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Abstract: The effect of homogenization time on quench sensitivity of a cast 7085 aluminum alloy was investigated by means of
end-quenching test, optical microscope (OM), scanning electron microscope (SEM) and transmission electron microscope (TEM).
The results show that with the increase of homogenization time from 48 h to 384 h, quench sensitivity increased slightly as the
largest difference in the hardness was increased from 5.2% to 6.9% in the end-quenched and aged specimens. Prolonging
homogenization had little effect on the grain structure, but improved the dissolution of soluble 7 phase and resulted in larger Al;Zr
dispersoids with a low number density. Some small quench-induced 7 phase particles on Al;Zr dispersoids were observed inside
grains during slow quenching, which decreased hardness after subsequent aging. The change in the character of Al;Zr dispersoids

exerted slight influence on quench sensitivity.
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1 Introduction

7000 series aluminum alloys are often called
aeronautical materials due to their high specific strength.
Recently, it is desirable to fabricate large structural
components using thick plates or heavy forgings to meet
the rapid development of large aircrafts. 7085 aluminum
alloy, which has high strength, high toughness, high
corrosion resistance and especially low quench
sensitivity [1,2], is a good candidate for these semi-
products with large section. For instance, a large 7085
aluminum alloy die forging with a size of 6.4 mx1.9 m
has been fabricated successfully and used in Airbus 380
commercial aircraft as inner rear spar.

Generally speaking, 7000 series aluminum alloys
are quench sensitive, i.c., slow quenching decreases
strength after aging [3,4]. Therefore, thick plates or
heavy forgings of these alloys may not be fully hardened
due to slow quenching in the middle layer [5]. It is an
effective way to solve this problem by decreasing quench
sensitivity of these alloys [6]. Quench sensitivity is
primarily caused by heterogeneous precipitation of

equilibrium # phase on dispersoids and (sub)grain
boundaries during slow quenching, which decreases the
supersaturation of both solutes and vacancies, and
consequently lower strengthening effect after aging
[3—5]. Quench sensitivity receives great effect from
microstructure, which is quite complex due to partial
recrystallization after solution heat treatment. For
instance, in Zr-containing alloy wrought products, there
are high angle grain boundaries, subgrain boundaries and
Al;Zr dispersoids, which are possible heterogeneous
nucleation sites of equilibrium # phase during slow
quenching [3,7-11]. After recrystallization, some
coherent dispersoids may lose coherency with the matrix,
and thus become effective heterogeneous nucleation sites;
a number of quench-induced # phase particles can often
be observed on incoherent Al;Zr dispersoids located in
recrystallized grains [12]. However, equilibrium # phase
was also observed on some dispersoids in subgrains, at
subgrain and grain boundaries [3]. All these factors make
contribution to high quench sensitivity. But the
individual contribution is not clear and difficult to
distinguish due to the complex microstructure in the
wrought alloys.
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Homogenization is an essential step during the
production of 7000 series aluminum alloys semi-
products. The aim is to dissolve non-equilibrium
eutectics, eliminate segregation and precipitate dispersed
and small coherent Al;Zr phase particles in the matrix
[13—15]. It was found that homogenization has great
effect on the size and distribution of Al;Zr dispersoids
and thus quench sensitivity of a rolled plate of 7050
aluminum alloy [16]. However, it was still difficult to
distinguish the effect of dispersoids on the quench
sensitivity because of the very different subgrain and
grain structure in the plate.

In this work, the effect of homogenization time on
the quench sensitivity of a cast 7085 aluminum alloy was
investigated. This alloy was homogenized for different
time to change the character of Al;Zr dispersoids without
changing grain structure. Therefore, it is likely to find
out the effect of Al;Zr dispersoids alone on quench
sensitivity.

2 Experimental

The chemical compositions of the studied 7085
aluminum alloy are shown in Table 1. The specimens
with dimensions of 125 mm (length) x 25 mm
(width) x 25 mm (thickness) were cut from an ingot and
subjected to homogenization, which included heating
slowly to 465 °C, holding for 48 h, 192 h and 384 h,
respectively, and then cooling in air. After reheating to
470 °C and holding for 1h in an air furnace, the
specimen was cooled to room temperature by exposing at
one end to a vertical stream of cold water [17], then aged
at 120 °C in oil bath for 24 h. The aged specimen was
evenly cut into two parts, ground and polished, and then
the hardness on the center layer was tested along the
longitudinal direction. The Vickers hardness testing was
performed on a HV-10B hardmeter with a load of 29.4
kN, and five measurements were made at each location
to obtain an average value.

Table 1 Chemical compositions of studied 7085 aluminum
alloy (mass fraction, %)
Zn Mg Cu Zr Fe Si Ti Al

752 1.61 174 0.11 <0.08 <0.06 <0.05 Bal

Thin slices at different locations (¢=3, 78 mm) from
the water-cooled end in the end-quenched specimen were
cut for microstructure examination. After grinding and
polishing, the slices were etched in the reagent made up
of 1 mL HF, 16 mL HNO;, 3 g CrOs, and 83 mL distilled
water, and then examined on an XJP—6A optical
microscope (OM). The polished samples were also
observed on a FEI Quanta—200 scanning electron

microscope (SEM) to examine the second phase particles.

Foils of 3 mm in diameter and 0.08 mm in thickness
were prepared and electropolished in 20% HNO;+ 80%
CH;O0OH solution below —20 °C, then observed on a FEI
Tecnai G* 20 transmission electron microscope (TEM)
operated at 200 kV to investigate dispersoids and
strengthening precipitates.

3 Results

3.1 Hardness curves

Figure 1(a) shows the influence of homogenization
time on the hardness of the end-quenched specimens
after aging. Homogenization time had a significant
influence on the hardness value. At d=3 mm, the
hardness increased obviously with time increasing from
48 h to 192 h, but only slightly from 192 h to 384 h. And
over the whole distance, the hardness was higher for the
specimens homogenized for 192 h and 384 h than that
for 48 h. The shape of the curves was similar, i.e., the
hardness decreased with the increase of distance from the
water-cooled end. For the specimen homogenized for 48
h, the hardness decreased very rapidly within about 30
mm, but slowly from about 30 mm to about 70 mm, and
then tended to be constant with the further increase of
distance. For the specimens homogenized for 192 h and
384 h, the hardness decreased rapidly with the distance
increasing within about 45 mm and 30 mm, respectively,
and then tended to be constant.

Figure 1(b) shows the relationship between the
hardness retention value (HRV) and the distance. The
hardness retention value was calculated by
HRV=H,/H;x100% €))
where H; is the hardness at @=3 mm and H, is the
hardness at d=x mm from the water-cooled end. A higher
hardness retention value means lower quench sensitivity.
The HRV curves exhibit a similar shape to that of the
hardness curves, i.e., the value decreased rapidly within a
certain distance, which was about 70 mm, 50 mm and 30
mm, respectively, for homogenization time of 48 h, 192
h and 384 h, and then tended to be a constant with the
further increase of distance. The highest drop percentage
in hardness at d=98 mm was about 5.2%, 6.2% and
6.9%, respectively. This implies that the increase of
homogenization time resulted in a slightly higher loss of
hardness due to slow quenching, and thus slightly higher
quench sensitivity.

3.2 Microstructures

Figure 2 shows the optical micrographs of the
specimens homogenized for 48 h and 384 h. A number of
equiaxed grains could be seen in both specimens, and
their size was similar, about 200 um. Therefore, it is
believed that homogenization time had no effect on the
amount of grain boundaries in the specimens. Moreover,
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some black second phase particles could be identified
and most of them were located at grain boundaries.
Figure 3 shows SEM images and typical EDX
results of the specimens homogenized for different time.
Some bright second phase particles with irregular shape
were observed in the specimen homogenized for 48 h,
and their size was about 20 um (see Fig. 3(a)). EDX
results show these particles primarily contained Al, Cu
and Fe elements with typical content of 73.54%, 8.99%
and 17.41% (mole fraction), respectively (particle 4 in
Fig. 3(a)). It is likely Al,Cu,Fe phase, which often exists
in 7000 series aluminum alloys [18]. It forms during
solidification and has high melting temperature, and
therefore could not be dissolved by homogenization.
Higher magnification image indicated some particles
containing Al, Zn, Mg and Cu elements with typical
content of 70.09%, 11.05%, 11.22% and 7.04% (mole
fraction), respectively (particle B in Fig. 3(b)). Therefore,
it is likely T(AlZnMgCu) phase, which often appears in
7000 series Al alloys [19]. In the specimens
homogenized for 192 h and 384 h, Al;Cu,Fe phase could
still be observed but it is quite difficult to detect 7 phase
(Figs. 3(c,d)). Figure 4 shows the area fraction of
remnant phase as a function of homogenization time. The
results estimated based on at least five
randomly-selected SEM images. With the increase of
homogenization time from 48 h to 192 h, a significant
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decrease in the area fraction can be seen. This is
obviously due to the dissolution of T phase. A further
increase of time gave rise to almost no change in the area
fraction. It is likely because after homogenization of
192 h complete dissolution of 7 phase occurred.

Figure 5 shows typical TEM images of the
homogenized specimens. Homogenization time resulted
in a large difference in the density, size and distribution
of Al;Zr dispersoids in the matrix.

After homogenization for 48 h and 192 h, there
were a number of fine and dispersed Al;Zr dispersoids
(Figs. 5(a) and (b)). According to the non-contrast lines,
most dispersoids were coherent with the matrix. After
384 h the density of Al;Zr dispersoids was lower and
their size was larger (Fig. 5(c)). KNIPLING [20] found
that in an Al-0.2Zr alloy aged at 425 °C for 400 h, Al;Zr
dispersoids might lose coherency with the matrix when
their radius exceeded about 31 nm. It is believed that
many large Al;Zr dispersoids in Fig. 5(c) were likely
incoherent with the matrix according to their morphology
and size. Figure 6 shows the size and area fraction of
Al;Zr dispersoids, which were estimated based on at
least five TEM images. There was a normal distribution
for their radius (Fig. 6(a)); with the increase of
homogenization time the mean radius and size difference
were increased. The size was quite uniform in the
specimens homogenized for 48 h and 192 h, but became
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Fig. 1 Influence of homogenization time on hardness (a) and hardness retention value (b) in end-quenched specimen after aging

Fig. 2 Optical micrographs of specimens homogenized for different time: (a) 48 h; (b) 384 h
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Fig. 3 SEM images and EDX results of specimens homogenized for different time: (a, b) 48 h; (c¢) 192 h; (d) 384 h; (e) EDX
spectrum of particle 4 in Fig. 3(a); (f) EDX spectrum of particle B in Fig. 3(b)
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Fig. 4 Influence of homogenization time on area fraction of
second phase in homogenized specimens

not uniform for 384 h. The area fraction seemed to
increase first and then decrease with the increase of
homogenization time, and the maximum value was
observed after homogenization for 192 h. This may
imply that coarsening of Al;Zr dispersoids occurred after
homogenization for 384 h.

Figure 7 shows typical TEM images of the samples
at =3 mm and 78 mm in the end-quenched and aged
specimens. At d=3 mm in the end-quenched specimen
homogenized for 48 h, apart from the round Al;Zr
dispersoids, a high density of fine #' strengthening
precipitates could be seen in the matrix (see Fig. 7(a)).
But the density of Al;Zr dispersoids seems to be lower
than that shown in Fig. 5(a). This may be because the
strong coherent distortion due to ' strengthening
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Fig. 5 TEM images showing Al;Zr dispersoids in specimens homogenized for different time: (a) 48 h; (b) 192 h; (c) 384 h
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Fig. 6 Character of Al;Zr dispersoids in specimens homogenized for different time: (a) Size distribution; (b) Mean radius and area

fraction

precipitates made it difficult to reveal small Al;Zr
dispersoids, and only some large Al;Zr dispersoids could
be observed. In the sample at =78 mm (Fig. 7(b)), apart
from AlyZr dispersoids and #' strengthening precipitates
in the matrix, some rod-like # phase particles were
visible and associated with Al;Zr dispersoids. In the
specimen homogenized for 192 h, a similar phenomenon
could be observed, as shown in Fig. 7(c). In the specimen
homogenized for 384 h, however, there were more
quench-induced 7 phase particles in the matrix (see
Fig. 7(d)). Combining with Fig. 5(c), it is likely that most
Al;Zr dispersoids acted as nucleation sites for # phase
during slow quenching. The size of these 5 phase
particles was about 65 nm.

4 Discussion

According to the hardness curves and hardness
retention curves in Fig. 1, it is likely that quench
sensitivity tends to increase slightly with the increase of
homogenization time. From the microstructural images
shown in Figs. 2—7, the amount of grain boundaries,
which often act as preferential nucleation sites for
phase during slow quenching, was not changed.
Therefore, it is thought that there are two factors

responsible for the slightly higher quench sensitivity.
One is the large amount of Zn, Mg and Cu solutes in the
matrix, and the other is the change in character of Al;Zr
dispersoids.

After homogenization from 48 h to 192 h, T phase
was dissolved completely (Figs. 3 and 4). 7085 aluminum
alloy is an age hardenable alloy, and the hardness after
aging is related to the volume fraction of strengthening
precipitates, which is determined by the amount of Zn
and Mg in the matrix [21]. Dissolution of T phase can
increase the amount of Zn, Mg and Cu in the solid
solution and thus hardness is higher after aging. This
may also be proved from Fig. 1, where the hardness was
increased from about HV 169 for 48 h to HV 175 for
192 h and to HV 176 for 384 h at d=3 mm from the
water-cooled end. However, quench sensitivity was
increased as well because a higher concentration of Zn,
Mg, Cu can prompt the precipitation of # phase during
slow quenching [6,22], therefore, the amount of alloying
elements available for strengthening precipitates during
subsequent aging was decreased, resulting in lower
hardness. Meanwhile, the size and area fraction of Al;Zr
dispersoids were increased (Figs. 5 and 6). Larger
dispersoids are less coherent with the matrix [20], and
the interfacial energy is higher. Consequently, more
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Fig. 7 TEM images at different locations in end-quenched and aged specimens homogenized for different time: (a) =3 mm, 48 h;

(b) d=78 mm, 48 h; (c) d=78 mm, 192 h; (d) d=78 mm, 384 h

dispersoids tended to act as nucleation sites for
heterogeneous precipitation of 7 phase during slow
quenching, leading to loss of solutes in the solid solution
(Fig. 7). This may also be responsible for higher quench
sensitivity. But it is still difficult to distinguish the
contribution due to the change in the concentration of Zn,
Mg, Cu or due to the change in the character of Al;Zr
dispersoids. With the further increase of homogenization
time to 384 h, an equilibrium state might be obtained, as
soluble T phase was dissolved completely after about
192 h. In other words, the concentration of Zn, Mg, Cu in
the solid solution was not further increased. So the
change in quench sensitivity was caused by the change in
character of Al;Zr dispersoids only. Most AlZr
dispersoids became larger, so the interfacial energy was
higher for the interface between them and the matrix,
which can prompt the formation of # phase during slow
quenching. But the size of these quench-induced # phase
was quite small, and thus had slight influence on
hardness after aging. A similar phenomenon was
observed in a cast sample of 7055 aluminum alloy [3].
Consequently, quench sensitivity was slightly increased
as the drop percentage in hardness was increased from
6.2% to 6.9% (Fig. 1(b)), and the change in the character

of Al;Zr dispersoids exerted slight influence on quench
sensitivity.

5 Conclusions

1) Quench sensitivity of the homogenized 7085
aluminum alloy increased slightly with the increase of
homogenization time from 48 h to 384 h, as the largest
difference in hardness in the end-quenched and aged
specimen was 5.2% and 6.9%, respectively.

2) Prolonging homogenization time had little effect
on grain structure, but improved the dissolution of
soluble T phase, which increased the concentration of Zn,
Mg and Cu in the solid solution, and resulted in larger
Al;Zr dispersoids, which tended to prompt the formation
of # phase inside grains during slow quenching. With the
homogenization time increasing from 192 h to 384 h, the
change in the character of Al;Zr dispersoids exerted only
slight influence on quench sensitivity.
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