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a b s t r a c t
The effect of complex additions of Yb, Cr and Zr on recrystallization and corrosion resistance of
Al–Zn–Mg–Cu alloy has been investigated. By complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy,
20–50 nm dispersoids were formed in Al matrix and identiﬁed by X-ray diffraction analysis and energy
dispersive X-ray spectroscopy as Zn, Mg, Cu, Zr-containing YbCr2 A120 with cubic CeCr2 Al20 crystal structure. The dispersoids remarkably inhibited the recrystallization of Al matrix, and a lot of low angle grain
boundary of the Al–Zn–Mg–Cu alloy by complex additions of Zr, Cr and Yb investigated by electron back
scattered diffraction was retained. Complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy remarkably
enhanced resistance to stress corrosion cracking (KISCC ) from 9.8 to 17.0 MPa m1/2 , exfoliation corrosion
from EB+ to EA and intergranular corrosion with the improved strength, fracture toughness and ductility.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Ultra-high strength Al–Zn–Mg–Cu aluminum alloys with high
strength, low density and good machining properties are widely
used in the military and aerospace industries [1,2]. However, the
recrystallization of Al matrix in the deformed alloy will happen during the high temperature solution treatment, and the subsequent
recrystallized grain boundary with high angle grain boundary is
preferentially eroded and cracked.
In order to improve recrystallization resistance of Al–Zn–Mg–Cu
alloys, dispersoid-forming element such as Mn, Cr or Zr is often
added. However, the recrystallization of Al–Zn–Mg–Cu alloy can
not be inhibited completely by Mn, Cr or Zr addition [3,4], although
Zr addition is more effective and widely used.
The addition of Sc to Al alloys is more effective to improve recrystallization resistance than Zr addition [5,6] due to the formation of
a high density of Al3 Sc dispersoids. Complex addition of Sc and Zr
to Al alloys can produce Al3 (Sc,Zr) dispersoid which is more stable
than Al3 Sc dispersoid, and further improve recrystallization resistance [7]. But Sc addition is too expensive to be extensively used
in industry. The cheaper rare-earth element additions are being
studied to replace Sc [8,9].
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In previous research, present authors found that the 20–50 nm
spherical dispersoids of (Zr,Yb)Cr2 (Al,Zr)20 or Zr-containing
YbCr2 A120 with CeCr2 Al20 cubic crystal structure can be formed in
Al matrix by complex additions of Yb, Cr and Zr to aluminum. Complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy can obviously
suppress the recrystallization of Al matrix, improve the fracture
toughness, as well as remarkably enhance the stress corrosion resistance [10].
In the present research, the effect of complex additions of Yb,
Cr and Zr to Al–Zn–Mg-Cu alloys on microstructure, mechanical properties and corrosion behaviors, including stress corrosion
cracking (SCC), intergranular corrosion (IGC) and exfoliation corrosion (EXCO), were further investigated.
2. Materials and experimental
The nominal compositions of the alloys were shown in Table 1.
High purity aluminum (99.9%), magnesium (99.9%) and zinc (99%),
and Al–Zr, Al–Cu, Al–Cr and Al–Yb master alloys were smelted into
the alloys. The smelting temperature was kept at 700–740 ◦ C. The
alloy melt was reﬁned by adding 0.2–0.4 wt% C2 Cl6 , and cast into Ø
45 mm ingot in iron mould.
The cast ingots were treated at 465 ◦ C for 24 h for homogenization, and extruded at 410–430 ◦ C into plate of 13.5 mm × 10.2 mm
section in 12.2 extrusion ratio. The extruded plates were held at 450
and 470 ◦ C separately for 1 h, then kept at 480 ◦ C for 2 h for stepped
solution treatment, then were quenched in ambient temperature
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Table 1
Nominal compositions of three aluminum alloys (mass fraction, wt%)
Alloys

Zn

Mg

Cu

Zr

Cr

Yb

Al

AlZnMgCu–0.16Zr
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb
AlZnMgCu–0.32Zr–0.4Cr–0.6Yb

8.6
8.6
8.6

2.5
2.5
2.5

2.2
2.2
2.2

0.16
0.16
0.32

–
0.20
0.40

–
0.30
0.60

Bal
Bal
Bal

water. The plates were tempered at 130 ◦ C for 24 h for artiﬁcial T6
tempered.
The optical microscopy (OM) and transmission electron
microscopy (TEM) were used to observe the microstructures of the
tempered plates on a Polyver-Met optical microscope and TECNAI
G2 20 transmission electron microscope. The specimens for OM
were electro-polished and anodized in HF and H3 BO3 solution. Thin
foils for TEM were prepared by twin jet-polishing in electrolyte
solution of HNO3 and methyl alcohol (1:3). Misorientation angles
between grains were measured by using electron back scattered
diffraction (EBSD) equipment of a HITACHI 3400 scanning electron
microscope (SEM). Energy dispersive X-ray spectroscopy (EDXS)
and SEM were performed to obtain the distribution and constitution of the dispersoids on a JEOL-6360LV SEM. X-ray diffraction
analysis (XRD) was used to characterise the phases of samples on a
D/max-2500 diffractometer with Cu K␣ radiation.
Double cantilever beam (DCB) testing was carried out to study
the stress corrosion cracking resistance according to GB12445.11990 [11]. The accelerated EXCO test was performed according to
GB5455-1990 [12]. The accelerated IGC test was performed according to the IGC test standard of GB7998-1987 [13].

Fig. 1. Dependence of crack growth rate (v) of AlZnMgCu–0.16Zr and
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloys on crack tip stress intensity factor (KI )
in 3.5% NaCl solution.

3. Results

exfoliation corrosion resistance, or exfoliation corrosion rank EA
(tendency for undermining).

3.1. Mechanical properties and electric conductivity
The tensile properties, fracture toughness and electric conductivity of the T6-tempered alloys are shown in Table 2. Complex
additions of Cr, Yb and Zr can improve the strength, ductility,
fracture toughness (KIC ) and electronic conductivity of ultra-high
strength Al–Zn–Mg–Cu alloy.

Table 3
The ratings of EXCO after immersion into EXCO for different time
Testing time (h)

Alloys
AlZnMgCu–0.16Zr
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb

1

2

4

8

12

24

48

N
N

P−
N

P
P−

EA+
P

EA+
P+

EB
EA−

EB+
EA

3.2.3. Intergranular corrosion
The effect of complex additions of Yb, Cr and Zr on the
intergranular corrosion of T6-tempered Al–Zn–Mg–Cu alloy is
shown in Fig. 2. The maximum intergranular corrosion depth
of AlZnMgCu–0.16Zr and AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloys is
150.12 and 54.04 m, respectively (Fig. 2) which indicates that
complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy can
remarkably enhance the intergranular corrosion resistance.

3.2. Corrosion behaviors
3.3. Optical microstructure
3.2.1. Stress corrosion cracking
The effect of complex additions of Yb, Cr and Zr on the stress
corrosion crack growth rate of T6-tempered Al–Zn–Mg–Cu alloy
is shown in Fig. 1. AlZnMgCu–0.16Zr alloy has high growth rate
of stress corrosion crack and the critical stress corrosion cracking
intensity factor (KISCC ) of 9.8 MPa m1/2 ; Complex additions of Yb,
Cr and Zr to Al–Zn–Mg–Cu alloy can remarkably decrease stress
corrosion crack growth rate of the alloy and enhance KISCC from 9.8
to 17.0 MPa m1/2 .
3.2.2. Exfoliation corrosion
The effect of complex additions of Yb, Cr and Zr on the exfoliation
corrosion of T6-tempered Al–Zn–Mg–Cu alloy is shown in Table 3.
Compared to AlZnMgCu–0.16Zr alloy with exfoliation corrosion
rank EB+ (notable layering and penetration into the metal) of after
48 h EXCO-testing, AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy has higher

The effect of complex additions of Yb, Cr and Zr on the optical microstructure of Al–Zn–Mg–Cu alloy is shown in Fig. 3.
AlZnMgCu–0.16Zr alloy has partial recrystallized microstructure
(Fig. 3a and b) and AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy has ﬁbrous
unrecrystallized microstructure (Fig. 3c and d). That is, the recrystallization of Al matrix in Al–Zn–Mg–Cu alloy can not be inhibited
completely by Zr additions only, and complex additions of Yb, Cr
and Zr, compared to Zr addition, can more remarkably enhance the
resistance to recrystallization of Al–Zn–Mg–Cu alloy.
3.4. EBSD
The typical grain boundary maps and misorientation angle
histograms from SEM-EBSD measurements are shown in Fig. 4.
There are a lot of low angle (less than 20◦ ) grain boundary

Table 2
Mechanical properties and electric conductivity of T6-tempered alloys
Alloys

UTS (MPa)

YS (MPa)

El (%)

IACS (%)

KIC (S-L) (MN/m3/2 )

KIC (L-T) (MN/m3/2 )

AlZnMgCu–0.16Zr
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb

709.7
747.1

683.6
725.2

8.9
9.3

32.1
34.5

21.6
29.3

32.8
42.5
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Fig. 2. Cross-section micrograph (perpendicular to the extrusion direction) of (a) AlZnMgCu–0.16Zr alloy and (b) AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy after immersion in
aqueous chloride-peroxide solution for 24 h.

in AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy (Fig. 4c and d), whereas
AlZnMgCu–0.16Zr has a high proportion of high angle (more than
30◦ ) grain boundary (Fig. 4a and b).

0.2Cr–0.3Yb and AlZnMgCu–0.32Zr–0.4Cr–0.6Yb alloys contained
A1, Zn, Mg, Cu, Zr, Cr and Yb.
3.6. TEM

3.5. X-ray powder diffraction analysis and SEM
The phases formed due to complex additions of Yb, Cr and
Zr to Al–Zn–Mg–Cu alloy are shown in XRD pattern of Fig. 5. In
the isothermal heat treated AlZnMgCu–0.32Zr–0.4Cr–0.6Yb alloy
ingots, ␣(Al), MgZn2 and CeCr2 Al20 crystal structure (space group
Fd3m, Z = 8) [14] were identiﬁed by XRD. EDXS analysis showed
that the dispersoids (in Fig. 6) precipitating in AlZnMgCu–0.16Zr–

TEM micrographs of T6-tempered AlZnMgCu–0.16Zr–
0.2Cr–0.3Yb alloy are shown in Fig. 7. 20–50 nm spherical
dispersoids disperse in the grain and at the grain boundary
(Fig. 7a). The chemical composition of both the dispersoids and
␣(Al) matrix were determined by EDXS, and summarized in
Table 4.The spherical dispersoids contain Yb, Cr, Zr, Zn, Mg, Cu
and Al according to EDXS analysis. Based on the XRD and EDXS,

Fig. 3. Optical microstructures of AlZnMgCu–0.16Zr alloy: (a) L-T surface, (b) L-S surface, and AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy: (c) L-T surface and (d) L-S surface.
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Fig. 4. AlZnMgCu–0.16Zr alloy: (a) grain boundary map, (b) misorientation distribution, and AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy: (c) grain boundary map and (d) misorientation distribution.

it is suggested that Zr, Zn, Mg and Cu be dissolved in YbCr2 Al20 ,
substituting for Al and Yb atoms [15] and the dispersoid is close to
(Zr,Yb)Cr2 (Al, Zr, Zn, Mg, Cu)20 .
The bright-ﬁeld TEM micrographs of the T6-tempered alloys
are showed in Fig. 8. In AlZnMgCu–0.16Zr alloy, Equilibrium
 phase particles are distributed continuously on the grain
boundaries (Fig. 8a), which leads to IGC, EXCO and SCC. In
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy, equilibrium  phases are distributed more discontinuously on the grain boundaries (Fig. 8b),
which is responsible for the improvement of the corrosion resistance.
4. Discussion
Fig. 5. XRD pattern of AlZnMgCu–0.32Zr–0.4Cr–0.6Yb alloy ingot isothermally heat
treated for 168 h at 450 ◦ C, composed of ␣(Al), MgZn2 and CeCr2 Al20 form phases.

Al–Zn–Mg–Cu alloys of the T6 temper are susceptible to IGC,
EXCO and SCC, which is highly related to  phase precipitation at
the grain boundary. When the alloys are exposed to corrosion environment,  phase is anodic to Al matrix and will be dissolved preferentially.  phase particles are concentrated at grain boundary due
to the energy difference between grain boundary and grain inte-

Fig. 6. Optical microscopy of dispersoids in (a) as-cast AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy and (b) as-cast AlZnMgCu–0.32Zr–0.4Cr–0.6Yb alloy and (c) SEM of
AlZnMgCu–0.32Zr–0.4Cr–0.6Yb alloy.
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Fig. 7. TEM of T6-tempered AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy.

Fig. 8. TEM micrograph of alloys in T6 temper: in AlZnMgCu–0.16Zr alloy (a), continuous precipitate chains are found on the grain boundaries, and in
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy (b), the discrete distribution of  phases are found on the grain boundaries.
Table 4
EDXS result for the dispersoid and ␣(Al) matrix in AlZnMgCu–0.16Zr–0.2Cr–0.3Yb
alloy (at.%)
Element

Cr

Yb

Zr

Zn

Mg

Cu

Al

Dispersoid
␣(Al) matrix

9.02
0.24

3.07
0.04

4.59
0.13

11.58
3.45

3.15
2.41

11.67
0.75

56.92
92.98

rior. Grain boundaries with continuous  precipitates susceptive to
anodic dissolution become the channel for IGC, EXCO and SCC.
As mentioned above, complex additions of Cr, Yb and Zr to
Al–Zn–Mg–Cu alloy can remarkably inhibit the recrystallization of
Al matrix during solution heat treatment and enhance the resistance to stress corrosion cracking, intergranular and exfoliation
corrosion at T6 temper. The effects of complex additions of Cr,
Yb and Zr result from the formation of 20–50 nm (Zr,Yb)Cr2 (Al,
Zr, Zn, Mg, Cu)20 dispersiods in the alloy. The ﬁne dispersiods in AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy can stabilize the
deformation–recovery microstructure with low angle subgrain or
grain boundaries (Fig. 4c and d) by pinning the subgrain boundaries
and retarding the transformation of subgrain boundaries to high
angle grain boundaries (Fig. 8b). Since the energy of the low angle
grain boundaries is much lower than that of the high angle grain
boundaries and closer to that of grain interior, the concentration of

 precipitates at the low angle grain boundary is lower and more
discontinuously distributed. As shown in Fig. 8b,  phase particles
are discontinuously distributed at the grain boundaries of the
unrecrystallized AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy with high
proportion of low angle grain boundaries. The discrete distribution
of  phase particles at the low angle grain boundaries and the gentle difference of electrochemical property between the low angle
grain boundary area and the grain interiorreleave anodic dissolution along grain boundary, result in the improvement of resistance
to IGC, exfoliation corrosion and SCC (Figs. 1 and 2 and Table 3)
[16].

5. Conclusions
(1) 20–50 nm dispersoids of Zn, Mg, Cu, Zr-containing YbCr2 A120
with cubic CeCr2 Al20 crystal structure are formed in Al matrix
by complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy.
(2) Complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy can
remarkably enhance the resistance to recrystallization and stabilize the deformation–recovery microstructure with low angle
subgrain or grain boundaries.  phase particles are discontinuously distributed at the grain boundaries of the unrecrystallized
AlZnMgCu–0.16Zr–0.2Cr–0.3Yb alloy.
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(3) Complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy can
improve the strength, ductility, fracture toughness.
(4) Complex additions of Yb, Cr and Zr to Al–Zn–Mg–Cu alloy
can remarkably enhance resistance to stress corrosion cracking (KISCC ) from 9.8 to 17.0 MPa m1/2 , exfoliation corrosion from
EB+ to EA and intergranular corrosion.
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