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Abstract: The microstructural evolution and phase transformations of a high-aloyed Al-Zn-Mg—Cu alloy (Al-8.59Zn—-2.00Mg-2.44Cu,
wt%) during homogenization were investigated. The results show that the as-cast microstructure mainly contains dendritic a(Al),
non-equilibrium eutectics (a(Al) + Mg(Zn,Al,Cu),), and the 6 (Al,Cu) phase. Neither the T (Al,MgsZns) phase nor the S (Al,CuMg) phase
was found in the as-cast alloy. The calculated phase components according to the Scheil model are in agreement with experimental results.
During homogenization at 460°C, al of the 6 phase and most of the Mg(Zn,Al,Cu), phase were dissolved, whereas a portion of the
Mg(Zn,Al,Cu), phase was transformed into the S phase. The type and amount of residua phases remaining after homogenization at 460°C
for 168 h and by a two-step homogenization process conducted at 460°C for 24 h and 475°C for 24 h (460°C/24 h + 475°C/24 h) arein good
accord with the calculated phase diagrams. It is concluded that the Al-8.59Zn—2.00Mg—2.44Cu aloy can be homogenized adequately under

the 460°C/24 h + 475°C/24 h treatment.
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1. Introduction

High strength Al-Zn—-Mg—Cu aloys, such as AA 7050,
AA 7010, AA 7055, and the most recently developed AA
7085 Al aloys, are widely used as structura parts in the
aegronautics industry owing to their high specific strength,
high toughness, and good corrosion resistance [1-2]. To
obtain agreater weight reduction for airframe structures, and
to accommodate the challenge of composite materids, addi-
tional improvements in the properties of Al-Zn-Mg—Cu al-
loys, eg., dtatic strength, fatigue, damage tolerance, and
corrosion resistance, are greatly desired [3].

As one of the major aloying elementsin Al-Zn—-Mg-Cu
dloys, the element Zn has significant influence on the vol-
ume fraction of n” and n strengthening phases as well as on
the alloy’'s strength [4]. A feature of the newly registered
Al-Zn-Mg-Cu dloys (e.g., AA 7136, AA 7056, and AA
7095) with high strength and toughness is their high Zn
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content, and these high-Zn aloys usualy contain a high to-
tal solute content (Zn + Mg + Cu). However, it is typically
difficult to fully homogenize high-alloyed Al-Zn-Mg-Cu
alloys, and the undissolved coarse particles, e.g., Fe-rich, T,
and S phases, can affect the hot workability and recrystalli-
zation behavior of Al-Zn-Mg—Cu aloys, which may result
in a decrease of strength and toughness [5-7]. For a greater
utilization of substantial aloying elements that are added,
proper homogenization processes must be applied to de-
crease composition segregation and to dissolve soluble
intermetallic phases as much as possible. Currently, both the
phase component research and reference phase diagram are
usuadly pertinent to low-Zn Al-Zn-Mg-Cu dloys [8-13],
and less attention has been focused on the aloys with high
Zn content [5,14-15]. Moreover, various phase components
were observed in the as-cast or homogenized aloys with
different compositions. For example, in the as-cast 7055 al-
loy, the Mg(Zn,Al,Cu),, T, S, and 6 phases were found, and
after homogenization at 450°C for 35 h, some T and S
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phases ill remained [15]. In the as-cast 7050 aloy, the
Mg(Zn,Al,Cu),, S, 6, Mg,Si, Al-CuFe, and AlysFe, phases
were observed [16], whereas, for the as-cast 7150 aloy,
only the Mg(zZn,Al,Cu), and Al,Cu,Fe phases were found,
and a phase transformation from the Mg(Zn,Al,Cu), phase
to the S phase was observed during homogenization [9].

We investigated the microstructural evolution and phase
transformation of a high-aloyed Al-Zn-Mg-Cu aloy
(A1-8.59Zn-2.00M g—2.44Cu, wt%) during homogenization
in the present study. The aloy considered is a typicd
high-Zn 7xxx aloy, which also has ahigh Zn/Mg ratio and a
substantial total solute content (Zn + Mg + Cu), and these
composition characteristics are thought to be beneficial for
obtaining high strength and toughness. It is expected to de-
velop a suitable homogenization process via understanding
the dissolution of added alloying eements. In addition, re-
lated thermodynamic calculations were performed to pro-
vide a reference for aloy design and process optimization
for AlI-Zn-Mg-Cu aloys with a Zn content of around
8.5wt%.

2. Experimental

The Al-8.59Zn-2.00Mg-2.44Cu (wt%) dloy was de-
signed and prepared with high purity Al (99.99%), Zn
(99.99%), Mg (99.99%), and AIl-50Cu, AIl-10Zr, and
Al-10Ti (wt%) master aloys. The origina materials were
melted in an electrical-resistance furnace and the melts were
poured into a water-cooled steel mold, and the size of the
ingot isabout 210 mm x 120 mm x 100 mm. The content of
impurity elements such as Fe and Si in the aloy was con-
trolled to a concentration below 0.02wt%, which is
beneficia for the improvement of mechanical properties and
the utilization of added elements, and is also favorable for
studying the distributions of the main alloying elements as
well as their various influences on the solidification path.
Specimens of 12 mm x 12 mm x 12 mm were cut from the
quarter thickness position of the ingot. The specimens were
heated at a 30°C/h heating rate to the homogenization tem-
perature of 460°C and held for various times (12 h, 24 h,
and 168 h), and then quenched in room temperature water to
retain the high-temperature microstructures for analysis. In
addition, a two-step homogenization process comprised of
460°C/24 h followed by 475°C/24 h (460°C/24 h +
475°C/24 h) was designed to eiminate the S phase effec-
tively. The holding temperatures of the single and two-step
homogenization processes for the as-cast alloy were chosen
according to differential scanning calorimetry (DSC) results.

The characteristic temperatures of the different phase
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transformations of the present aloy were tested by DSC us-
ing a TA2910 differential scanning cdorimeter at a
10°C/min heating rate from room temperature to 550°C.
The DSC samples were 3 mm-diameter discs with a mass of
about 10 mg, and a high purity aluminum disc of the same
weight was also tested as a reference. The microstructures
and phase components of the alloy in different states were
analyzed by scanning electron microscope (SEM) (ZEISS
LEO 1450) equipped with an energy dispersive X-ray spec-
troscopy (EDS) unit, and by X-ray diffraction (XRD) (Ri-
gaku Dyax-RB X-ray diffractometer; Cu K, radiation; a
working voltage of 40 kV; a step length of 0.02°; a scanning
rate of 9°/min). The SEM specimens were polished without
etching. Combining the above analyses, the microstructural
evolution of the present aloy during homogenization was
studied. The area fractions of coarse particles
(Mg(Zn,Al,Cu), and S phases) in the as-cast and homoge-
nized samples were measured from the SEM images using
the Image-Pro Plus image analysis software, and 15-20 im-
ages were captured at a magnification of 200 times and
analyzed for relatively accurate area fraction estimates.

Phase diagram calculations were performed using the
FactSage thermodynamic cal culation software, which can be
used for phase equilibrium calculations of complicated
multi-component aluminum aloys, and is hepful for re-
searching and developing new aluminum aloys. In addition,
the mole fractions of the constituent phases according to the
Scheil model were calculated using the Pandat software.
Thermodynamic calculations in this work were compared
with experimentd results, and consistency was found be-
tween them.

3. Reaults

3.1. Microstructure and phase component of the as-cast
alloy

In the as-cast Al-8.59Zn-2.00Mg—2.44Cu aloy, atypical
aluminum dendritic network appears, as shown in Fig. 1(a),
as well as coarse, continuous non-equilibrium eutectic mi-
crostructures aong grain boundaries, and some scattered
particles are also observed in the grains. Moreover, a lamel-
lar eutectic structure and a discrete particle can be seen
clearly in Fig. 1(b). Table 1 presents the result of the quanti-
tative EDS analyses of positions marked in Fig. 1(b), and it
shows that the composition of the white intermetdlic phase
(positions A and C) is close to soichiometric
Mg(Zn,Al,Cu),, and it is corroborated by XRD patterns
given in Fig. 2(a). The composition of position B was de-
termined via defocused beam EDS analysis, which yields an
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average composition of (a(Al) + Mg(Zn,Al,Cu),) eutectics.
The content of solute atoms in these eutectics is approxi-
mately half of that in the Mg(Zn,Al,Cu), phase because the
a(Al) matrix contributes to a higher Al content in the com-
pounds when analyzed according to the energy spectrum
[14]. The composition of the grayish phase (position D) is
close to the 6 phase, although no clear diffraction peak in
Fig. 2(q) is attributable to this phase due to its small concen-
tration. The DSC curve of the as-cast aloy is shown in Fig.
2(b), and two endothermic peaks in the temperature range
400-550°C are observed: peak 1 around 467°C and peak 2
around 478°C. It is known that non-equilibrium eutectics
can be melted during the DSC heating process, and the en-
dothermic reaction indicated by peak 2 can be attributed to

the melting of these eutectics containing the Mg(Zn,Al,Cu),
phase [9]. Moreintrinsicaly, this endothermic reaction can
be regarded as the melting of the Mg(zZn,Al,Cu), phase.
According to SEM observation and thermodynamic calcula-
tion results hereinafter, the endothermic reaction indicated at
peak 1 can be attributed to the melting of the 6 phase.
To our knowledge, pesk 1 has only been reported by Muk-
hopadhyay [17] until now, but the related reaction has not
been discussed. Moreover, our recent studies on a series of
Al-8.5Zn—xMg-yCu dloys (wt%) indicate that the 6 phase
would exist in the ascast aloys for high-Zn,
low/middle-Mg, and high-Cu Al-Zn-Mg-Cu dloys. Analy-
sis of the Al;Cu,Fe or M@,Si phase is difficult owing to the
low content of Fe and Si in the alloy under consideration.

Fig. 1. SEM imageswith low (a) and high (b) magnification of the as-cast Al-8.59Z2n—2.00M g—2.44Cu alloy.

Table 1. EDS eemental analyses of positions marked in Fig.

1(b) wt%
Position Mg Al Cu Zn
A 3291 26.21 16.11 24.77
B 15.87 60.20 10.06 13.87
C 32.62 2240 17.44 2753
D 138 67.15 29.73 174

3.2. Microstructures and phase components of the ho-
mogenized alloys

Figs. 3(a), 3(b), 3(c), and 3(d) present microstructure
images of the aloy after different homogenization proce-
dures of 460°C/12 h, 460°C/24 h, 460°C/168 h, and
460°C/24 h + 475°C/24 h, respectively, and the result of the
quantitative EDS analyses of positions marked in Fig. 3 is
shown in Table 2. After homogenization at 460°C for 12 h,

Fig.2. XRD patterns(a) and DSC curves (b) of the as-cast and homogenized Al-8.59Zn-2.00M g—2.44Cu alloy.
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Fig. 3. SEM images of the homogenized Al-8.59Zn—2.00Mg-2.44Cu alloy: (a) 460°C/12 h; (b) 460°C/24 h; (c) 460°C/168 h; (d)

460°C/24 h + 475°C/24 h.

Table2. EDSeemental analysesof positionsmarked in Fig. 3

wt%
Position Mg Al Cu Zn
A 3198 38.19 1358 16.25
B 24.31 55.99 17.77 19
C 28.82 3947 14.02 17.69
D 2375 55.10 1954 161
E 24.86 50.61 22.38 214
F 24.38 50.78 22.79 205

the amount of non-equilibrium eutectics aong grain
boundaries is decreased, and scattered particles in the grains
are dissolved (Fig. 3(a)); however, a new gray phase (posi-
tion B) develops with a composition close to stoichiometric
Al,CuMg. Furthermore, gray particles given in positions
such as B, D, E, and F in Fig. 3 can be identified as the S
phase by XRD and DSC results. By increasing the homog-
enization time to 24 h (at 460°C), the eutectic structures are
observed to disgppear with only a few isolated
Mg(Zn,Al,Cu), and S phases remaining at grain boundaries
(Fig. 3(b)). Fig. 3(c) shows that the Mg(Zn,Al,Cu), phase
has completely disappeared after conducting homogeniza
tion for 168 h at 460°C, athough some S phase particles
remain. With two-step homogenization (460°C/24 h +
475°C/24 h), both the size and total area fraction of the re-
sidual S phase particles appear to be smdler (Fig. 3(d)). The

quantitative analysis results indicating the area fractions of
various phases in the Al-8.59Zn-2.00Mg-2.44Cu dloy &f-
ter conducting the various homogenization procedures are
shownin Fig. 4(a).

The XRD patterns and DSC curves of the aloy after
various homogenization procedures are shown in Fig. 2. The
XRD and DSC results are consistent with SEM observations.
The corresponding peak temperature Tp and reaction heat
AHRg associated with phase dissolution calculated from the
DSC curves are listed in Table 3. According to calculated
parametersin Table 3, after homogenization at 460°C for 12
h, peak 1 disappears, and peak 2 is greatly weakened while a
new endothermic pesk (peak 3 around 490°C) indicating the
S phase dissolution emerges [18]. Therefore, it can be in-
ferred that the © phase and most of the Mg(Zn,Al,Cu), phase
dissolve while a new S phase forms during homogenization.
Also, it can be found that the amount of Mg(Zn,Al,Cu), de-
creases during homogenization until its complete dissolution
after holding for 168 h at 460°C. The amount of the S phase
also decreases with further homogenization, athough it re-
mains even after the two-step homogenization. In general,
the fluctuation of DSC curves is indicative of solid state re-
actions accompanying heating/cooling, and the AHg associ-
ated with an endothermic reaction is proportional to the
volume fraction of the dissolved phases[19]. The evolutions
of the AHg associated with the dissolution of the
Mg(Zn,Al,Cu), and S phases are shown in Fig. 4(b), which
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represent similar variationa trends of the amounts of the
Mg(Zn,Al,Cu), and S phases as those shown in Fig. 4(a).
Moreover, the stable values of the peak temperature Tp in

Table 3 can reflect the relative stability of the composition
of these phases, and thisis consistent with EDS results given
inTable 1 and Table 2.

Fig. 4. Quantitative analysis results reflecting the concentrations of various phases in the Al-8.59Z2n-2.00M g—2.44Cu alloy before
and after homogenization (analysis of the 8 phase is not included due to its small concentration): (a) Area fraction of the
Mg(Zn,Al,Cu), and S phases; (b) AHR associated with the dissolution of the Mg(Zn,Al,Cu), and S phases.

Table 3. Peak temperature Tp and reaction heat AHg calculated from the DSC curves of the as-cast and homogenized

Al-8.59Zn—-2.00M g—2.44Cu alloy

Heat treatment Peck 1 Peck 2 Peck 3
Te/°C AHR/ (397 Te/°C AHR/ (397 Te/°C AHR/ (397
As-cast 4673 0.135 4782 11.790 — —
460°C/12h — — 4785 0.216 490.06 1.308
460°C/24h — — 4786 0.086 48857 0.970
460°C/168 h — — — — 490.06 0.467
460°C/24 h+ 475°C/24 h — — — — 489.20 0.272
4, Discussion would be variable, and EDS results alone cannot reliably

Numerous studies have been conducted to evaluate the
phase components of as-cast Al-Zn—-Mg—Cu aloys, but dif-
ferent results were obtained. Various combinations of the
Mg(Zn,Al,Cu),, T, S, and 0 phases were regarded as the
main intermetallic phases in the as-cast aloys [9,15-16,
20-21], and some differences in the phase components are
found between the present research and the earlier literature.
The most frequently observed phase of the as-cast 7xxx a-
loys has routinely been the quaternary Al-Zn-Mg—Cu phase
that always exists in the non-equilibrium eutectics. This
quaternary phase has been confirmed to have the same crys-
td structure as that of the MgZn, phase [21-22], and this
quaternary phase is usualy referred to as Mg(Zn,Al,Cu),. In
some literatures, the partiad quaternary Al-Zn-Mg-Cu
phase was regarded as the T phase according to EDS results
[15,23]; however, as is well known, the composition of the
T phase with a substantial component of dissolved Cu

identify the quaternary phase as the T phase. The composi-
tion of the present Mg(Zn,Al,Cu), phaseis similar to that of
the T phase given previoudy [15,23]. Phase equilibrium
calculations for the Al-5.92n-2.5Mg-1.9Cu aloy show that
the amount of the T phase present can be reduced with in-
creasing Zn content or decreasing Mg content [4], and in the
Al-6.1Zn-1.9Mg-1.9Cu dloy (with a Zn/Mg weight ratio
of 3.2), no T phase appeared in the temperature range
100-500°C [4]. In addition, no S phase was observed in the
as-cast aloy in the present study, athough the S phase has
been observed in the alloys with similar Cu content [15-16].
Also, the 6 phase is not aways present in as-cast
Al-Zn-Mg—Cu dloys, and according to related research [15]
and our recent studies, this phase will tend to form in
Al-Zn-Mg—Cu alloys with a high Zn, low/middle Mg, and
high Cu content. The mole fractions of constituent phasesin
Al-8.50Zn-2.00Mg-2.50Cu-0.11Zr (wt%) according to the
Scheil model have been cdculated, and the results are
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shown in Fig. 5. The calculated phase components of the
as-cast aloy are in agreement with experimental results.

Fig. 5. Plotsof the mole fraction of calculated phases vs. tem-
perature for the Al-8.50Zn-2.00M g—2.50Cu-0.11Zr alloy ac-
cording to the Scheil model.

During homogenization at 460°C, the Mg(Zn,Al,Cu),
and 0 phases are dissolved gradualy, meanwhile, the S
phase content arises in locations previously occupied by the
Mg(Zn,Al,Cu), phase. This implies that the Mg(Zn,Al,Cu),
phase may transform to the S phase, which is consistent
with the research results of low-Zn Al-Zn-Mg—Cu aloys
[8-9]. We performed thermodynamic analysis of phase
transformations in the Al-8.59Zn-2.00Mg-2.44Cu alloy
during homogenization using phase diagram calculations,
and the calculated isothermal sections of the Al-Zn—-Mg—Cu
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system for 8.5wt% Zn at 460°C and 475°C are shown in
Figs. 6(a) and 6(b), respectively. Fig. 6(a) indicates that only
a(Al) and S phases exist a 460°C when the dloy finally
reaches its equilibrium state. In other words, when the sys-
tem is at 460°C, the S phase has the lowest Gibbs free en-
ergy, indicating that the Mg(Zn,Al,Cu), phase with a higher
free energy is unstable at this temperature. Therefore, during
homogenization at 460°C, the Mg(Zn,Al,Cu), phase is ex-
pected to be dissolved into the a(Al) matrix and also spon-
taneoudly transforms to the S phase. These phase transfor-
mations are diffusion-dependent processes, and the diffusion
coefficient of Cu is much lower than those of Mg and Zn at
460°C; therefore, the amount of the S phase component can
be expected to reach a peak value within the initial homog-
enization period (i.e.,, < 12 h) and then begins to gradually
decrease to its equilibrium content.

Additionally, it can be observed that the experimental
results agree well with calculated phase diagrams shown in
Fig. 6. For example, after a holding time of 168 h at 460°C,
al Mg(Zn,Al,Cu), phase disappeared, but some S phase till
remained, and a very small amount of S phase existed after
the two-step homogenization. The present aloy has a high
Cu content and middle-level Mg content, and its composi-
tionisinthe (o + S) field a 475°C, closing to the solvusline
in the caculated phase diagram. As a result, the
Al-8.59Zn-2.00Mg-2.44Cu aloy can be well homogenized
with the two-step homogenization treatment (460°C/24 h +
475°C/24 h).

Fig. 6. Isothermal sections of the Al-Zn—-Mg—-Cu phase diagram for 8.5wt% Zn: (a) at 460°C; (b) at 475°C.

5. Conclusions

(1) The ascast microstructure of the AI-8.59Zn—
2.00M@g-2.44Cu dloy mainly contains dendritic a(Al),
non-equilibrium eutectics (a(Al) + Mg(Zn,Al,Cu),) and the
0 phase, and neither the T phase nor S phase is found. The
calculated phase components according to the Scheil model
are in agreement with experimental results.

(2) During homogenization at 460°C, dl of the 6 phase
and most of the Mg(Zn,Al,Cu), phase are dissolved, where-
as some of the Mg(Zn,Al,Cu), phase is transformed into the
S phase.

(3) The type and amount of residual phases after homog-
enizations by the 460°C/168 h and 460°C/24 h + 475°C/24
h procedures are in good accord with calculated phase dia
grams.
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(4) The Al-8.59Zn-2.00Mg-2.44Cu alloy can be homog-
enized adequately by the 460°C/24 h + 475°C/24 h treat-
ment.
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