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Abstract: The microstructure of an AA 7B04 alloy in the form of plate was investigated using differential scanning calorimetry
(DSC) and TEM analysis technologies. Tensile properties and electrical conductivity of AA 7B04 under various heat treatment
conditions were also presented. The results reveal that peak-aged microstructure contains GP zones and #' precipitates predominantly.
After retrogressing and reaging(RRA), the #' and # precipitates disperse in the alloy matrix, and the # precipitates distribute coarsely
and sparsely, decorating the grain boundaries, together with precipitate free zones(PFZs) around them. It is also shown that selecting
of suitable heat treatments can provide optimal precipitates in matrix and at grain boundaries, which gives rise to a combination of
high strength and stress corrosion cracking(SCC) resistance in such materials.
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1 Introduction

The 7000 Al-Zn-Mg-Cu system has been widely
studied due to the excellent mechanical properties
developed in the alloys after age hardening[1-3]. AA
7B04 (a Chinese brand), a precipitate-age strengthened
Al-Zn-Mg-Cu alloy, is a high strength alloy that is used
for aircraft structural materials. A large number of
researches have been conducted on the mechanisms of
zone and precipitate formation in the 7000 series alloys,
and models for the decomposition process have been
proposed[4—6]. The differential scanning calorimetry
(DSC) technique has been used in many regions to
characterize the solid state reactions accompanied with
the dissolution of precipitates, as well as the formation of
additional precipitates. This technique in combination
with TEM has been found to be an effective means of
studying the precipitation processes in 7000 series
alloys[7—10]. Despite of numerous TEM and DSC
studies of precipitation in 7000 series alloys, neither the
precipitation sequence nor the structure of strengthening
phase under various aging conditions are completely

clear.

The present work concerns the microstructure in an
industrial 7B04 aluminum alloy under various heat
treatment conditions. The DSC technique was combined
with TEM analysis for this purpose.

2 Experimental

The chemical composition of the alloy tested in the
present work is listed in Table 1. The slabs were prepared
by traditional ingot metallurgy process. After casting, the
slabs were homogenized, scalped, hot-rolled to plates of
40 mm in thickness, solid solution treated at 470 C,
water quenched (in a roller-type spray quenching
equipment) to room temperature, and pre-stretched
(residual stress relieving). The bulk samples used in this
work were obtained from a monolithic thick plate, and
heat treated to T651 (peak aging), T7451 and T7751, i.e.
retrogressing and reaging (RRA) tempers. For the T651
temper, the alloy was subjected to a one-step aging
involving 22 h at 120 “C. For the T7451 temper, the alloy
was subjected to a two-step aging involving 7 h at 115 'C
followed by 16 h at 160 ‘C. For the RRA temper, the
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Table 1 Chemical composition of 7B04 alloy (mass fraction, %)

Zn Mg Cu Mn Fe

Si Ni Cr Ti Al

6.23 2.88 1.58 0.31 0.15

0.048 <<0.01 0.16 0.025 Bal.

T651 treated alloy was retrogressed at 180 ‘C for 1 hin a
salt bath, water quenched at room temperature followed
by reaging to the peak aging condition.

Thermal analysis using DSC was undertaken in a
NETZSCH DSC 200 PC instrument using standard
methods. The initial microstructure of the as-quenched
7B04 alloy plate was characterized by optical
microscopy after specimen preparation with standard
metallography and polishing techniques. Microstructural
features were revealed by transmission electron
microscopy(TEM). TEM specimens were prepared by
cutting thin slices from the aged samples, mechanically
thinned down to about 50 pm and then electropolished
using a twin-jet polisher with a 25% nitric acid solution
in methanol at —30——20 ‘C under an applied voltage of
15-20 V. The foils were examined in JEM 2000FX
transmission electron microscope and JEM 2010FX
high-resolution electron microscope(HREM). Tensile
strength of the thick plate was evaluated in long
transverse direction at 1/4 location of the plate thickness
using 25 mm gauge length specimens that were pulled in
tension with a nominal tension rate of 1 mm/min at room
temperature. Electrical conductivity measurement on the
samples was carried out using a direct reading type
conductivity meter based on eddy current principals.

3 Results and discussion

3.1 Microstructure

The microstructure of the as-quenched 7B04 alloy is
shown in Fig.1. The triplanar optical micrograph
illustrates the grain structure and coarse second-phase
particle distribution in the three orthogonal directions of
the plate. The microstructure was partially recrystallized
with fairly large recrystallized grains that were flattened
and elongated in the longitudinal direction, as a direct
consequence of the deformation introduced by the rolling
operation.  Furthermore, the insoluble iron-rich
intermetallic particles (Al,Cu,Fe) and partially soluble
constituent particle (Mg,Si) were observed to be isolated
and randomly distributed along the three orthogonal
directions of the as-quenched 7B04 plate. The
second-phase particles ranged in size from 0.5 to 5 pm.

The DSC thermogram obtained on the 7B04 alloy
under as-quenched condition is shown in Fig.2. The
principal features of the curve are five exothermic
precipitation peaks, 4 (40 C), B (85 C), C (195 C), D
(230 C), and E (280 °C), and one endothermic
dissolution peak, I (125 ‘C). Most previous published
work agrees that two types of zones are deemed in 7000
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Fig.1 Triplanar optical micrograph illustrating grain

morphology of aluminum alloy 7B04 plate
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Fig.2 DSC thermogram of 7B04 alloy under as-quenched
condition

series alloys, i.e. solute-rich clusters, GP( I ), which
form during low temperature aging, and vacancy-rich
clusters, GP(II), which form during rapid quenching
from the solution treatment temperature. In the present
work, two exothermic peaks are clearly defined at
temperatures below 130 ‘C labeled as 4 and B. It will be
shown later that artificial aging T6 produces both GP( )
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and GP(II). It is therefore likely that peak 4 corresponds
to the formation of GP( I ), and peak B can be related to
the formation or coarsening of GP(II) during heating in
the DSC. The exothermic peak C and D are due to the
formation of #' and # phase respectively. Furthermore,
another exothermic peak, E, on the shoulder of the high
temperature side of peak C, may be due to the nucleation
of T((AlZn)y»Mgs,) phase[8]. The presence of
endothermic peak, I, is due to GP(II) transforming
into 7' while GP( I ) either dissolves or transforms into #'
if it reaches some critical size during a DSC run.

The typical TEM micrograph and SAD pattern of
7B04 alloy under T651 condition is shown in Fig.3. It
can be observed that the microstructure of 7B04 alloy
consists of very fine precipitates distributed
homogeneously in the grain inferior and relatively
coarser precipitates distributed continuously on the grain
boundaries, without distinct precipitate free zones(PFZs)
around them. The presence of GP zones and #'
precipitates in the grain inferior was established by
analyzing SAD pattern, as shown in Fig.3(b).

Fig.3 TEM micrograph of 7B04 alloy under T651 condition:
(a) Bright field image; (b) SAD pattern taken along [111]s,

direction

The DSC thermogram obtained on the 7B04 alloy
under T651 condition is shown in Fig.4. The thermogram
shows an endothermic peak II ( 200 ‘C), and then
followed by two exothermic peaks, i.e. peak D (230 C)
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Fig.4 DSC thermogram of 7B04 alloy under T651 aging
condition

and peak E (250 C). Based on the TEM results and
some reported work, interpretation of the DSC curve in
Fig.4 can be summarized as follows: 1) endothermic
peak II is due to the dissolution of unstable #'
precipitates and GP zones which coexist in the T651
microstructure; 2) compared with Fig.2, the exothermic
reaction of forming #' phase (peak C in Fig.2) can not be
found in the DSC curve of T651 sample, which therefore
confirms that #' phase exists in T651 microstructure;
3) the exothermic peak D is due to the formation of #
phase. Furthermore, the start melting temperature
(approximately 170 °C) of the precipitates under T651
condition can also be observed in DSC curve.

The typical TEM micrograph and SAD pattern of
7B04 alloy under T7451 condition are shown in Fig.5.
From the figure, coarser platelet or rod particles can be
seen in the matrix, with their size ranging from 5 to 20
nm. The precipitates in the matrix under this aging
condition contain predominantly #' and # phases, and a
few retained GPII zones can also be observed. The
presence of these phases in the microstructure is
established by analyzing SAD pattern and high-
resolution transmission electron microscopy(HREM)
observations (as shown in Fig.6). Details of the analysis
can be found elsewhere[11]. In addition, more sparsely
distributed equilibrium # precipitates decorate the grain
boundaries (Fig.5(a)), together with precipitate free
zones(PFZs) with about 40 nm width around them.

The DSC thermogram obtained on the 7B04 alloy
under T7451 condition is shown in Fig.7. The
thermogram shows only an endothermic peak III, and
the peak temperature is higher than that on the curve
under T651 aging condition. The endothermic region on
the thermogram is due to the dissolution of #' and 7%
phase. The higher peak temperature of this region
indicates that the microstructure of T7451 is more stable
than that obtained by T651 aging. These results are
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Fig.6 HREM micrographs taken along [110]4 projection of 7B04 alloy under T7451 condition: (a) Relatively low magnification

micrograph of precipitates; (b) GP(1I) zones; (c) Micrograph of 7’ phase (ring-like contrast, semi-coherent with aluminum matrix);

(d) Micrograph of 7’ phase (rod-like shape, non-coherent with aluminum matrix)

Exo

L

50 100 150 200 250 300 350 400

Temperature/ C

L

Fig.7 DSC thermogram of 7B04 alloy under T7451 aging
condition

consistent with the TEM observations.

Fig.8 illustrates a typical TEM micrograph of 7B04
alloy after being retrogressed at 180 ‘C for 1 h. It can be
seen that the density of structural precipitates in the grain
interior decreases, and the grain boundary precipitates
change to be coarser and more discrete. Based on the
DSC results of T651 sample mentioned above and some
reported work[12], it can be considered that after
retrogression at 180 ‘C for 1 h, some unstable
precipitates (GP zones and #' phase) are re-solution
treated into the matrix and meanwhile some un-dissolved
GP zones and 7’ precipitates (on both grain interior and
boundaries) grow up.

Fig.9(a) shows a TEM micrograph of the alloy after
RRA treatment. It can be observed that the precipitates in
the matrix are very similar to the T651 microstructure
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Fig.8 TEM micrograph of 7B04 alloy after retrogression at
180 °C for 1 h

Fig.9 TEM micrographs of 7B04 alloy under RRA condition:
(a) Bright field image; (b) SAD pattern taken along [110]a;
direction; (c) SAD pattern taken along [112],; direction

(Fig.3(a)), which are very fine with their size ranging
from 5 to 10 nm and distribute homogeneously, and
some coarser particles presented.
Meanwhile, the grain boundary precipitates change to be
coarser and more sparsely distributed, and the PFZ with
width of 40 nm around the grain boundary can also be
observed. The SAD patterns taken along [110]s; and
[112]4; projection are illustrated in Figs.9(b) and (c),
respectively. The SAD patterns analysis indicates that
extra spots are mainly from 7' phase and # phase,
confirming that the re-precipitation of #' phase occurs
during the re-aging process.

Fig.10 shows the DSC thermogram under RRA
aging condition. It can be seen that the endothermic
reaction (peak V) in the thermogram of the alloy under
the RRA condition occurs in a temperature range is very
close to that under T651 aging condition, which implies
that there is no obvious difference in size and density of
precipitates in the matrix under RRA and T651
conditions, and this is also confirmed by TEM. As a
result, it is not surprising that the tensile strength of the
alloy in the RRA temper is very close to that obtained
under the T6 aging condition.

however are
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Fig.10 DSC thermogram of 7B04 alloy under RRA aging
condition

3.2 Mechanical properties and electrical conductivity
Table 2 presents the tensile properties and the
electrical conductivity of 7B04 alloy in various tempers.
It may be noted that the differences between tensile
properties in peak aged and RRA temper are minimal.
On the other hand, the electrical conductivity in the RRA
temper (close to the electrical conductivity in T7451
temper) considerably increases compared with that in the
peak aged alloy, suggesting improved SCC resistance of
RRA treated alloy based on some reported work[13—16]
concerning the relationships between electrical
conductivity and SCC resistance in 7000 series alloys.
These results are consistent with the beneficial effects of
the RRA treatment on the microstructure in that it results
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in the coarsening of matrix precipitates together with the
formation of equilibrium precipitates in the matrix. The
dislocation-precipitate interaction changes from shearing
to bypassing of precipitates, thus homogenizing the slip.
The coarse, sparse grain boundary precipitates increase,
thus providing resistance against stress corrosion
cracking; and the corrosion potential gradient between
the matrix and the grain boundary regions is reduced,
thus reducing the selective corrosion[17—18].

Table 2 Tensile properties and electrical conductivity of 7B04
alloy thick plate under various heat treated conditions

Ultimate Yield

Electrical

Condition  strength/ strength/Elongation/ % conductivity/
MPa  MPa MS'm™)
As-quenched 395 206 23.9 143
T651 595 534 11.5 18.3
T7451 523 445 10.5 21.8
Retrogressed at
180 °C for 1 h 566 496 12.0 19.5
RRA
(Retrogressed at 583 522 10.0 21.0

180 °C for 1 h)

4 Conclusions

1) The AA7B04 alloy has a partially recrystallized
microstructure with the large recrystallized grains
flattened and elongated in the longitudinal direction. The
coarse second-phase particles and partially soluble
constituent phases are observed to be isolated and
randomly distributed along the three orthogonal
directions of the rolled plate.

2) During the decomposition of the supersaturated
solid solution of AA 7B04, two types of cluster, GP( )
and GP(II') zones are formed.

3) T651 ageing gives the largest strengthening effect
due to the dominant formation of GP zones and 7' phase
homogeneously distributed in the matrix.

4) In RRA treated microstructure, the »' and #
precipitates disperse in the alloy matrix, and coarser and
sparsely distributed # precipitates decorate the grain
boundaries, together with precipitate free zones (PFZs)
with about 40 nm in width around them.
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