in Table 2. Phase A
contains Al, Zn, Mg, and Cu, and the mole ratio of Mg to
(AL,Cu,Zn) is about 1:2. Al and Cu will substitute for Zn
at the Zn sublattice of binary #(MgZn,), which can be
described as Mg(Al,Cu,Zn), [26]. Phases B and D can be
recognized as 6(Al,Cu). Phases C and E are Fe-rich
phases which can be identified as Al;Cu,Fe. From the
analysis, Al-9.2Zn—1.7Mg—2.3Cu consists of primary
solution a(Al), MgZn,, Mg(Al,Cu,Zn),, 6(Al,Cu) and
Al;CuyFe.

L)
Fig. 7 SEM images of Al-9.2Zn—1.7Mg—2.3Cu—0.08Fe—
0.06Si—0.12Zr: (a) Low magnification; (b) High magnification

Table 2 EDS results in Fig. 7(b)
Phase x(Al)/% x(Zn)/% x(Mg)/% x(Cu)/% x(Fe)/%
A 23.97 25.45 34.18 16.40 -

B 69.06 1.96 0.85 28.13 -
C 68.30 3.28 - 16.17 12.25
D 68.29 2.25 0.84 28.62 -
E 69.0 1.25 0.68 15.77 133

According to the XRD and SEM analyses, both of
MgZn, and Mg(ALCu,Zn), own the same crystal
structure, which can be taken as #(MgZn,) phase in the
thermodynamic calculation results. The highest fraction
of n(MgZn,) (see Fig. 2(b)) for Al-9.2Zn—1.9Mg—2.3Cu
is 9.8%, which is much more than other phases. So the
main phase in calculation is agreement with the
experiment results approximately. The minor phases of
6(Al,Cu) and Al;CuFe commonly existing in Al-Zn—
Mg—Cu series alloys are also in accordance with the
calculation results. However, no other trace phases
appearing in calculation results are found in actual
experiment, which may be because the phases amount is
too less to be found. So it can be concluded that the
major calculation phases and minor phases are consistent
with the experiment results. The thermodynamic
calculation can be recognized as a useful way to the
development of AlI-Zn—Mg—Cu alloys.

4 Conclusions

CALPHAD method has been applied to
thermodynamic calculation for Al-9.2Zn—1.7Mg—2.3Cu
series alloys. AlsZr, a(Al), Alj3Fes, n(MgZn,), a-AlFeSi,
Al;CuyFe, 6(Al,Cu), AlsCu,MggSis and fS-AlFeSi are
found in calculated non-equilibrium solidification path
while #(MgZn,), Mg(ALCu,Zn),, 8(Al,Cu) and Al,Cu,Fe
present in experimental observation. Thermodynamic
calculation results agree with experimental ones to some
extent. Mg content intervals of 6(Al,Cu) + #(MgZn,),
S(ALL,CuMg) + n(MgZn,) and 8(Al,Cu) + S(Al,CuMg) +
n(MgZn,) can provide help for design of aluminum alloy.
Besides, high content of Zn or Mg will induce high
fraction of #(MgZn,), and Cu has little influence on
n(MgZn,) phase.
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