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a  b  s  t  r  a  c  t

The  microstructural  and  property  evolution  of  a  novel  Al–Zn–Mg–Sc–Zr  sheet  during  its  preparation  were
investigated  in  detail  by tensile  tests  and  electron  microscopy  methods.  The  results  show  that  severe
segregation  exists  in  the  ingot.  After  homogenization  treatment  at 470 ◦C  for  12  h,  dissoluble  Zn  and
Mg  enriched  non-equilibrium  phases  dissolve  into  matrix  completely  and  only  little  indissoluble  impu-
rity  phases  containing  Fe  and  Si  elements  remain.  At  the same  time,  precipitation  of  nanometer-scaled
coherent  secondary  Al3(Sc,  Zr) particles  from  a supersaturated  solid  solution  occurs.  The  proper  homog-
enization  process  is 470 ◦C ×  12  h. After  solution  treatment  at  470 ◦C for  1  h,  a lot  of  non-equilibrium
T(Mg32(Al,Zn)49)  phases  formed  during  hot  rolling  dissolve  into  matrix.  Aged  at 120 ◦C,  the precipi-
tates  gradually  transform  from  coherent  GP  zones  to semi-coherent  �′ phase  and  incoherent  � phase
lectron microscopy for  the  duration  of  aging,  exhibiting  a  typical  behavior  of  aging  strengthening.  The  optimal  solution-
aging  process  is  solution  treated  at 470 ◦C for 1 h, followed  by water  quenching  and  then  aged  at  120 ◦C
for  24  h  (peak-aged).  Under  this  condition,  the  ultimate  tensile  strength,  yield  strength  and  elongation
reach  555  ±  2  MPa,  524  ±  4 MPa  and  12.3  ±  0.6%  respectively.  The  main  strengthening  mechanisms  of
Al–Zn–Mg–Sc–Zr  aged  sheets  are  precipitation  strengthening  derived  from  �′ precipitates,  and  dispersion
strengthening  and  sub-grain  strengthening  caused  by  coherent  secondary  Al3(Sc,  Zr)  particles.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

7xxx series aluminum alloys are used extensively for struc-
ure components in aerospace industry owing to their excellent

echanical properties [1–5]. However, with the development of
erospace technology, it is urgent to develop new aluminum alloys
ith better performance. Material workers have found that rare-

arth elements are of great importance to improve the service
erformance of Al-based alloys [6–10]. On a per-atom basis, scan-
ium (Sc) has the greatest strengthening effect of any existing
lloying addition to Al [11–13].  Moreover, recent researches indi-
ate that additions of minor zirconium to aluminum alloys with
candium enhance positive effect on the set of their operational
roperties, due to the formation of extremely fine, coherent Al3(Sc,
r) particles with L12 structure, which can substantially inhibit

ecrystallization and pin dislocations [14–16].  Knipling [17,18]
howed that Zr additions provided a secondary strength increase
rom the precipitation of Zr-enriched outer shells onto the Al3Sc

∗ Corresponding author. Tel.: +86 731 88830262; fax: +86 731 88830262.
E-mail address: zmyin@163.com (Z. Yin).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.049
precipitates. Van Dalen [19] and Booth-Morrison [20] indicated that
additions of Zr and Sc improved coarsening resistance of Al3(Sc,
Zr) (L12) precipitates compared with Al3Sc (L12). Wu  [21] showed
that the finest and densest dispersoid of spherical Al3(Sc, Zr) par-
ticles resulting from the optimum homogenization condition can
effectively inhibit recrystallization and resulting in the smallest
fraction of recrystallized structure, and hence exhibiting the high-
est strength after aging treatment in an Al–Zn–Mg–Sc–Zr alloy.
Senkov [22] found that the Orowan strengthening from the coher-
ent nanometer-sized Al3(Sc, Zr) particles provided 40–63% of the
yield strength increase relative to the alloy without the nanometer-
sized Al3(Sc, Zr) particles in SSA018 alloy.

New Al–Zn–Mg–Sc–Zr alloy in the high-strength thermally
strengthened weldable alloys based on the Al–Zn–Mg system with
scandium and zirconium additives is developed by All-Russia Insti-
tute of Light Alloys, namely, 01970 and 01975 [21,23].  Between
those two alloys, the alloy 01970 contains more Sc additives,
achieving higher strength and toughness, better corrosion resis-

tance and welding performance. It belongs to a new generation
lightweight structural material [24]. However, less reports of this
novel alloy are available, limiting its extensive applications. There-
fore, it is highly significant to develop this high performance

dx.doi.org/10.1016/j.jallcom.2011.12.049
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zmyin@163.com
dx.doi.org/10.1016/j.jallcom.2011.12.049
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Fig. 1. Back scattered electron images of the as-cas

luminum alloy to meat the requirements of aerospace users
s soon as possible. In this paper, we aim to prepare a new
ype 2 mm Al–Zn–Mg–Sc–Zr alloy sheet with good mechanical
roperties. Based on this, the microstructural evolution of this
heet during its preparation is investigated systematically. The
urpose of this paper is to provide theoretical and experimen-
al basis for engineering design and application of this novel
lloy.

. Material and methods

The semi-continuous ingots, with 172 mm in diameter, were pro-
ided by Northeast Light Alloy Co. Ltd. The chemical composition is
l–5.7Zn–1.98Mg–0.33Cu–0.25Sc–0.10Zr–0.18Fe–0.11Si–0.32Mn (wt.%).

According to the upper limit of homogenization temperature obtained from
ifferential scanning calorimetry (DSC) analysis, the suitable homogenization
emperature was  selected. Materials for hardness and electrical conductivity mea-
urements were cut from ingot with dimension of 25 mm × 25 mm × 6 mm.  The
pecimens were homogenized at selected temperature for different durations in

 salt bath furnace. After homogenization treatment, the specimens were quenched
n  water immediately. The homogenized samples were investigated by hardness and
lectrical conductivity measurements, and microstructural observations. According
o  the microstructures and properties of homogenized samples, optimized homog-
nization parameters were obtained.

After optimal homogenization treatment, the ingots, with dimension of
172 mm × 70 mm,  were annealed at 420 ◦C for 4 h, then hot rolled to 7 mm thick
lates immediately. The hot rolled plates were annealed at 420 ◦C for 1 h, and cold
olled to 2 mm sheets. The sheets were subjected to solution treatments at 450 ◦C,
60 ◦C, 470 ◦C, 480 ◦C and 490 ◦C for 0.5 h, 1 h and 1.5 h respectively, followed by
ater quenching, and then aged at 100 ◦C, 110 ◦C, 120 ◦C and 130 ◦C for 10 min–36 h.

he solution-aging treated sheets under different conditions were investigated by
ensile tests and microstructural observations. According to the microstructures
nd properties of different solution-aging treated samples, optimized solution-aging
rocess was acquired.

DSC analyses were conducted using a SDT-Q600 differential scanning calorime-
er.  Samples were heated in an inert flowing atmosphere (N2) at a constant heating
ate of 10 ◦C/min from 25 to 650 ◦C. The standard sample is Al2O3. Hardness and elec-
rical conductivity measurements were finished on an HW187.5 Brinell’s machine
nd a D60K digital conductivity meter respectively. The mechanical testing utilized
ransverse orientation (normal to rolling direction) specimens. Tensile proper-
ies were performed on a CSS-44100 electronic universal testing machine with

 mm/min  loading speed. Yield strength of the material was  identified at 0.2% plas-
ic  strain. A minimum of three mechanical tests was performed on each sample,
nd their statistical scatter determined the measurement errors. All of the exper-
mental errors or uncertainties reported here represent one standard deviation
rom  the mean. Scanning electron microscope (SEM) samples were observed on

 Quanta MK2-200 SEM, operating at 20 kV. X-ray diffraction was  carried out on a
/max 2500PC diffraction instrument with CuK�1 radiation. Thin foils for transmis-

ion electron microscope (TEM) and high resolution electron microscope (HRTEM)

bservations were sectioned from the alloys under different conditions. The foils
ere prepared by double-jet electro-polishing at 20 V in a solution of 30% nitric

cid and 70% methanol solution cooled to −30 ◦C and observed on a TECNAIG2 20
lectron microscope and a JEM-3010 electron microscope respectively, both with
n acceleration voltage of 200 kV.
: (a) low magnification and (b) high magnification.

3. Results

3.1. Microstructure of cast alloy

The as-cast microstructures are shown in Fig. 1. The average
diameter of grains is about 50 �m.  Serious segregation exists in
grain boundaries (Fig. 1(a)). Inter-metallic phases in the grain
boundaries are presented in Fig. 1(b). According to the energy dis-
persive X-ray (EDX) analysis, the white secondary phases as shown
in Fig. 1(b) A, are enriched in Zn and Mg  elements non-equilibrium
phases. The grey phases as shown in Fig. 1(b) B are indissoluble
impurity phases containing Fe and Mn  elements. The EDX results
are shown in Table 1. As massive intermediate compounds affect
the subsequent processing properties, to ensure the service per-
formance of the alloy, a homogenization treatment is required
to eliminate severe segregation in as-cast alloy. Higher tempera-
ture increases the possibility of burnt phenomenon. Thus, before
homogenization treatment, it is highly necessary to obtain burnt
temperature of the ingot.

Fig. 2 gives DSC curve of as-cast Al–Zn–Mg–Sc–Zr alloy. An obvi-
ous endothermic peak sited at 478 ◦C is observed. It illustrates that
non-equilibrium phase which starts melting at 475 ◦C exists in the
ingot. Therefore, the upper limit temperature for homogenization
treatment is 470 ◦C.
600550500450400
-0.40

Fig. 2. DSC curve of the as-cast Al–Zn–Mg–Sc–Zr alloy.
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Table  1
Chemical composition of the secondary phases in Fig. 1 (in at.%).

Phase Al Zn Mg  Cu Fe Si Mn

3.09 ± 0.11 0 0 0
0.66 ± 0.01 11.18 ± 1.66 3.81 ± 0.10 1.73 ± 0.08
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A 68.20 ± 0.68 13.07 ± 0.07 15.65 ± 0.11 

B 79.83 ±  1.88 1.50 ± 0.04 1.29 ± 0.31 

.2. Effect of homogenization treatment on as-cast alloy

.2.1. Effect of homogenization treatment on the hardness and
lectrical conductivity of as-cast alloy

In order to optimize homogenization time, the curves of hard-
ess and conductivity in the Al–Zn–Mg–Sc–Zr alloy homogenized
t 470 ◦C for different durations were shown in Fig. 3. Hardness
ncreases, but conductivity decreases for the duration of homog-
nization. After homogenization treatment for 12 h, the hardness
nd conductivity almost keep constant with the prolongation of
omogenization time. This indicates that solvable non-equilibrium
hases have mainly dissolved into matrix after homogenizing at
70 ◦C for 12 h.

.2.2. Effect of homogenization treatment on microstructures of
s-cast alloy

The SEM images in Fig. 4 show microstructures of homoge-
ized alloys. After homogenization at 470 ◦C for 12 h, only little grey
hases exist in ingot (Fig. 4(a)). As further prolonging the holding
ime, no obvious secondary phase dissolution is observed (Fig. 4(b)).

he residual phases are magnified in Fig. 4(c). According to the
esult of EDS analysis, the residual grey phases are indissoluble
mpurity phases containing Fe, Mn  and Si elements. These phases
annot be eliminated by homogenization treatment. Compared

ig. 4. Back scattered electron images of the alloy homogenized at 470 ◦C: (a) 12 h, low m
c)  A.
Fig. 3. Curves of the hardness and electrical conductivity in the Al–Zn–Mg–Sc–Zr
alloy homogenized at 470 ◦C.

with the microstructures of ingot (in Fig. 1(a)), solvable phase pri-
◦
marily dissolves into matrix after homogenization at 470 C for 12 h.

Therefore, the suitable homogenization treatment is 470 ◦C × 12 h.
This is confirmed by the subsequent TEM observation.

agnification; (b) 24 h; (c) 12 h, high magnification; (d) EDS patterns of the phase in
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From Fig. 7, it can be concluded that the sheets had best tensile
properties after solution at 470 ◦C for 1 h.

Fig. 8 shows the effect of aging treatment on tensile proper-
ties of the sheets after solution treatment at 470 ◦C for 1 h. The
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Fig. 5. Microstructures of the alloy homogenized at 470

The TEM images in Fig. 5 show microstructures of the alloy
omogenized at 470 ◦C for 12 h. The results show that little coarse
on-equilibrium phases are observed in the grain and grain bound-
ries. Besides, dispersive, fine, nanometer-sized, spherical particles
recipitate from matrix (Fig. 5(a)). The presence of Ashby-Brown
ontrast for bright-field images of Al3(Sc, Zr) particles (Fig. 5(a)),
s well as the superstructure reflections like (0 1 0) and (1 1 0)
Fig. 5(b)), confirms that this particle is Al3(Sc, Zr) particle with
n Ll2 cubic crystal structure, which is coherent with the Al matrix.
his is in accordance with the previous reports [17,18,25,26].

.3. Effect of solution-aging treatment on microstructures and
roperties of cold-rolled sheets

.3.1. Burnt temperature of cold-rolled sheet
To obtain the upper temperature of solution treatment, the cold-

olled sheet was used for DSC analysis. Fig. 6 shows DSC curve of
old-rolled Al–Zn–Mg–Sc–Zr sheet. It indicates that low-melting
on-equilibrium phase starts to melt at 487 ◦C and reaches its peak
elting temperature at 493 ◦C. Therefore, the upper limit temper-

ture for solution treatment is 490 ◦C.
.3.2. Effect of solution-aging treatment on the tensile properties
f cold-rolled sheets

Fig. 7 shows the effect of different solution treatments on
echanical properties of cold-rolled sheets aged at 120 ◦C for 24 h.
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Fig. 6. DSC curve of the cold-rolled Al–Zn–Mg–Sc–Zr sheet.
12 h: (a) bright image and (b) SAD in [0 0 1]Al projection.

With increasing solution temperatures, strength and elongation of
aged alloys increase firstly and then decrease (Fig. 7(a)). As further
prolonging holding time at 470 ◦C, strength increases firstly and
then decreases, and elongation decreases monotonously (Fig. 7(b)).
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Fig. 7. Effect of solution treatment on mechanical properties of cold-rolled sheets
aged at 120 ◦C/24 h: (a) solution treated at different temperatures for 1 h and (b)
solution treated for different time at 470 ◦C. �b , ultimate tensile strength�; �0.2,
yield strength �; ı5, elongation �.
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Fig. 8. Effect of aging treatment on the mechanical properties of the sheets after
s ◦
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olution treatment at 470 C/1 h: (a) aged at different temperatures for 24 h and
b)  aged for different duration at 120 ◦C. �b , ultimate tensile strength �; �0.2, yield
trength �; ı5, elongation �.

ensile property curves of the alloys aged at different temperatures
or 24 h are shown in Fig. 8(a). With increasing aging temperatures,
trength rises firstly and then decreases, but elongation decreases

rstly and then keeps constant. Fig. 8(b) shows tensile proper-
ies of the alloy aged at 120 ◦C, as a function of aging time. It
an be seen that the age strengthening effect of the alloy is obvi-
us. In initial stage of aging, the strength rises rapidly. Peak aging

Fig. 9. Back scattered electron images of the alloy under different con
mpounds 517 (2012) 118– 126

is achieved after 24 h of aging. During the over-aging stage, the
strength has a little change for the duration of aging time, but
the elongation decreases monotonously. Comparatively, the sheets
aged at 120 ◦C for 24 h exhibit better tensile properties. After suit-
able solution treatment (470 ◦C × 1 h) and proper aging treatment
(120 ◦C × 24 h), the tensile strength, yield strength and elonga-
tion of the sheet reach 555 ± 2 MPa, 524 ± 4 MPa  and 12.3 ± 0.6%
respectively.

3.3.3. Effect of solution-aging treatment on microstructures of
cold-rolled sheets

To ensure the best probability of finding the proper solu-
tion treatment, the microstructures of cold-rolled sheets solution
treated at 470 ◦C for 1 h were used for SEM, XRD and TEM analy-
ses. SEM microstructures from cold-rolled sheet along the rolling
direction and from solution treated alloy are shown in Figs. 9(a) and
(b) for comparison. Massive non-equilibrium phases formed dur-
ing rolling exist in cold-rolled sheets. Those phases can be divided
into two kinds. According to the results of EDS analyses, the short
rod-like phases as shown in Fig. 9(a) A, are enriched in Zn and Mg
elements non-equilibrium phases. The irregular phases as shown
in Fig. 9(a) B, are indissoluble impurity phases containing Fe, Si and
Mn elements. After solution treatment at 470 ◦C for 1 h, the Zn and
Mg enriched particles are dissolved into matrix completely, and
only little impurity phases are remained in solution treated alloy
(Fig. 9(b) C). The EDS results are shown in Table 2.

X-ray diffraction patterns of cold-rolled sheet and solution
treated alloy are shown in Fig. 10.  The phases in cold-rolled sheet
are composed of Al(�) matrix and T(Mg32(Al,Zn)49) phase. After
solution treatment at 470 ◦C for 1 h, T(Mg32(Al,Zn)49) phase has
dissolved into matrix completely. In addition, it can be inferred
that the Zn and Mg  enriched particles as shown in Fig. 9(a) A are
T(Mg32(Al,Zn)49) phases.

The TEM images in Fig. 11 show microstructures of solu-
tion treated sheets. After solution treatment at 470 ◦C for 1 h,
the alloy still remains unrecrystallized, fiber-like structures. The
fiber-like structures are made up of micrometer-sized sub-
grains. Observed through high magnification, numerous, fine,
nanometer-sized, spherical Al3(Sc, Zr) particles are distributed
in sub-grain and sub-grain boundaries. Those particles strongly
pin sub-grain boundaries, leading to structures maintaining unre-

crystallization after rolling and solution treatment. Fig. 11(c) is
the selected area diffraction (SAD) pattern of Al3(Sc, Zr) particles
in solution treated samples taken along [0 1 1] zone axes of Al
matrix.

ditions: (a) cold-rolled and (b) solution treated at 470 ◦C for 1 h.
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Table 2
Chemical composition of the secondary phases in Fig. 9 (in at.%).

Phase Al Zn Mg Cu Fe Si Mn

A 77.59 ± 2.66 11.58 ± 1.40 9.80 ± 0.47 

B 82.24 ±  1.18 1.20 ± 0.11 1.39 ± 0.02 

C 87.36  ± 0.78 1.51 ± 0.21 2.13 ± 0.08 
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Fig. 10. X-ray diffraction patterns of the sheets under different conditions.

ig. 11. Microstructures of the alloy after solution treatment at 470 ◦C for 1 h: (a) Fiber s
nd  (c) SAD in [0 1 1]Al projection.
1.03 ± 0.23 0 0 0
0.92 ± 0.17 8.96 ± 0.88 3.45 ± 0.12 1.83 ± 0.08
0.42 ± 0.04 4.85 ± 0.51 2.19 ± 0.22 1.53 ± 0.11

The microstructures of aged alloys were observed by TEM.
Fig. 12 shows TEM micrographs of the sheets aged at 120 ◦C for dif-
ferent durations. Nanometer-sized, spherical Al3(Sc, Zr) particles
can be still observed in grain after aging treatment. In addition, a
large number of fine precipitates are distributed homogeneously
in matrix (Fig. 12(a)). Those fine precipitates were investigated
by high resolution microscopy. High resolution image shown in
Fig. 12(b) was taken in [1 0 0]Al projection. Fig. 12(b) shows the
presence of the GP(I) zones with size ranging from 2 to 8 nm,
which is to say that GP zones are the main strengthening precip-
itates in the alloy under this aging condition (120 ◦C × 1 h). GP(I)
zones are identified according to Refs. [27,28]. They are coher-
ent with Al matrix, with internal ordering of Zn and Al/Mg on
the {2 0 0}Al planes [29,30]. With increasing aging time, GP  zones
are gradually transferred into �′ and � phases (Fig. 12(c)). After
24 h of aging (peak-aged), the microstructures are still constituent
with micro-scaled sub-grains (Fig. 12(d)). Besides, short rod-like

particles can be seen in the matrix, and some coarsen rod pre-
cipitates are distributed discontinuously along grain boundaries
(Fig. 12(e)). The SAD pattern of peak aged sheets in [1 1 2]Al projec-
tion is shown in Fig. 12(f). The diffraction spots from the aluminum

tructure with subgrains, (b) Al3(Sc, Zr) within grains and in sub-grains boundaries,
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Fig. 12. TEM micrographs of the alloy aged at 120 ◦C for different duration: (a) 1 h, bright field image; (b) 1 h, HRTEM, [1 0 0]Al projection; (c) 12 h, bright field image; (d)–(e)
24  h, bright field image; (f) 24 h, SAD, [1̄ 1 2]Al projection; (g) 36 h, bright field image.
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atrix have been indexed. Besides the spots of Al3(Sc, Zr) particles,
here are some spots from �′ phase. The �′ phase can be identified
y referring to the model in some reported results [29,31–33]:  (1 0 l)
nd (2 0 l) rows in the [1 1 2]Al projection, as shown in Fig. 12(f).
herefore, �′ phase and Al3(Sc, Zr) particle are the main strength-
ning phases in peak-aged alloy. As further prolonging aging time,
′ phase coarsens and transfers into � phase (especially in grain
oundaries) (Fig. 12(g)), leading to the decrease of strength in
heets as shown in Fig. 8(b).

. Discussion

.1. Evolution of microstructures and properties of
l–Zn–Mg–Sc–Zr ingot during homogenization treatment

Under the condition of semi-continuous casting, due to the
igh cooling rate of melt, the matrix is closest to a supersatu-
ated solid solution. During solidification, owing to the difference
f cooling rate between the exterior and center of ingot, eutectic
hases formed firstly are pushed into the grain boundaries that
re solidified at last. Therefore, lots of Zn and Mg  enriched non-
quilibrium phases and indissoluble impurity phases containing
e and Si elements are formed. At the same time, they are con-
entrated on grain boundaries. Therefore, a homogenization heat
reatment is carried out directly after alloy casting, and it plays

 key role in removing micro-segregation and dissolving large
oluble non-equilibrium eutectic phases formed during solidifi-
ation. Homogenization temperature and time are two important
arameters of homogenization treatment. According to DSC results,
e consider that 470 ◦C is the proper homogenization temper-

ture. With increasing homogenization time at 470 ◦C, massive
on-equilibrium phases gradually dissolve into matrix, leading to

ncreasing the degree of solid solubility of matrix. With the increase
f solid solubility, the effect of solution strengthening and the
bility of electron scattering are gradually enhanced, causing the
radual increase of hardness and decrease of electrical conductivity
f the alloy. After 12 h of homogenizing at 470 ◦C, dissoluble non-
quilibrium phases are primarily dissolved into matrix, resulting in
he highest hardness and the lowest electrical conductivity of alloy.
s further prolonging homogenization time, the degree of solid sol-
bility of matrix cannot be increased, so there is almost no change
f hardness and conductivity.

In addition, the purpose of homogenization heat treatment in
he aluminum alloy with Sc and Zr additives is to obtain Al3(Sc,
r) particles which is to prevent re-crystallization during hot
olling and solution treatment [23,34,35].  In our studies, mas-
ive, fine, nanometer-sized Al3(Sc, Zr) particles precipitate during
omogenization at 470 ◦C for 12 h. Those particles strongly pin sub-
rain boundaries and effectively prevent re-crystallization during
ubsequent processing and heat treatment, leading micro-scaled
ub-grains structures remained in aged sheets. Therefore, the
argets of homogenization treatment were achieved after homog-
nizing at 470 ◦C for 12 h in our research. As a result, the suitable
omogenization treatment is 470 ◦C × 12 h.

.2. Evolution of microstructures and properties of
l–Zn–Mg–Sc–Zr sheets during solution-aging treatment

The aim of solution treatment of cold-rolled sheets is to dissolve
oarse T(Mg32(Al,Zn)49) phase formed during the cooling process of
ot rolling into matrix, to improve the degree of super-saturation

f alloy which would result in the larger driving force for second
hase precipitation during the subsequent aging treatment of
heets. In such case, the matrix can precipitate more second phases
uring aging treatment, leading to higher strength of aged alloy.
mpounds 517 (2012) 118– 126 125

Our research shows that aged sheets are obtained lower strength
at lower solution temperatures (450 ◦C or 460 ◦C) or holding for
shorter solution time (0.5 h), owing to that lots of T(Mg32(Al,Zn)49)
phases still exist in the alloy and the plates are gained lower
degree of solid solubility after such solution treatment. At
the same time, the grains coarsening and deformed structures
disappearing after solution at the higher temperatures (480 ◦C or
490 ◦C) or longer duration (1.5 h), also cause the lower strength
of aged alloy. As a whole, after solution treatment at 470 ◦C for
1 h, coarse T(Mg32(Al,Zn)49) phases primarily dissolve to matrix,
the deformed structures are remained in the sheets and the aged
sheets have better tensile properties. Therefore, the suitable solu-
tion treatment is 470 ◦C × 1 h.

In the 7xxx series Al alloys the supersaturated solid-solution
decomposes in the following sequence [36–40]:  Supersaturated
solid-solution (�) → GP zones → �′ (MgZn2) → � (MgZn2). The �′

phase is one of the most important age-hardening precipitate in
commercial Al–Zn–Mg alloys. When the aging time is too long or
the aging temperature is too high, metastable �′ phase will trans-
form into stable � phase, achieving over-aging. Observed from
Fig. 8, the studied sheets are in peak-aged T6 state at 120 ◦C for 24 h.
Aged at 120 ◦C, with increasing aging time, the precipitates gradu-
ally transform from coherent GP zones to semi-coherent �′ phase,
and then incoherent � phase, corresponding to a typical behavior
of aging strengthening, as shown in Fig. 8(b). In addition, Al3(Sc,
Zr) particles do not change the characteristic of aging precipitation
during aging treatment in studied alloy. Therefore, the optimized
aging treatment of studied sheets is 120 ◦C × 24 h.

Furthermore, from the observation of the microstructures in
T6 state sheets (120 ◦C × 24 h), the grain structures are composed
of micro-scaled sub-grains, and the main phases are �′ precipi-
tates and Al3(Sc, Zr) particles. Therefore, the main strengthening
mechanisms of Al–Zn–Mg–Sc–Zr aged sheets are precipitation
strengthening of �′ precipitates, and dispersion strengthening and
sub-grain strengthening caused by coherent Al3(Sc, Zr) particles.

5. Conclusions

Under the condition of semi-continuous casting, the matrix
is closest to a supersaturated solid solution. Lots of Zn and Mg
enriched non-equilibrium phases and indissoluble impurity phases
containing Fe and Si elements are concentrated on grain bound-
aries. Therefore, the homogenization treatment is required to
eliminate severe segregation in the as-cast alloy.

After homogenization treatment, Zn and Mg  enriched non-
equilibrium phases are dissolved into matrix. At the same time,
supersaturated solid solution decomposes and dispersed, nano-
meter-sized Al3(Sc, Zr) particles precipitate. The suitable homoge-
nization treatment of Al–Zn–Mg–Sc–Zr alloy is 470 ◦C × 12 h.

The suitable solution-aging treatment of Al–Zn–Mg–Sc–Zr
sheets with thickness of 2 mm  is solution treated at 470 ◦C for 1 h,
followed by water quenching and then aged at 120 ◦C for 24 h.
Under this condition, the tensile strength, yield strength and elon-
gation of the sheets reach 555 ± 2 MPa, 524 ± 4 MPa  and 12.3 ± 0.6%
respectively.

The main strengthening mechanisms of Al–Zn–Mg–Sc–Zr aged
sheets are precipitation strengthening derived from �′ precipitates,
and dispersion strengthening and sub-grain strengthening caused
by coherent Al3(Sc, Zr) particles.
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