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Abstract The transformation and dissolution of Mg(Zn,

Cu, Al)2 phase during solution treatment of an Al–Zn–Mg–

Cu alloy containing high zinc were investigated by means

of optical microscopy (OM), scanning electron microscopy

(SEM), energy-dispersive X-ray spectrometry (EDX) and

X-ray diffraction (XRD). The results show that solution

temperature is the main factor influencing phase dissolu-

tion. With solution temperature increasing, the content of

residual phases decreases. Phase transformation from

Mg(Zn, Cu, Al)2 to S(Al2CuMg) occurs under solution

temperature of 450, 460 and 465 �C. Mg(Zn, Cu, Al)2

phase is directly dissolved into the matrix under solution

temperature of 470 and 475 �C, and no S(Al2CuMg) phase

transformed from Mg(Zn, Cu, Al)2 phase is observed. The

formation of S(Al2CuMg) phase is mainly controlled by Zn

elemental diffusion. The mechanism of transformation and

dissolution of second phases was investigated. At low

temperature, the dissolution of Zn is faster than that of Mg

and Cu, resulting in an appropriate condition to form

S(Al2CuMg) phase. At high temperature, the dissolution of

main alloying elements has no significant barrier among

them to form S(Al2CuMg) phase.
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treatment; Phase transformation

1 Introduction

Al–Zn–Mg–Cu alloy plates are widely used in the aero-

nautical and aerospace industries in consideration of a good

combination of specific strength, hot workability, tough-

ness and fatigue durability [1, 2]. Although the properties

of Al–Zn–Mg–Cu alloys are very attractive, the processing

of these alloys is quite difficult due to their high alloying

element contents. The properties of these alloy plates can

be optimized by applying a series of treatments, including

solution, quenching and aging heat-treatments [3, 4].

Generally, the solution treatment is a primary and key step

[5–7]. During the solution treatment, soluble phases can be

re-dissolved into the matrix to form supersaturated solid

solution, preparing for subsequent aging treatment. At a

higher solution temperature, soluble phases can re-dissolve

more sufficiently. However, for the single-stage solution

treatment, the solution temperature should be below the

incipient melting point for Mg(Zn, Cu, Al)2 phase. Other-

wise, the alloy may be over-burnt, which is detrimental to

mechanical performance. Besides, a solution process at

high temperatures led to severe recrystallization and a

decrease in the strength, toughness and even a resistance to

corrosion of the aged materials [8–10]. Hence, to avoid

severe recrystallization and get good overall performance

after aging treatments, a preferential solution treatment

regime should choose relatively low temperature on the

basis of ensuring the re-dissolution of soluble phase.

Previous literatures chiefly focused on the adjustment of

process temperature and time period to get superior

microstructure and simply described phase species in

alloys after solution treatment. Mazibuko and Curle [11]

found that S(Al2CuMg) phase occurred after solution

treatment at 473 �C. Deng et al. [6] also found that the

specimen contained Al2CuMg particles for temperature up
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to 475 �C. On the other hand, Han et al. [7] asserted that

the Mg(Zn, Cu, Al)2 phase directly dissolved into the

matrix during solution treatment and no S(Al2CuMg) phase

was found. Apparently, the mechanism of phase dissolution

or transition during solution treatment has received little

attention. Hence, it is obliged to systemically clarify them.

In this paper, the transformation and dissolution of the

second phases during solution treatment under various

temperature regimes were studied. The present study was

focused on the effect of the gap between Zn and Cu ele-

mental diffusion rate on the Mg(Zn, Cu, Al)2 phase dis-

solution and its transition during solution treatment. The

results could give indispensable information for optimizing

the solution processing parameters.

2 Experimental

The present study was carried out on the 25-mm-thick hot

extruded Al–Zn–Mg–Cu alloy plate with chemical com-

position of Al–8.02Zn–1.80Mg–2.02Cu–0.15Zr–0.046Fe

(wt%). Solution treatments were conducted in air using a

resistance-heated box furnace with forced air convection.

The solution treatment procedures are listed in Table 1.

The samples for metallographic observation were prepared

through a conventional mechanical polishing and followed

by etching with Graff Seagent solution (1 ml HF, 16 ml

HNO3, 3 g CrO3 and 83 ml water). The metallographic

observation was performed on optical microscopy (OM,

Zeiss Axiovert 200 MAT). The morphology of the residual

phase was examined on a scanning electron microscope

(SEM, JEOL JSM 7001F). The second-phase particles

were identified by energy-dispersive X-ray spectrometry

(EDX). To quantitatively evaluate the dissolution of con-

stituent particles, SEM images were taken at least ten

random sites for each sample. By using Image-Pro Plus

software, the content of remaining constituents in as-ex-

truded and different solution-treated samples was deter-

mined. The microstructural characterization was carried

out by X-ray diffractometer (XRD, Rigaku D/Max 2500)

with 0.5� step. The content of the second-phase particles

was measured on the SEM micrographs by using point

counting with a grid containing 900 points [12]. The con-

ductivity of the alloy at different conditions was measured

by a WD-Z eddy current conductivity meter with at least

five random sites for each sample.

3 Results and discussion

3.1 Observation of as-extruded microstructure

The microstructures of as-extruded Al–Zn–Mg–Cu alloy

plate are shown in Fig. 1. It can be observed that a number

of coarse second-phase particles distribute along the

extruding direction. The EDS analysis reveals that these

second particles are Mg(Zn, Cu, Al)2 phase and Fe-rich

phase (Table 2). Large amounts of fine white phase are

distributed homogenously in the matrix (Fig. 1b).

According to the EDS results, they are also Mg(Zn, Cu,

Al)2 phases. The XRD pattern of as-extruded Al–Zn–Mg–

Cu alloy (Fig. 2) also proves that the primary phases are

a(Al) and the phases with crystal structure of MgZn2. Most

second-phase particles are expected to be dissolved into the

matrix by the solution treatment. However, the high

Table 1 Solution treatment schedules of as-extruded plate of Al–Zn–

Mg–Cu alloy

Samples Solution treatment schedules

SHT450 450 �C/2 h

SHT460 460 �C/2 h

SHT465 465 �C/2 h

SHT470 470 �C/2 h

SHT475 475 �C/2 h

Fig. 1 Morphologies of second-phase particles of as-extruded alloy: a OM image, b SEM image on longitudinal plane, and c high-magnitude

SEM image on longitudinal plane with phases labeled by EDS. L, LT and ST being longitudinal direction, long-transverse direction and short-

transverse direction, respectively
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temperature of the solution treatment inevitably increases

recrystallization proportion. Therefore, it is necessary to

optimize the solution treatment.

3.2 Dissolution of constituent particles

The typical micrographs of the alloy after solution treat-

ment at different conditions are shown in Fig. 3. The cor-

responding EDS analysis is shown in Table 3. The

S(Al2CuMg) phase is observed in Samples SHT450,

SHT460 and SHT465 (Points A, C, E, F and G in Fig. 3).

According to the contrast of different phases of SEM

images, few Mg(Zn, Cu, Al)2 phases still remain in Sam-

ples SHT450 and SHT460 (Points B, D in Fig. 3). No

(Al2CuMg) phase is detected in as-extruded sample.

Hence, it can be explained that S(Al2CuMg) phase trans-

forms from Mg(Zn, Cu, Al)2 phase during solution treat-

ments. This is in agreement with literatures on solution

treatments [13]. Only Fe-rich phase is observed in the

microstructure of Samples SHT470 and SHT475. It is

necessary to note that Fe-rich phase is also observed in

Samples SHT450, SHT460 and SHT465, which is just not

marked in the micrographs. To get a better view, the phase

existence of samples solution-treated in different condi-

tions is shown in Table 4. Various phases are labeled as

‘‘Y’’ for the existence and ‘‘N’’ for the inexistence. It can

be obviously seen from the micrographs that the SHT

samples treated at high temperatures possess less residual

phases. In general, compared to the as-extruded alloy plate,

the fine secondary phase particles are dissolved into the

matrix of SHT samples.

The conductivity of the alloy at different conditions was

also measured, as shown in Fig. 4. Typically, the conduc-

tivity is used to indicate the supersaturation level of alloys.

Compared to the as-extruded samples, the conductivity of

the SHT samples exhibits a significant decrement. Besides,

the conductivity decreases with the solution temperature

increasing for Samples SHT450, SHT460, SHT465 and

SHT470. That means a sustainable increment of the

supersaturation of the matrix, namely the second-phase

dissolution, occurs all the time. This is in accordance with

the SEM observation. For Sample SHT475, the

Table 2 EDX results of second-phase particles of as-extruded plate

from Fig. 1 (at%)

Points Al Zn Mg Cu Fe

A 72.36 3.51 5.83 8.27 3.54

B 62.70 12.53 13.99 6.57 –

Fig. 2 XRD pattern of as-extruded alloy

Fig. 3 SEM images of as-extruded alloy after solution-treated at

different conditions: a, b SHT450; c, d SHT460; e, f SHT465;

g, h SHT470; and i, j SHT475
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conductivity is higher than that of Sample SHT470. This

can be explained that an increment of solution temperature

is not beneficial to the supersaturation of the matrix, which

means that an enhanced temperature is not necessary for

phase dissolution. Corresponding to the SEM observation

in Fig. 3, both Samples SHT470 and SHT475 only have

Fe-rich phase.

In order to quantitatively analyze phase dissolution, the

content of the second-phase particles treated at different

conditions was statistically measured, as shown in Fig. 5.

The results show that solution treatment has a significant

effect on phase dissolution. After holding for 2 h at

450 �C, the content of constituent particles in the alloy

drops rapidly from 3.19 vol% to 1.87 vol%. The content of

residual phases decreases with the solution temperature

increasing for SHT samples. The content of residual phases

in Sample SHT470 is 0.81 vol%, basically stabilizing at

this value with higher increases in temperature of Sample

SHT475. Correspondingly, only Fe-rich phase is observed

in both samples, which is quite stable during solution

treatment. Needless to say, the content of Fe-rich phase

after sufficient solution treatment is 0.81 vol% and the

decline of content of second phases due to dissolution of

Mg(Zn, Cu, Al)2 phase and soluble elements in Fe-rich

phase is 2.38 vol%.

3.3 Effect of solution temperature on phase

transformation

As mentioned before, the S(Al2CuMg) phase transforms

from Mg(Zn,Cu,Al)2 phase during solution treatment. In

order to simplify the analysis, a hypothesis that diffusion

coefficient is an exponential function which depends on the

temperature is introduced. Hence, calculation equations of

solid diffusion coefficient of Zn, Mg and Cu elements are

deduced [14, 15] and detail information is shown in

Table 5. The calculated results show that the diffusion

coefficient of Zn element is almost five times bigger than

that of Cu element. At low temperature, the Zn element of

Mg(Zn, Cu, Al)2 phase, approached to the interface

between Mg(Zn, Cu, Al)2 phase and the matrix, is dis-

solved into the matrix with a relatively higher diffusion rate

compared with Cu element under the same surroundings.

As solution treatment continues, reduction of Zn content

Table 3 EDX analysis of constituent phases in Fig. 3 (at%)

Points Al Zn Mg Cu Fe

A 62.92 2.05 18.65 16.38 –

B 64.53 23.84 2.33 9.30 –

C 82.25 – 9.41 8.34 –

D 69.77 7.14 13.98 9.10 –

E 73.80 2.37 12.24 11.59 –

F 66.95 2.61 15.99 14.46 –

G 51.50 2.40 24.64 21.46 –

H 88.53 – 2.36 6.52 2.59

I 82.13 – 2.15 10.83 4.90

Table 4 Phase existence in as-extruded samples after solution

treatment at different temperatures

Samples Mg(Zn, Cu, Al)2 S(Al2CuMg) Fe-rich phase

SHT450 Y Y Y

SHT460 Y Y Y

SHT465 N Y Y

SHT470 N N Y

SHT475 N N Y

Y: existence, N: inexistence

Fig. 4 Conductivity of as-extruded alloy at different conditions

Fig. 5 Content of second-phase particles of as-extruded alloy after

solution treatment at different temperatures
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and accumulation of Cu content make the constituent of

this area in accordance with S(Al2CuMg) phase. As a

result, S(Al2CuMg) phase appears. Apparently, the nucle-

ation and growth of S(Al2CuMg) phase take place in the

interface frontier of Mg(Zn, Cu, Al)2 phase attached to the

matrix, which is in accordance with the lamellar structure

in Fig. 3d. In the present work, the S(Al2CuMg) phase is

found in SHT samples treated at 450, 460 and 465 �C.

However, with the solution temperature increasing, the

diffusion rate gap between Zn and Cu is narrowed. That

means that the diffusion coefficient of Zn element has no

significant advantage to Cu element. So it becomes difficult

to match the element proportion to form S(Al2CuMg)

phase. In other words, the Mg(Zn, Cu, Al)2 phase is

directly dissolved into the matrix during solution treatment.

In present work, no S(Al2CuMg) phase is found in SHT

samples treated at 470 and 475 �C.

So it can be concluded that the formation of

S(Al2CuMg) phase is mainly controlled by the significant

diffusion rate gap between Zn and Cu during solution

treatment.

4 Conclusion

Solution temperature is the main factor influencing phase

dissolution. The content of residual phases decreases with

the increase of the solution temperature for the SHT sam-

ples. The S(Al2CuMg) phase transforms from Mg(Zn, Cu,

Al)2 phase after solution-treated at 450, 460 and 465 �C,

while the Mg(Zn, Cu, Al)2 phase is directly dissolved into

the matrix at 470 and 475 �C. The formation of

S(Al2CuMg) phase is mainly controlled by the significant

diffusion rate gap between Zn and Cu during solution

treatment.
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