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Scanning electron microscopy, transmission electron microscopy, tensile test, exfoliation corrosion test, and
slow strain rate tensile test were applied to investigate the properties and microstructure of Al-Zn-Mg-Cu
alloy processed by final thermomechanical treatment, retrogression reaging, and novel thermomechanical
treatment (a combination of retrogression reaging with cold or warm rolling). The results indicate that in
comparison with conventional heat treatment, the novel thermomechanical treatment reduces the stress
corrosion susceptibility. A good combination of mechanical properties, stress corrosion resistance, and
exfoliation corrosion resistance can be obtained by combining retrogression reaging with warm rolling. The
mechanism of the novel thermomechanical treatment is the synergistic effect of composite microstructure
such as grain morphology, dislocation substructures, as well as the morphology and distribution of primary
phases and precipitations.
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1. Introduction

With the fast development of aerospace industry, great
efforts are made to improve the comprehensive properties of
aluminum alloys. With its high specific strength, good forma-
bility, and welding performance, Al-Zn-Mg-Cu alloy has long
been extensively applied in aerospace industry, however, its
susceptibility to stress corrosion and exfoliation corrosion has
become a severe disadvantage (Ref 1). Thus, processing
techniques that improve the comprehensive properties of Al-
Zn-Mg-Cu alloy, such as retrogression reaging (RRA) and final
thermomechanical treatment (FTMT), have drawn wide atten-
tion (Ref 2-4). Research on Al-Zn-Mg-Cu alloy showed that
RRA process is capable of granting both high strength and
good corrosion resistance (Ref 3). Besides, some research

showed that by applying FTMT, the fatigue resistance of Al-
Zn-Mg-Cu alloy can be improved by 25% (Ref 5), while other
researches showed that the strength of 7475 alloy is improved
under thermomechanical treatment with 100 �C pre-aging, and
its fatigue life is also 19.5% longer than that of T6 alloy (Ref 6).
Previous work of our research showed that novel thermome-
chanical treatment improves the comprehensive properties of
2E12 alloy (Ref 7), including strength-plasticity combination
and fatigue crack propagation resistance. The thermomechan-
ical treatment for Al-Zn-Mg-Cu alloy in existence generally
focuses on pre-deformation before aging (Ref 8, 9), however,
there is little research on thermomechanical treatment with
deformation between different aging stages or after retrogres-
sion. Besides, the effect and mechanism of thermomechanical
treatment on Al-Zn-Mg-Cu alloy still need further investiga-
tion. The effect of thermomechanical treatment on the proper-
ties and microstructure of Al-Zn-Mg-Cu alloy will be
systematically studied in this work.

2. Experimental Methods

A cold-rolled Al-Zn-Mg-Cu alloy plate with a thickness of
2 mm provided by Southwest Aluminium (Group) CO. was used
in this investigation. The specific content of the alloy was Al-
5.13Zn-2.58 Mg-1.42Cu -0.21Cr-0.27Si-0.12Fe (wt.%). The
samples were solution treated at 470 �C for 1 h, then quenched
in water to room temperature. The subsequent heat treatment
processes for different samples are shown in Table 1, the warm
rollingwas performed at 200 �C.The tensile testswere performed
on a materials testing machine (MTS 858) with a gauge length of
20 mm at a constant strain rate of 89 10�4 s�1, the tensile tests
were carried out according to ISO6892.1-2009. The exfoliation
corrosion test was carried out according to ASTM-G34-01, the
corrosive medium is exfoliation corrosion test (EXCO) solution
(4.0 mol/L NaC1 + 0.1 mol/L HNO3 + 0.4 mol/L KNO3,
pH = 0.4), the ratio between the volume of solution and sample
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experimental area is 15 mL/cm2. Exfoliation corrosion rating can
be summarized by the EXCO rating scales: ED (Extremely severe
exfoliation)>EC>EB>EA (Slight exfoliation)>PC (Sev-
ere pitting)>PB>PA (Slight pitting)>N (no obvious exfoli-
ation), rate P is used to indicate pitting when evaluating pitting
degree is unnecessary. The slow strain rate tensile test was
performed onmaterials testingmachine (WDML-1) in ambient air
or 3.5%NaCl + 0.5%H2O2 aqueous solution, the gauge size of the
samples is 20 mm9 6 mm9 2 mm, and the strain rate is
29 10�6 s�1. The stress corrosion sensitivity index ISSRT is an
important criterion for evaluating the stress corrosion suscepti-
bility, and its expression is as follows (Ref 10):

ISSRT ¼ 1� rfw � 1þ dfwð Þ =� ½rfA � 1þ dfAð Þ½ �:

In this expression, rfw is the fracture strength in environ-
ment medium (MPa); dfw is the elongation in environment
medium (%); rfA is the fracture strength in inert medium
(MPa); dfA is the elongation in inert medium (%). The value of

ISSRT increases from 0 to 1, representing the growing of stress
corrosion susceptibility.

The SEM observations were performed on Sirion 200 field
emission scanning microscope, with an operating voltage of
25 kV. The TEM observations were performed on Tecnai G2 20
transmission electron microscope, with an operating voltage of
200 kV. The specimens for TEM observation were prepared by
the standard twin jet electro-polishing method, using a solution
of methanol and nitric acid (3:1 in volume) at below �25 �C.

3. Results and Discussion

The tensile properties of the Al-Zn-Mg-Cu alloy processed
by different thermomechanical treatments are shown in Table 1
and Fig. 1, with T6 and T8 alloy as control group. The yield
strength (YS) is the load corresponding to r0.2, while the

Table 1 Tensile property results of Al-Zn-Mg-Cu alloy under different heat treatments

State Heat treatment r0.2, MPa rb, MPa d, %

T6 120 �C, 24 h 489 578 14.8
T8 9%CR + 120 �C, 24 h 497 571 12.7
RRA T6 + 200�C, 10 min + T6 489 576 13.4
FTMT (CR) 120�C,4 h + 9% CR + 120�C, 10 h 528 609 12.3
FTMT (WR) 120�C,4 h + 9%WR +120�C, 10 h 537 601 13.2
RRA (CR) T6 + 200�C, 10 min + 9% CR + T6 533 616 11.5
RRA (WR) T6 + 200 �C, 10 min + 9% WR + T6 526 601 13.3

Table 2 Slow strain tensile properties of Al-Zn-Mg-Cu alloy

Alloy

rb, MPa d, %

ISSRTAir Sol rb loss, % Air Sol d Loss, %

T6 582 528 9.4 21.7 9.3 57.1 0.187
T8 577 567 1.8 21.7 10.4 51.9 0.109
RRA 568 551 3.1 19.3 15.0 21.9 0.064
FTMT (CR) 592 564 4.7 18.2 17.1 5.8 0.055
RRA (CR) 582 558 4.2 18.9 16.8 11.3 0.059
RRA (WR) 593 582 1.9 18.2 15.1 17.1 0.044

(a) (b)

Fig. 1 The tensile properties of Al-Zn-Mg-Cu alloy processed under different treatments: (a) yield strength-elongation; (b) tensile strength-elon-
gation
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ultimate tensile strength (UTS) is the maximum load before
failing. The deformation process mentioned below is cold
rolling (CR) or warm rolling (WR) at 200 �C. It can be
concluded that the strength of the alloy can be increased by
both FTMT (FTMT(CR), FTMT(WR)) and novel thermome-
chanical treatments (RRA(CR) RRA(WR)); the samples with
warm rolling as deformation only suffered minor elongation
loss, while the samples processed by cold rolling suffered more
elongation loss.

The slow strain tensile properties of different alloys are shown
in Table 2. It is shown in Table 2 that T6 samples suffered major
strength and elongation loss. Although T8 samples only suffered
minor strength loss, the elongation loss is significant. The

elongation loss of the thermomechanical treatment processed Al-
Zn-Mg-Cu samples is lower than that of the samples processed by
conventional heat treatment (T6, T8 and RRA), besides, the
elongation loss of the FTMT(CR) samples is the lowest. The
stress corrosion susceptibilities of the thermomechanical treat-
ment processed alloys are also lower than those of the alloys
under conventional heat treatment, as indicated by ISSRT. As the
thermomechanical treatment shattered the coarse primary phases,
the micro-battery effect is weakened, and the pitting susceptibil-
ity is decreased (Ref 11). Besides, the fibrous grain structure of
the rolled alloy hindered the propagation of the stress corrosion
crack (Ref 12). As a result, Al-Zn-Mg-Cu alloy processed by
RRA(WR) has the best stress corrosion resistance.

Table 3 Grade of exfoliation corrosion of alloy under different heat treatments

State

Corrosion exposure time, h

4 8 12 18 24 48

T6 N N+ P EA EB EC
T8 N N PA PB PB EA
RRA N N N PA PA+ PB�
FTMT (CR) N P+ EA EA EA+ EB+
FTMT (WR) N N PA� PA PA+ PB
RRA (CR) N N N+ PA PA PC+
RRA (WR) N N PA PA PB� PC

Pitting on the surface; PA� slight pitting; PB� moderate pitting; PC� severe pitting; EA� slight exfoliation; EB� moderate exfoliation; EC� severe
exfoliation; E � extremely severe exfoliation. + and � indicates increased or decreased degree

Fig. 2 SEM morphology of Al-Zn-Mg-Cu alloy: (a) T6; (b) RRA; (c) RRA(WR); (d) EDS analysis
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Exfoliation corrosion rating of Al-Zn-Mg-Cu alloy under
different heat treatments is shown in Table 3. It is well accepted
that coarse and discontinuous grain boundary precipitates are
beneficial to the exfoliation corrosion resistance (Ref 13, 14), as
the formation of anode corrosion path is restrained. As a result,
the stress corrosion resistance is also increased by the novel
thermomechanical treatment. In this paper, the morphology of
grain boundary precipitates is also in agreement with the
corresponding exfoliation corrosion resistance. The RRA is
more favorable to the exfoliation corrosion resistance of the
alloy than RRA(CR) or RRA(WR), as rolling increases the
aspect ratio of the grain, which increases the exfoliation
susceptibility of the corresponding alloy.

The SEM morphology of T6, RRA and RRA(WR) samples
is shown in Fig. 2(a) to (c), random distribution of white
primary phases can be observed in the matrix. The EDS
analysis of the coarse phase is shown in Fig. 2(d), the
component of the phase is AlFeCu, thus the primary phase is
likely the (Al,Cu)6(Fe,Cu) Al6Fe or Al7Cu2Fe phase (Ref 15).
The primary phase will serve as cathode relative to the matrix,
and corrosion will preferentially occur near the primary phase
(Ref 16, 17). The primary phases are coarse and concentrated in
both T6 and RRA samples by contrast. By comparing Fig. 2(a)
and (b), it can be concluded that aging has no obvious effect on
the morphology and distribution of the primary phase, as the
primary phase hardly dissolves into the matrix at elevated

Fig. 3 TEM morphology of Al-Zn-Mg-Cu alloy under different treatments: (a) T6; (b) T8; (c) T8 state precipitates in the matrix; (d) RRA; (e)
FTMT (CR); (f) RRA (CR); (g) RRA(WR); (h) the diffraction pattern of g¢ phase in the matrix, taken along [112]Al zone axis
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temperature. It can also be observed in Fig. 2(c) that the
primary phases are shattered and redistributed randomly during
deformation in RRA(WR) alloy (Ref 11).

The TEM morphology of Al-Zn-Mg-Cu alloy under differ-
ent treatments is shown in Fig. 3. In Fig. 3(a), fine and
dispersed g¢ phase can be observed in the matrix, while
contiguous precipitates can be observed on the grain boundary;
there is also obvious precipitate-free zone (PFZ) near the grain
boundary. A high density of dislocations can be observed in
Fig. 3(b), since the dislocations are favorable sites for the
formation of g phase (Ref 18), coarse equilibrium g phase as
well as g¢ phase can be observed in the matrix, as it is shown in
Fig. 3(c); on the other hand, the grain boundary precipitates of
the alloy are also less contiguous. No obvious PFZ can be
observed, as the dislocations may serve as the path for solute
atom diffusion from matrix to grain boundary. It can be
observed in 3-(d) that the g¢ phase in the matrix is not as fine as
that of T6 sample, and the grain boundary precipitates are much
coarser, the spans in between are also greater. For the alloys
under thermomechanical treatment [Fig. 3(e) to (g)], the g¢
phase in the matrix is fine and dispersed. In Fig. 3(e), the grain
boundary precipitates are fine and contiguous; in Fig. 3(f) and
(g), the grain boundary precipitates are coarse and discontin-
uous. It can be concluded that the alloy under RRA(WR)
treatment processes an outstanding combination of tensile
properties and corrosion resistance, as the g¢ phase in matrix is
both fine and dispersed, while the grain boundary precipitates
are coarse and discontinuous.

For T8 samples, though the dislocations generated by the
deformation caused stress concentration, increasing the strength
while decreasing the elongation, the strengthening effect of the
coarse g phase is not as great as that of the fine and dispersed
g¢ phase, thus the strength of T8 samples is close to that of the
T6 samples. Pre-aging will lead to the precipitation of the fine
G.P. zones and g¢ phase. It is generally accepted that in RRA
process, GP zones and fine g¢ phase will partially dissolute into
the matrix during retrogression and re-precipitate during the re-
aging, while discontinuous g phase on the grain boundaries
continues to grow and coarsen (Ref 19, 20). Warm rolling
causes the dislocations to be uniformly distributed and reduces
the dislocation density, increasing the plasticity of the alloy at
the cost of a slight decrease in strength (Ref 21, 22). Besides,
warm rolling has significant effect on the precipitation of the
alloy. In the warm rolling process, the G.P. zones and fine g¢
phase will partly dissolve into the matrix at 200 �C, while the
grain boundary precipitates will continue to coarsen, resulting
in better corrosion resistance. It can be concluded that novel
thermomechanical treatment utilizes the synergistic effect of
composite microstructure including dislocations, primary
phases, and precipitations, granting an optimum combination
of deformation strengthening and precipitation strengthening.

4. Conclusions

(1) FTMT(WR) and RRA(WR) can increase the strength of
Al-Zn-Mg-Cu alloy while retaining its ductility. How-
ever, FTMT(CR) and RRA(CR) can only increase the
strength of the alloy without retaining the elongation.

(2) RRA(WR) greatly reduces the stress corrosion suscepti-
bility of Al-Zn-Mg-Cu alloy, in comparison with con-
ventional heat treatment and FTMT.

(3) RRA(CR) and RRA(WR) greatly improve the exfolia-
tion corrosion resistance of Al-Zn-Mg-Cu alloy, while
FTMT(CR), T6, and T8 samples suffer severe exfolia-
tion corrosion.

(4) The mechanism of the novel thermomechanical treat-
ment is a synergistic effect of the composite microstruc-
ture, as the dislocation substructure generated during
deformation is strongly affect by precipitation in the
aging process, and it in turn affects the precipitation of
subsequent aging.
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