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a b s t r a c t

The effect of microstructure on the quench sensitivity of 7055 type aluminum alloys was investigated by
hardness testing, optical microscopy and transmission electron microscopy. The results showed that the
homogenized and hot-rolled alloys without Zr and the homogenized alloy with Zr were not quench sen-
sitive, while the hot-rolled alloy with Zr was quite quench sensitive. The reason was analyzed according
to the difference in the microstructure in these alloys, i.e. type of nucleation sites including dispersoids,
eywords:
055 aluminum alloy
icrostructure
uench sensitivity
ispersoids

(sub)grain boundaries and constituent particles for heterogeneous precipitation during slow quenching.
Quench-induced � phase was observed mainly on large dispersoids and (sub)grain boundaries. In the
homogenized and hot-rolled alloys without Zr, grain boundaries, which were the main heterogeneous
precipitation nucleation sites, resulted in low quench sensitivity. In the homogenized alloy with Zr, grain
boundaries and fine and coherent Al3Zr dispersoids led to low quench sensitivity. In the hot-rolled alloy
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Sub)grain boundaries with Zr, the large numbe
for high quench sensitivi

. Introduction

AlZnMgCu alloys are widely used as structural materials in
he aircraft industry due to their high specific strength. With the
evelopment of the aircraft industry, larger structural components
ith high properties are required. To meet the demand, prod-
cts with large-gauge section such as thick plates of AlZnMgCu
lloys are often desirable. The quench sensitivity of AlZnMgCu
lloys is unfavorable for obtaining thick plates or large forg-
ngs with high properties because difference in the cooling rate
etween the surface and the mid-plane often results in hetero-
eneity and drop in properties. For instance, Robinson and Cudd
1] showed that in a 7010 aluminum alloy forging with size
f 562(L) mm × 265(LT) mm × 169(ST) mm, the yield strength was
1 MPa higher at the corner than at the core location after aging.
oreover, in some cases slow quench is required to reduce dis-

ortion and residual stress [2], and this often gives rise to drop
n mechanical properties after aging. Therefore, it is desirable to

ecrease the quench sensitivity. Many investigations have been
erformed on quench sensitivity of AlZnMgCu alloys due to their
ractical importance [3–11].
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arse Al3Zr dispersoids and subgrain boundaries were mainly responsible
nstituent particles seemed to have little effect on quench sensitivity.

© 2010 Elsevier B.V. All rights reserved.

Quench sensitivity can be influenced by chemical compositions.
For instance, higher amount of alloying elements often gives rise to
higher quench sensitivity [3,4], and adjustment of Zn:Mg ratio may
decrease quench sensitivity [4,5]. As for microstructure, it has been
found that quench sensitivity is associated with nucleation sites,
e.g. (sub)grain boundaries and dispersoids, available for heteroge-
neous precipitation during inadequate quench [6–9]. Dispersoids,
determined by their nature, have great influence on quench sen-
sitivity. For instance, zirconium instead of chromium has been
added to AlZnMgCu alloys because Al3Zr dispersoids are smaller
and coherent, and lead to lower quench sensitivity [11]. Mean-
while, Al3Zr dispersoids can control the grain structure effectively
[12]. The coherent Al3Zr dispersoids primarily precipitate during
homogenization of ingot, and can survive during the following pro-
cessing. Heterogeneous precipitation may occur on them due to
the reduction of the misfit elastic energy [9]. Moreover, it has been
found that Al3Zr dispersoids may lose coherency with matrix due
to recrystallization [13,14], consequently become effective hetero-
geneous nucleation sites for coarse equilibrium phase during slow
quenching. As a result, quench sensitivity may be increased. Thus,
if the microstructures in AlZnMgCu alloys are changed, the quench
sensitivity may be changed accordingly.

7055 aluminum alloy has been developed to meet the require-

ment of improved aircraft structures, which demand a superior
combination of high strength, good fracture toughness and good
stress corrosion cracking resistance. These high properties can be
achieved by T77 treatment, which is based on retrogression and re-
aging [15]. 7055–T77 alloy can offer higher strength about 10% than

dx.doi.org/10.1016/j.jallcom.2010.07.124
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. (a) Schematic of the sample and quenching and (b) cooling curves at differen
D: transverse direction.

150-T6 and 30% than 7075-T76 with high fracture toughness and
ood resistance to corrosion and to the growth of fatigue cracks,
nd these attractive properties are attributed to the high Zn/Mg
nd Cu/Mg ratios [16]. Due to the greater amount of (Zn + Mg + Cu)
lements, this alloy is more quench sensitive than some other AlZn-
gCu alloys, as shown in a previous paper [17].
In this work, the effect of microstructure on quench sensitivity

f 7055 type aluminum alloys with and without Zr was investigated
ith the aim to have better understanding of the quench sensitivity

f AlZnMgCu alloys.

. Experimental

Two 7055 type aluminum alloy ingots with nominal chemical compositions
f Al–7.9Zn–2.2Mg–2.1Cu–0.15Zr (w.t.%) and Al–7.9Zn–2.2Mg–2.1Cu (w.t.%) were
repared. Al–5Ti-B alloy was used to refine the grains in the as-cast alloys and
he content of Fe + Si was kept below 0.15%. The chemical compositions of AA7055
luminum alloy are (w.t.%): Zn: 7.6–8.4, Mg: 1.8–2.3, Cu: 2.0–2.6, Zr: 0.08–0.25,
e < 0.15, Si < 0.10. The content of the main alloying elements in the studied alloys
as in the range of AA7055 Al alloy, but one had Zr and the other had no Zr. The

wo alloys were denoted as 7055–0.15Zr and 7055–0Zr respectively in the follow-
ng sections. The ingots were homogenized by slowly heating to 465 ◦C, holding
or 24 h and cooling in air. After pre-heating at 420 ◦C for 1 h, the homogenized
ngots were rolled from 30 mm to 2.7 mm sheet with multi-passes. The homog-
nized ingots and rolled sheets were cut into rectangular samples with size of

.7 mm × 30 mm × 130 mm. After solution heat treatment at 470 ◦C for 30 min, one
nd of the sample was cooled in room temperature water with the length of 20 mm
n water, and other part of the sample was exposed to the still air, see Fig. 1(a). The
ooling curve at different positions was measured by thermocouples attached to the
ample by welding with results given in Fig. 1(b). According to Fig. 1(b), it is obvious
hat a decreasing quenching rate over the length of the sample was obtained, which

Fig. 2. Hardness profiles of the (a) homogenized and (b) hot
ions along LD from the water line, LD: longitudinal direction, ND: normal direction,

was from about 170 ◦C/s at D = 0 mm to about 8 ◦C/s at D = 17 mm and to about 2 ◦C/s
at D = 105 mm.The quenching rate was the average value calculated in the range
of 420–230 ◦C, which is the critical temperature range for 7055 aluminum alloy
[17]. After cooling to room temperature the samples were aged at 121 ◦C for 24 h
immediately.

The Vickers hardness along the longitudinal direction (LD) of the aged sample
was tested. A load of 5 kg was used and five measurements along transverse direc-
tion (TD) at each position D = 0–105 mm were made to obtain an average value.
Samples for grain structure examination were ground, polished and etched by 10%
H3PO4 solution, and then observed by Olympus PMG 3 optical microscopy (OM).
The microstructures at D = 0 mm and 105 mm of the samples were further exam-
ined by Philips CM20 and Tecnai G2 20 transmission electron microscopy (TEM)
using 200 kV. And the LD–ND (normal direction) section was observed. For the
hot-rolled samples, LD was the same as RD (rolling direction). Samples for TEM
examination were ground to 0.2 mm, electro-chemically polished using solution of
70%CH3OH + 30% H3NO3 below −20 ◦C. The average length of �′ hardening phase
was estimated by measuring at least 100 precipitates from the image taken along
〈0 1 1〉 direction on TEM. The average width of grain boundary precipitate free zone
(PFZ) was estimated by measuring at least five grain boundaries.

3. Results

3.1. Hardness curves

Fig. 2 shows hardness profiles of the studied alloys after aging.

On the whole, the hardness decreases with quenching rate decreas-
ing. For the homogenized alloys, there was only slight decrease
in the hardness over the length regardless of Zr, see Fig. 2(a).
At D = 105 mm, the drop percentage in the hardness was lower
than 2%, which indicated very low quench sensitivity of the

-rolled alloys after solution heat treatment and aging.
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ig. 3. Optical micrographs of the studied alloys after solution heat treatment: (a)
he hot-rolled 7055–0Zr alloy.

omogenized alloys. From Fig. 2(b), it is evident that the hot-rolled
055–0.15Zr alloy was quite quench sensitive because of signifi-
ant drop in the hardness with distance away from the water line,
nd the drop percentage was about 21% at D = 105 mm. While the
ot-rolled 7055–0Zr alloy was not quench sensitive, as the hard-
ess decreased slightly with quenching rate decreasing, and the
rop percentage in the hardness at D = 105 mm was about 2%.

It is evident that for 7055–0Zr alloy, the quench sensitivity was
ot changed by hot rolling, but for 7055–0.15Zr alloy, the quench
ensitivity was increased greatly after hot rolling. This is supposed
o be the difference in the microstructure due to hot rolling as
he chemical compositions was not changed. The reason will be
xplored in detail in the following section.

.2. Microstructure examination

.2.1. Optical micrographs
Fig. 3 shows optical micrographs indicating the grain struc-

ure of the studied alloys. In the homogenized 7055–0.15Zr alloy,
here were equiaxed grains, and the size (equivalent circle diame-
er) was about 50 �m. In the hot-rolled 7055–0.15Zr alloy, partial
ecrystallization occurred after solution heat treatment (Fig. 3(b)),
hich is obviously attributed to the recrystallization inhibiting

ffect of Al3Zr dispersoids [8,9]. The recrystallization fraction was
ery low and estimated to be about 4%. The recrystallized grains
ere rod-like in the RD–ND section, and the average size was

bout 22 �m (along RD) × 6 �m (along ND). In the homogenized
055–0Zr alloy, the grains were equiaxed with size about 42 �m; in
he hot-rolled alloy, complete recrystallization occurred after solu-
ion heat treatment, the grain size was about 47 �m. In addition,
ome black second phase particles, which were mainly made up of
e/Si-containing phase and Al2CuMg phase, can be observed to be
ocated at grain boundaries in the homogenized samples. After hot
olling, they were distributed along rolling direction.
.2.2. Transmission electron micrographs
For the 7055–0Zr alloy, the quench sensitivity was not changed

y hot rolling, so only the hot-rolled samples were selected for
EM examination, typical images are shown in Fig. 4. A significant
hange due to slow quenching is that the width of grain boundary
mogenized and (b) the hot-rolled 7055–0.15Zr alloy; (c) the homogenized and (d)

precipitates free zone (PFZ) was increased from about 18.8 ± 3.8 nm
at D = 0 mm to about 68.2 ± 27.5 nm at D = 105 nm. Moreover, the �′

hardening precipitates adjacent to the grain boundary was larger,
and the density was lower. While in the matrix far from the grain
boundaries, there were high density of �′ hardening precipitates.
And occasionally, coarse � phase particles could be observed inside
grains at D = 105 mm, see Fig. 4(c). Most of them were long-lath-
shaped and their size was not uniform, the average size was about
137 nm in length and 34 nm in width.

For the 7055–0.15Zr alloy, the quench sensitivity was signif-
icantly increased by hot rolling, so both the homogenized and
the hot-rolled samples were selected for TEM examination. Fig. 5
shows TEM micrographs of the homogenized sample after aging. At
D = 0 mm (Fig. 5(a)), the matrix was primarily covered with a num-
ber of fine and dispersed �′ hardening precipitates. Observed along
〈0 1 1〉 direction, the �′ hardening precipitates were needle-shaped.
At D = 105 mm, Al3Zr dispersoids, �′ hardening precipitates and �
phase could be identified in the matrix according to Fig. 5(b) and (c).
The � phase particles were lath-shaped and associated with Al3Zr
dispersoids as indicated by the arrows in Fig. 5(b), and the average
size was about 25 nm in length and 6 nm in width. The length of
needle-shaped �′ hardening precipitates inside grains at D = 0 mm
and 105 mm was almost the same (Table 1). The precipitation at
the grain boundaries in the materials at the two positions was dif-
ferent, see Fig. 6. At D = 0 mm, � phase particles were distributed
continuously along most grain boundaries (Fig. 6(a)), and the pre-
cipitates free zone(PFZ) was quite narrow with the width of about
21.7 ± 3.5 nm. While at D = 105 mm, � phase particles at most grain
boundaries became more spaced, and the size was not uniform. The
width of the PFZ near grain boundaries was obviously larger and
about 64.1 ± 27.3 nm (Fig. 6(b)). It could also be found that �′ hard-
ening precipitates adjacent to the grain boundaries were slightly
larger than those in the matrix far from the grain boundaries.

At D = 0 mm in the hot-rolled 7055–0.15Zr alloy after solution
heat treatment and aging, the matrix was covered by high density

of fine �′ hardening precipitates, as indicated by typical TEM image
and corresponding 〈0 1 1〉 selected area diffraction pattern (SADP)
in Fig. 7(a) and (b). The needle-shaped �′ precipitates were dis-
tributed uniformly in the grains, and the length was estimated to be
about 4.7 nm. At D = 105 mm, the microstructure was quite complex
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Fig. 4. TEM images of the hot-rolled 7055–0Zr alloy after solution heat treatment
and aging: (a) grain boundary at D = 0 mm; (b) grain boundary at D = 105 mm; and
(c) inside a grain at D = 105 mm.
Fig. 5. TEM images of the homogenized 7055–0.15Zr alloy after solution heat treat-
ment and aging: (a) D = 0 mm; (b) D = 105 mm; and (c) corresponding 〈0 1 1〉 SAD
pattern from (b).

because of partial recrystallization (Fig. 3(b)), and typical TEM
images are shown in Fig. 8. In the recrystallized grains (Fig. 8(a)),
there were a number of quench-induced � phase particles dis-
tributed in bands along the rolling direction and in layers along
normal direction. Most of these � phase particles had the shape of
long lath with average size of about 210 nm (in length) × 35 nm(in

width). An obvious precipitates free zone formed around these par-
ticles, see Fig. 8(b). Though there were still some �′ hardening
precipitates in the band of these particles, the density is signifi-
cantly lower and the size is larger compared with the �′ precipitates
in the matrix far from these large particles (Table 1). It was also
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Fig. 7. TEM image of the hot-rolled 7055–0.15Zr alloy at D = 0 mm after solution
heat treatment and aging: (a) morphology of hardening precipitates and (b) corre-
sponding 〈0 1 1〉 SAD pattern.
ig. 6. TEM images of precipitation at grain boundaries in the homogenized
055–0.15Zr alloy: (a) D = 0 mm and (b) D = 105 mm.

ound that most � phase particles were associated with Al3Zr dis-
ersoids. A close look at the center layer of the recrystallized grain

ndicated a lot of Al3Zr dispersoids unoccupied by quench-induced
phase (Fig. 8(c)). These Al3Zr dispersoids were coherent with the
l matrix according to the distinct no-contrast lines [15]. In the
nrecrystallized zone, there were many well defined subgrains, but
heir size was not uniform, typical image is shown in Fig. 8(a). It
an be seen that some subgrains were quite small with size less
han 1 �m, while others were larger with size about 1–3 �m. In the
rea with small subgrains, some coarse � phase particles could be
bserved at subgrain boundaries but few inside subgrains. While
n the area with large subgrains, coarse � phase particles could
e observed both inside subgrains and at subgrain boundaries, see
ig. 8(d). The � phase particles inside subgrains were quite large
nd often had the shape of long lath with the average size of about

50 nm (in length) × 30 nm (in width). In a previous paper, it was
uggested that once particles nucleated on dispersoids, they grew
o a similar size regardless of alloy or quench rates [3]. In this work,
t has been found that the quench-induced phase in the homoge-
ized 7055–0.15Zr alloy was significantly smaller than that in the
hot-rolled 7055–0.15Zr alloy as shown in Table 1. It is supposed
that apart from the capability of Al3Zr dispersoids to stimulate
nucleation, larger amount of residual dislocations introduced by
hot rolling may contribute to larger quench-induced phase.

Another difference in the microstructure due to slow quench-
ing could be observed at grain boundaries, typical TEM images are
shown in Fig. 9. At D = 0 mm, it seems that most grain boundaries
were decorated with closely spaced � phase particles and the PFZ
was narrow with average width about 17.5 ± 1.7 nm (Fig. 9(a)).
While at D = 105 mm, big difference can be seen in the size of �
phase particles at (sub)grain boundaries. Many small � phase par-
ticles could be found between large � phase particles, as shown in
Figs. 8(d) and 9(b). The large � phase particles were about 150 nm in
length along the grain boundary, while the small ones were about
20 nm. It is supposed that the large � phase particles were formed
during slow quenching and grew during subsequent artificial aging.
The small ones were formed during artificial aging. Another phe-
nomenon is that the width of PFZ near grain boundary was different
at different positions. At the position where the quench-induced �
phase stays (e.g. Fig. 9(b)), the PFZ is about 86.4 ± 10.3 nm in width;
while near the aging-induced � phase particles, the PFZ was about
51.3 ± 5.6 nm in width. Moreover, larger �′ hardening precipitates
were observed near the grain boundary than inside grain far from
the grain boundary, which is similar to that found in the homoge-

nized 7055–0.15Zr alloy (Fig. 6) and the hot-rolled 7055–0Zr alloy
after slow quenching (Fig. 4).
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Table 1
Average size of �′ and � phase in the aged alloys.

Sample Length of needle-shaped �′ precipitates (nm) Size of quench-induced lath-shaped � phase at
D = 105 mm (length × width nm)

D = 0 mm D = 105 mm

Homogenized 7055–0.15Zr alloy 5.2 ± 1.1 5.7 ± 0.9 25 × 6

Hot-rolled 7055–0.15Zr alloy 4.7 ± 1.2 4.9 ± 1.3 (in the matrix) 210 × 35 (in REX grainsa)
15.6 ± 3.2 (in � band) 150 × 30 (in subgrains)

Hot-rolled 7055–0Zr alloy 5.9 ± 1.4 5.6 ± 1.2

a REX grains: recrystallized grains.

Table 2
Possible heterogeneous precipitation sites in the studied alloys during slow
quenching.

Alloy Possible nucleation sites for
heterogeneous precipitation

Homogenized 7055–0Zr alloy Grain boundaries, constituent particles
Hot-rolled 7055–0Zr alloy Grain boundaries, constituent particles
Homogenized 7055–0.15Zr alloy Grain boundaries, Al3Zr dispersoids,
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constituent particles
Hot-rolled 7055–0.15Zr alloy Grain boundaries, subgrain boundaries,

Al3Zr dispersoids, constituent particles

. Discussion

For Al–Zn–Mg–Cu alloys, large equilibrium phase formed during
low quenching results in loss of solutes, thus fewer �′ hardening
recipitates after aging. The precipitation of equilibrium � phase

s a nucleation and growth process [7] and may be greatly influ-
nced by the number and type of sites that can prompt nucleation,
r dislocations that can prompt growth. It is supposed that the
uench sensitivity is closely related to the microstructure, i.e., the
ype and number of heterogeneous precipitation sites in the alloy.
he hot-rolled 7055–0.15Zr alloy exhibited significantly higher
uench sensitivity than other alloys because of difference in the
icrostructure. According to microstructure observations, the pos-

ible heterogeneous precipitation sites in each alloy are given in
able 2.

.1. Effect of Al3Zr dispersoids on quench sensitivity

From above results, it is evident that introducing Al3Zr disper-
oids had little effect on the quench sensitivity of the homogenized
lloys. This may be due to the fact that most Al3Zr dispersoids
n the homogenized 7055–0.15Zr alloy were small and coherent

ith the matrix, as shown in Fig. 10(a). But the size of these Al3Zr
ispersoids was not uniform according to the dark field image in
ig. 10(b). Large dispersoids can stimulate nucleation of � phase
ore efficiently during slow quenching [7,18], which is due to a

artial loss of coherency for these dispersoids. In this work, some
phase particles on dispersoids were observed in the homoge-

ized 7055–0.15Zr alloy after slow quenching, but these particles
ere quite small (Fig. 5, Table 1), and seemed to have exerted little

nfluence on the precipitation microstructure in the matrix around
hem. Thus, only slight drop (≈2%) in the hardness was observed
Fig. 2), and the homogenized 7055–0.15Zr alloy was not quench
ensitive.

In the hot-rolled 7055–0.15Zr alloy, Al3Zr dispersoids are still
he possible nucleation sites for heterogeneous precipitation in

he matrix during slow quenching. But the situation is more com-
lex due to partial recrystallization after solution heat treatment.
ccording to TEM observation (Fig. 8(a)), the quench-induced �
hase particles exhibited bands distribution along RD and layered-
istribution along ND in the recrystallized grain. This is obviously
137 × 34

associated with the spatial distribution pattern of Al3Zr disper-
soids after hot rolling, see Fig. 11(a). In Al–Zn–Mg–Cu–Zr alloys,
an inhomogeneous distribution of Zr often exists [19]. Moreover,
the diffusivity of Zr in Al is very low. Thus, long thin bands distribu-
tion of Al3Zr dispersoids can be obtained after rolling and solution
heat treatment, which is similar to the observation in Deschamps’
study [9]. The distribution of � phase particles formed during slow
quenching exhibited the same pattern as shown in Fig. 8(a). It has
been found that due to recrystallization, Al3Zr dispersoids may
lose coherency with the matrix and become effective nucleation
sites for heterogeneous precipitation [14]. However, as shown in
Fig. 8(c), there were a number of coherent Al3Zr dispersoids inside
the recrystallized grain, and they were not occupied by coarse �
phase particles. It is evident that recrystallization resulted in pref-
erential coarsening and gradual loss of coherency of some Al3Zr
dispersoids. Thus, the density of � phase particles was different
at different positions. In the area with small and coherent Al3Zr
dispersoids, low density of � phase particles can be seen (B1 in
Fig. 8(a)); while in the area with large and incoherent Al3Zr dis-
persoids, higher density of � phase particles can be seen (B2 in
Fig. 8(a)). The matrix in the coarse � phase bands, as expected,
was almost free of fine hardening precipitates, because the solute-
depleted zone due to slow quenching can inhibit precipitation
during aging [9]. And if there were precipitates, the size was sig-
nificantly larger (Fig. 8(b)). Thus, these zones were soft for lack of
fine precipitates. The precipitation microstructure in the matrix far
from the coarse � phase bands was unaffected by heterogeneous
precipitation and covered with high density of fine �′ precipitates.
This kind of microstructure may be one reason for lower hardness
after aging, as shown in Fig. 2.

In the unrecrystallized zone, it is thought that the situation
is similar to that in the homogenized 7055–0.15Zr sample. The
Al3Zr dispersoids may act as heterogeneous nucleation sites deter-
mined by their size and coherency. During solution heat treatment
at high temperature, significant coarsening of some Al3Zr disper-
soids occurs due to a large number of dislocations introduced
by rolling. As a result, the size of Al3Zr dispersoids in the sub-
grains was not uniform (Fig. 11(b)), and some even were coarsened
to be about 100 nm (indicated by A in Fig. 11(c)). Coarse dis-
persoids are less coherent or incoherent with the matrix due to
their larger size [20]. This may increase their nucleation efficiency
for heterogeneous precipitation. Thus � phase can form on the
large dispersoids during slow quenching. Inside small subgrains
(Fig. 8(a)), few quench-induced � phase particles were observed,
which may be because Al3Zr dispersoids are small and coherent
with matrix. While in large subgrains, some coarse quench-induced
� phase particles associated with dispersoids were detected in the
matrix (Figs. 8(a), (d) and 11(c)). The dispersoids A is large and inco-

herent with the matrix, while others are small and coherent with
the matrix according to the no-contrast lines.

In all, small and coherent dispersoids do not lead to high quench
sensitivity, which is the case for the homogenized 7055–0.15Zr
alloy (Fig. 2(a)), but large and incoherent dispersoids can lead to
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Fig. 9. TEM images of precipitation at grain boundaries in the hot-rolled
7055–0.15Zr alloy after solution heat treatment and aging: (a) D = 0 mm and (b)
D = 105 mm.

high quench sensitivity as shown by 7055–0.15Zr alloy after hot
rolling (Fig. 2(b)). Whether there is a critical size that Al3Zr disper-
soids must exceed to be able to act as heterogeneous nucleation
site is unknown. But there exists a critical size for the coherent
dispersoids to transform into semi-coherent or incoherent dis-
persoids [21]. And this is a quite complicated problem, because
many parameters, e.g. chemical compositions, processing history,
can exert influence on the coarsening kinetics of Al3Zr dispersoids.

Deformation may accelerate the growth of Al3Zr dispersoids by
introducing a lot of dislocations. Zn, Mg and Cu atoms may enter
Al3Zr dispersoids [22], thus have influence on the stability. Further
investigations are still required to contribute to understanding of
this problem.

Fig. 8. TEM images of the hot-rolled 7055–0.15Zr alloy at D = 105 mm after solution
heat treatment and aging: (a) low magnification; (b) precipitates in the recrystal-
lized grain; (c) dispersoids and coarse � phase inside the recrystallized grain; and
(d) coarse � phase in the large subgrains zone, ND: normal direction, RD: rolling
direction.
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ig. 10. TEM images showing the Al3Zr dispersoids in the homogenized
055–0.15Zr alloy after solution heat treatment and rapid quenching: (a) bright
eld image and (b) dark field image.

.2. Effect of (sub)grain boundaries on quench sensitivity

During slow quenching, there is a strong tendency for precipi-
ation to occur at grain boundaries and subgrain boundaries due to
heir high interfacial energy. Preferential precipitation at (sub)grain
oundaries during slow quenching resulted in � phase particles
f non-uniform size along (sub)grain boundaries after aging [8].
oreover, loss of solutes and vacancies adjacent to (sub)grain

oundaries gives rise to wider PFZ and larger �′ hardening pre-
ipitates(e.g. Fig. 4). But this change due to slow quenching is
imited to the grain boundary zone, and not observed inside grains
ar from grain boundaries. This kind of microstructure results in
nly slight drop in the strength of a wrought AlZnMgCu alloy
ithout Zr after delayed quench, as shown in a previous paper

23]. In the homogenized and hot-rolled 7055–0Zr alloys and the

omogenized 7055–0.15Zr alloy, the grains are large and the size

s similar, thus, the quench sensitivity is low and the drop in the
ardness due to slow quenching is similar (Fig. 2). But when a large
umber of subgrain boundaries is introduced, the quench sensitiv-

ty seems to have been increased. The more subgrain boundaries,
Fig. 11. TEM images showing the microstructure in the hot-rolled 7055–0.15Zr alloy
after solution heat treatment and quenching, D = 0 mm: (a) in a recrystallized grain
and (b) in a subgrain; D = 105 mm: (c) in a subgrain.

the more quench-induced equilibrium phase. Thus, the amount of
solutes available for �′ hardening precipitates is reduced. Simul-
taneously, the amount of larger �′ hardening precipitates near
subgrain boundaries (Fig. 9(b)) is increased. This means fewer
fine and dispersed �′ hardening precipitates were attained. Con-
sequently, lower strengthening effect can be achieved after aging.
This is supposed to be partly responsible for the high quench sen-
sitivity of the hot-rolled 7055–0.15Zr alloy.

4.3. Effect of constituent particles on quench sensitivity
Apart from dispersoids and (sub)grain boundaries, constituent
particles can be observed in the studied alloys after solution
heat treatment. This may have influence on the quench sensitiv-
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Fig. 12. A constituent particle in the hot-rolled 7055–0.15Zr alloy after so

ty because the interface between the constituent particles and
he matrix may provide nucleation sites for heterogeneous pre-
ipitation. But few quench-induced � phase particles have been
bserved on the constituent particles, typical observation is shown
n Fig. 12(a). The globule constituent particle contained impurity
lements Fe and Si from the EDS results in Fig. 12(b). It is supposed
hat under the cooling condition in this work the constituent parti-
les did not act as the heterogeneous precipitation nucleation sites,
hus had little effect on quench sensitivity.

. Conclusions

Heterogeneous precipitation occurred at grain boundaries, sub-
rain boundaries and on large Al3Zr dispersoids during slow
uenching. The existence of grain boundaries in the homoge-
ized and hot-rolled 7055 type Al alloys without Zr results in low
uench sensitivity. Grain boundaries and fine and coherent Al3Zr
ispersoids in the homogenized 7055 Al alloy led to low quench
ensitivity. The large number of subgrain boundaries and Al3Zr
ispersoids with large size was responsible for the high quench
ensitivity of the hot-rolled 7055 Al alloy. Constituent particles
ay have little effect on quench sensitivity because of few quench-

nduced � phase particles on the interface.
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