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Abstract: The microstructure and the associated hardness, strength and electrical conductivity of a new Al-Zn—Mg—Cu alloy during
one-step ageing treatment were systematically studied. The results show that the electrical conductivity of the alloy increased
continuously with increasing ageing temperature and ageing time. At the early stage of ageing, the hardness and strength of the alloy
increased rapidly and then reached the peak value. When aged at 120 °C, the hardness and strength maintained at high level for a
long time after the peak value. The main precipitations are GPI zones, GPII zones and metastable #' phase. GPI and GPII zones are
found in the alloy after ageing for 24 h at 120 °C, which indicates that some stable GP zones can exist through the ageing process.
When aged at 160 °C, the hardness and strength decreased rapidly after the peak value. The precipitation process is significantly
promoted compared with that aged at 120 °C. Both GPI zones and GPII zones disappeared after ageing for 1 h at 160 °C. The main
precipitates are ' phase when aged at 160 °C for 1 h. The main precipitates are # phase when the ageing time prolongs to 24 h.
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1 Introduction

7xxx series aluminum alloys have been widely used
in aerospace industry due to their low density, high
strength and low cost [1-3]. This kind of alloy is an
ageing-hardening treated alloy and heat treatment
processing has a great effect on its microstructures and
properties [4—8].

The characterization of the precipitates is
determined by the precipitation process during the ageing
treatment. The precipitation is a complex process that
may include several simultaneous reactions, depending
on ageing conditions [9,10]. The usual precipitation
sequences may be summarized as follows [11,12]:
solution (SSS)—GP
metastable 7' phase —stable 7 phase.

The formation of metastable precipitates has a
strong effect during the nucleation of more stable phases.
GP zones are generally accepted as precipitates formed at

supersaturated  solid zones—

the early stage of artificial ageing. There are two types of
GP zones, i.e., GPI and GPII, which have different
structures [13]. Generally, either GPI or GPII zone can
form as precursors to the metastable #' phase which are

semi-coherent with the Al matrix. In most practical
applications, the strengthening of the Al-Zn—Mg—Cu
alloys relies on the formation of GP zones and #’ phase
precipitates [14]. Although there have been lots of work
on the evolution of the precipitates, the role of GP zones
on the precipitation and the strength of the alloy is less
well understand. GANG and GEREZO [12] and CHEN
et al [15] suggested that only GPI zones and 7' phase
exist in the ageing process and GPI zones serve as the
precursor to metastable #' phase. However, according to
work by BERG et al [13] and FAN et al [16], both GPI
and GPII are found in the alloy. Therefore, the precise
precipitation sequence remains to be revealed in
Al-Zn—Mg—Cu alloys.

In order to optimize and control the mechanical
properties of the aluminum alloy, it is necessary to
understand which phases is the main precipitates at
different steps of ageing treatments. Based on this, the
microstructure  development of different ageing
processing of a new high strength Al-Zn—Mg—Cu alloy
was studied. The alloy with high strength, good fracture
toughness and stress corrosion resistance has been
developed in recent years. The plates of the alloy have
been used for upper wing skins of A380. The aim of the
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present work is to characterize the precipitation behavior
in the new high strength Al-Zn—Mg—Cu alloy and the
corresponding properties of the alloy.

2 Experimental

The composition of the studied alloy is listed in
Table 1. The ingot with the diameter of 280 mm was
obtained by semi-continuous casting. Then the ingot was
machined to the dimensions of d260 mmx500 mm and
hand forged to the thickness of 100 mm.

Table 1 Composition of studied alloy (mass fraction, %)
Zn Mg Cu Zr+Ti Fe Si Al
7.5-8.7 1.8-2.7 14-2.1 <0.25 <0.15 <0.12 Bal

The samples cut from the forge were solution
treated at 470 °C for 2 h and water quenched to room
temperature. Immediately after quenching, the samples
were aged at 120 °C and 160 °C for 48 h, respectively.
After ageing treatment, tensile tests were carried out at
room temperature using an Instron testing machine and
hardness tests were carried out using a Brinell hardness
tester. The electrical conductivity was measured with an
SMP10 type conductivity meter. Three mm-diameter
disks for TEM observation were punched out directly
from the hardness samples which were ground down to
0.5 mm in thickness after ageing. These disks were
mechanically thinned down to ~150 pm then
electropolished using twin-jet with a 30% nitric acid and
70% methanol solution at —20 °C and 15 V. TEM
observations were performed using an M-2000FX
microscope, operating at 200 kV.

3 Results

3.1 Mechanical properties and electrical conductivity

Figure 1 shows the Brinell hardness and the
conductivity of the new Al-Zn—Mg—Cu alloy during
ageing at 120 °C and 160 °C for different time. The
results show that the alloy has an obvious ageing
strengthening effect. When the alloy is aged at 120 °C,
the hardness increases significantly with increasing
ageing time at the early stage, and then keeps stable at
the later stage of the ageing, as shown in Fig. 1(a). The
hardness of the alloy reaches the peak value after about
2 h and then decreases rapidly with increasing ageing
time at 160 °C, as shown in Fig. 1(a).

The electrical conductivity increases continuously
with increasing the ageing time at 120 °C and 160 °C, as
shown in Fig. 1(b). The higher the ageing temperature,
the higher the electrical conductivity of the alloy
obtained.

Figure 2 shows the strength values of the alloy aged
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at 120 °C and 160 °C. The strength shows the same
change tendency as the hardness shown in Fig. 1(a). The
strength increases quickly at the early stage of ageing at
both ageing temperatures. When aged at 120 °C, the
strength reaches the peak value at 8 h, and keeps stable
with increasing the time, as shown in Fig. 2(a). When
aged at 120 °C for 24 h, the ultimate tensile strength,
yield strength and the elongation are 640 MPa, 572 MPa
and 12.5%, respectively. When aged at 160 °C for 4 h,
the strength reaches the peak value and then decreases
quickly, as shown in Fig. 2(b). The ultimate tensile
strength, yield strength and the elongation at the peak

value are 619 MPa, 596 MPa and 9%, respectively. The
alloy shows extremely high strength and good elongation
under both ageing conditions.

3.2 Microstructure
3.2.1 Bright field image of precipitates

Figure 3 shows the bright field TEM images near
the <011> axis of Al matrix of the samples aged under
different conditions. It can be seen that the precipitates
distribute homogeneously in the matrix.

When aged at 120 °C, the precipitates grow
slowly. After ageing at 120 °C for 1 h, darkly round

(b)

4 h; (c) 120 °C, 24 h; (d) 160 °C, 1 h; (e) 160 °C, 4 h; (f) 160 °C, 24 h
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precipitates with a diameter of 1-3 nm are observed in
the bright field images, as shown in Fig. 3(a). Compared
with ageing at 120 °C for 1 h, the size and the density of
precipitates show no obvious change when aged at 120
°C for 4 h, as shown in Fig. 3(b). After ageing for 24 h at
120 °C, a lot of needle-like precipitates as well as round
ones could be observed, as shown in Fig. 3(c). The sizes
of needle-like precipitates are 1—2 nm in width and 3-8
nm in length.

The precipitates grow quickly when aged at 160 °C,
as shown in Figs. 3(d)—(f). After ageing for 1 h, darkly
round precipitates with a diameter of 3—7 nm are

observed in the bright field images, as shown in Fig. 3(d).

The precipitates grow to about 10 nm after ageing at 160
°C for 4 h and the density decreases, as shown in
Fig. 3(e). After ageing for 24 h, the precipitates become
even larger. Some small round precipitates with a
diameter of 4—10 nm are randomly distributed among
large rod-like precipitates (5—8 nm thick and 15—20 nm
long) or blocky precipitates (20-25 nm in size), as
shown in Fig. 3(f).

3.2.2 Electron diffraction analysis of precipitates

The precipitations can be identified by the selected
area diffraction (SAD) patterns in different directions
[12]. Figure 4 shows the SAD patterns along the
directions of <001> and <112> under different ageing
conditions.

Figures 4(a) and (b) show the patterns from the
sample aged at 120 °C for 1 h. Diffraction spots at
{1, (2n+1)/4, 0} in the <001> axis are observed, as
shown in Fig. 4(a), which indicates the existence of GPI
zones. Diffraction spots near 1/2{311} associated with
the GPII zones are observed in the <112> direction, as
shown in Fig. 4(b) [13]. Diffraction features of #' phases
are also observed, such as diffraction spots at 1/3 {220}
and 2/3 {220} positions in the <001> direction, and some
diffraction spots and weak streak along {111} direction
at 1/3 {220} and 2/3 {220} positions in <112> direction.
After ageing at 120 °C for 24 h, there are diffraction
features of GPI and GPII, as shown in Figs. 4(c) and (d).
The diffraction spots of #' phase become slightly stronger
in the <001> direction compared with those observed in
Fig. 4(a). Strong streaks in the <112> direction are also
observed in Fig. 4(d). This suggests that the volume
fraction of #' phase increased after ageing for 24 h. The
needle-like precipitates shown in Fig. 3(c) are mainly #'
phases.

After ageing at 160 °C for 1 h, there are no obvious
GPI and GPII diffraction features existing in the patterns,
as shown in Figs. 4(e) and (f). There are only diffraction
features of #' phases observed, such as diffraction spots
at 1/3 {220} and 2/3 {220} positions in the <001>
direction, and diffraction spots and streak along {111}
direction at 1/3 {220} and 2/3 {220} positions in the
<112> direction. After ageing at 160 °C for 24 h, the spot

features of # phase become stronger and shaper further,
as shown in Figs. 4(g) and (h), which indicates that the #
phase is in dominant at this stage. This indicates that the
rod-like precipitates and the blocky precipitates shown in
Fig. 3(f) are 7 phases.

4 Discussion

4.1 Influence of ageing process on mechanical
properties and conductivity

The hardness and strength of the alloy increase
sharply at the early stage of ageing at 120 °C and 160 °C.
This phenomenon can be contributed to the
decomposition of the supersaturated solid solution and
the formation of accelerated precipitant, as shown in Fig.
3. The whole content of alloying element is about 13%,
the supersaturated degree of the matrix after solution
treatment is very high and it is easier to decompose. So,
the ageing response of the alloy is very sensitive. The
hardness and strength reaches the peak value within 4 h
at either ageing temperature.

The morphology, size and the degree of coherent
with the precipitates will influence the properties of
aluminum alloys [17]. When aged at 120 °C, the main
precipitations are GP zones and #' phases which are
small, coherent and closely spaced. And there is no
obvious change in the density and the size of the
particles when the ageing time prolongs to 24 h, as
shown in Figs. 3(b) and (c), so the hardness and the
strength of the alloy seem to be stable. When aged at 160
°C, n phase, as shown in Fig. 3(e), is one of the main
precipitates, which is incoherent with the Al matrix,
grows faster and coarsens further. It is known that
changes of the mechanical properties are related to the
particle size [18]. The rapid coarsening of the
precipitates leads to high decreasing rate of hardness and
strength after ageing at 160 °C 4 h.

The electrical conductivity is an effective method to
indicate the stress corrosion cracking (SCC) resistance.
The SCC resistance has been found to increase with
increasing electrical conductivity in the Al-Zn—Mg—Cu
alloy. In this work, the conductivity increases with
increasing ageing temperature and ageing time, as shown
in Fig. 1(b). This contributes to the continuous
precipitate of GP zones, #' and # phases. According the
Starink model [19], the electrical conductivity can be
expressed as follows:

L omay = Py = Po + TznXzn () + g Xy (1) (1)

where oy, is the conductivity of the matrix phase;
Pm s the resistivity of the matrix phase; p, is the
resistivity of the alloy after precipitation of the
precipitation-hardening elements (Zn, Mg and Cu) has
been completed; y7,(r) and y\,(f) are the
concentrations of the Zn and Mg elements in the matrix
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Fig. 4 SAD patterns of samples aged under different conditions: (a) (120 °C, 1 h), <001> direction; (b) (120 °C, 1 h), <112> direction;
(c) (120 °C, 24 h), <001> direction; (d) (120 °C, 24 h), <112> direction; (e) (160 °C, 1 h), <001> direction; (f) (160 °C, 1 h), <112>
direction; (g) (160 °C, 24 h), <001> direction; (h) (160 °C, 1 h), <112> direction
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phase (which is time dependent, due to precipitation that
can occur); 7z, (f) and ry, () are constant.

The main composition of the precipitates in the
alloy is MgZn,. With increasing ageing time, the
precipitates grow larger, so the y;,(s) and (¥

decrease, according to Eq. (1), the conductivity increases.

It is known that the precipitation driving force increases
with increasing ageing temperature [20]. At higher
ageing temperature, the precipitates coarsen more rapidly
than at lower ageing temperature, so the conductivity
increases sharply than at lower ageing temperature.
Therefore, the conductivity is higher at 160 °C than that
at 120 °C at the same ageing time.

4.2 Precipitation sequence

In this study, the precipitates exhibit little change
during ageing at 120 °C and 160 °C. When aged at 120
°C for 1 h to 24 h, the SAD patterns show the existence
of GPI zone, GPII zone and metastable 7’ phases, as
shown in Figs. 4(a)—(d). This shows that the main
precipitates are GPI zone, GPII zone and #' phase during
ageing at 120 °C. The studies show that [12] small
clusters formed in the alloy immediately after quenching.
These small clusters grow into lager blocky GP zones
while other clusters are nucleating and growing, leading
to a spread of sizes of GP zones. Both GPI and GPII
zones are more unstable than x' phase and can be
considered the precursors to the ' phase. During the
early-stage  precipitation in the alloy, direct
heterogeneous nucleation of 7’ on large GP zones is not a
dominant mechanism for #’ formation. The surface
energy of the smaller GP zones is higher, and they are
therefore much unstable than larger GP zones. So, the
smaller GP zones lead to the formation of elongated
clusters and subsequently lead to the formation of #’,
while the larger GP zones are relatively stable and
continue to grow.

It is known that the precipitation driving force
increases with increasing ageing temperature [20].
Therefore, the precipitates are promoted during ageing at
160 °C and the precipitates form rapidly. In this study,
when aged at 160 °C, diffraction spots associated with
GP zones (GPI and GPII zones) disappeared, as shown in
Figs. 4(e)—(h), which indicates that GP zones dissolved
into the matrix or transformed into #' phase. The
dominant precipitates are #' and x phases. It probably
contributes to the higher rate of particle formation than
that of particle growth at such a high ageing temperature.
This suggests that some of the small GP zones dissolve
and the rest transform to metastable #' phase rapidly at
such high temperature [16]. After ageing at 160 °C for 1
h, the main precipitates are metastable #’ phase, as shown
in Figs. 4(e)—(f) and Fig. 3(d). Compared with ageing at
160 °C for 1 h, the significance feature was that the

stable # precipitates with large size can be observed
when aged time reaches 24 h, as shown in Fig. 3(f). This
indicates that #' can be easily transformed to # at such
higher temperature of 160 °C.

5 Conclusions

1) The precipitation process strongly affects the
hardness, strength and the conductivity of the alloy
during ageing. The hardness and strength increase
significantly at the early stage of ageing at any ageing
temperature due to the precipitation in the alloy. When
aged at 120 °C, the hardness and strength reach peak
values after ageing for 8§ h and then keep stable. When
aged at 160 °C, the ageing response is more quick. The
hardness and strength reach the peak values after ageing
for 4 h and then decrease rapidly. The conductivity
increases  continuously  with increasing ageing
temperature and aging time.

2) The precipitates in the alloy aged at 120 °C are
GPI zones, GPII zones and metastable #'. Additionally,
weak diffraction spots of GPI and GPII zones remained
after a long time ageing (up to 24 h) at 120 °C, indicating
that some stable GP zones can exist through the ageing
process.

3) When aged at 160 °C, the precipitation process is
significantly promoted compared with ageing at 120 °C.
GP zones are not found after ageing at 160 °C for 1 h.
When aged at 160 °C for 1 h, the main precipitates are 7'
phases. The main precipitates are # phases when the
ageing time prolongs to 24 h.
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