
Materials Science & Engineering A 657 (2016) 284–290
Contents lists available at ScienceDirect
Materials Science & Engineering A
http://d
0921-50

n Corr
E-m
journal homepage: www.elsevier.com/locate/msea
Recrystallization, precipitation, and resultant mechanical properties of
rolled Al–Zn alloy after aging

C.Y. Liu a,b, B. Qu a, Z.Y. Ma c,n, M.Z. Ma b, R.P. Liu b

a Key Laboratory of New Processing Technology for Nonferrous Metal & Materials, Ministry of Education, Guilin University of Technology, Guilin 541004,
China
b State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066004, China
c Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, 72 Wenhua Road, Shenyang 110016, China
a r t i c l e i n f o

Article history:
Received 14 December 2015
Received in revised form
22 January 2016
Accepted 25 January 2016
Available online 26 January 2016

Keywords:
Al–Zn alloy
Aging
Recrystallization
Precipitation
Mechanical properties
x.doi.org/10.1016/j.msea.2016.01.079
93/& 2016 Elsevier B.V. All rights reserved.

esponding author.
ail address: zyma@imr.ac.cn (Z.Y. Ma).
a b s t r a c t

The recrystallization and precipitation behaviors of rolled Al–20 wt% Zn alloy were investigated during
artificial aging. Recrystallization occurred preferentially in the shear bands, and recovery occurred in the
elongated grains during aging at temperatures less than 200 °C. The aged Al–20 wt% Zn alloy showed a
bimodal structure composed of fine grains and elongated coarse grains. The formation of Zn layers be-
tween Al grains, the coarsening of original Zn phase, and the precipitation of new Zn phase occurred at
the same time during aging. The bimodal structure and thin Zn layers greatly affected the strengthening
and deformation mechanisms of the Al–20 wt% Zn alloy. The aged Al–20 wt% Zn alloy showed the best
mechanical properties after short-time aging at different aging temperatures.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Deformation, such as high pressure torsion (HPT) [1–4], ex-
trusion [4–6], rolling [7,8], accumulative roll bonding [9,10], and
friction stir processing [11–13], has been widely used to improve
the mechanical properties of metals. Most Al alloys show hard-
ening after cold deformation because of grain refinement and
dislocation increase through the Hall–Petch relationship and dis-
location strengthening mechanism, respectively. However, recent
papers have reported that the hardness of binary Al–Zn alloys
significantly decreases with the increase in strain during HPT
process [14–20].

Deformation has two competing effects on the strength of al-
loys: (i) hardening by grain refinement, increase of dislocations,
and presence of nanosized precipitates; and (ii) softening by de-
composition of supersaturated solid solution, coarsening of pre-
cipitates, coarsening of Al grains after completion of dynamic re-
crystallization, and annihilation of dislocations. Compared with
solid solution-treated Al–Zn alloys (as-SS Al–Zn alloys), as-HPT Al–
Zn alloys show finer Al grain size, low solubility in the Al matrix,
and large number of precipitated Zn phase. The grain boundary
(GB) hardening competes with softening because of the decom-
position of supersaturated solid solution during deformation; the
net effect is that HPT results in softening of Al–Zn alloys.
Aside from strain softening, other abnormal phenomena also

occur in Al–Zn alloys after HPT. For example, Valiev et al. [16]
found that as-HPT Al–30 wt%Zn alloy shows room-temperature
(RT) superplasticity, and Alhamidi et al. [18] found that as-HPT Al–
30 mol%Zn alloy shows annealing hardening.

Although as-HPT Al–Zn alloys have received much attention,
application as structural materials of these alloys is limited be-
cause of their low strength. The yield strength of as-HPT Al–
30 wt%Zn alloy is as low as 50 MPa, which is almost equivalent to
the yield strength of pure Al [16]. Although as-HPT Al–Zn alloys
show annealing hardening, their yield strength is still very low
after annealing, which does not exceed 100 MPa [18].

In our prior work, cold rolling was performed on as-SS Al–Zn
alloy [21]. We found that the hardness of the as-rolled Al–Zn alloy
after application of 90% rolling reduction ratio (the equivalent
plastic strain is about 2.9) was nearly one time higher than that of
the as-SS sample. Different from the as-HPT Al–Zn samples, the as-
rolled Al–Zn alloy was characterized by high density of disloca-
tions, high Al matrix solubility, high density of nanosized Zn pre-
cipitates, and large number of subgrains. The strengthening me-
chanism of this alloy includes precipitation strengthening, work
hardening, solid-solution strengthening, and GB hardening.
Therefore, the Al–Zn alloys under a small degree of deformation
may have strong application potential in structural materials.

Artificial aging treatment is an effective method to improve the
ductility of metals. In the present study, the Al–Zn alloy after
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application of 2.9 rolling strain, which shows the highest hardness
in as-deformed Al–Zn alloy [21], was artificially aged under dif-
ferent conditions to prepare Al–Zn alloys with high strength and
high ductility. The strengthening and deformation mechanisms of
the as-rolled and as-aged Al–Zn alloys were also analyzed.
2. Experimental methods

Al–20 wt% Zn alloy was prepared by melting high-purity
components in vacuum. The castings were cut into samples with
dimensions of 16 mm � 80 mm � 200 mm, solution-treated at
550 °C for 3 h, and quenched in water. The samples were then
rolled from 16 mm to 1.3 mm for 10 cycles at RT (the plastic strain
is about 2.9) at a rolling speed of 0.5 m/s. The as-rolled Al–20 wt%
Zn samples were artificially aged at 70–200 °C for 15–960 min,
followed by air cooling to RT.

The microstructures were examined using optical microscopy
(OM) and transmission electron microscopy (TEM). OM images
were taken from rolling direction–normal direction planes, and
TEM images were taken from rolling direction–transverse direc-
tion planes. Tensile specimens were machined with the tensile
axis parallel to the rolling direction. Tensile tests were performed
at a strain rate of 1�10–4 s�1 by using an Instron-5982-type test
machine. The tests were repeated three times to confirm the re-
producibility and reliability of the results.
3. Results

The OM images of the Al–20 wt% Zn alloys fabricated by dif-
ferent processes are shown in Fig. 1. Equiaxed grains with an
Fig. 1. OM images of (a) as-SS, (b) as-rolled, and as-aged Al–20 wt% Zn A
average size of approximately 200 μm were obtained in the as-SS
sample (Fig. 1a). By comparison, the grains of the as-rolled Al–
20 wt% Zn alloy were significantly elongated along the rolling di-
rection, with shear bands at 45° angles with respect to the rolling
direction (Fig. 1b). When the rolled Al–20 wt% Zn alloy was aged at
100 °C for 960 min, no significant changes were observed under
OM, as shown in Fig. 1c. After aging at 200 °C for 600 min, while
the thickness of the elongated grains in the as-rolled sample
slightly increased, the shear bands still remained (Fig. 1d).

Fig. 2 shows the TEM images of the as-SS and as-rolled Al–
20 wt% Zn alloys. The microstructure of the as-SS sample was
characterized by low density of dislocations, well-defined GBs, and
absence of precipitates (Fig. 2a). After application of 2.9 rolling
strain, the subgrain boundaries (SBs) were obtained in the elon-
gated grains (Fig. 2b). The GBs in the as-rolled sample are often
designated as ‘non-equilibrium GBs’ because these GBs contain
large number of dislocations. Furthermore, high density of dis-
persoids with an equiaxed shape and a size of below 50 nm were
also observed in the as-rolled Al–20 wt% Zn alloy, as shown in
Fig. 2c.

Fig. 3 shows the TEM images of Al–20 wt% Zn alloys aged at
70 °C for different times. After 60 min aging, the grain structure of
the sample did not significantly change (Fig. 3a). When the aging
time was increased to 240 min, the recrystallized grains (RX-
grains) with an equiaxed shape were produced, and a large
number of dislocations still remained in the grain interiors and at
GBs (Fig. 3b). Furthermore, the dispersoids coarsened to approxi-
mately 100 nm after aging for 240 min (Fig. 2c).

Fig. 4 shows the TEM images of Al–20 wt% Zn samples aged at
100 °C for different times. Aging at 100 °C for 120 min led to the
appearance of RX-grains in the Al–20 wt% Zn samples (Fig. 4a and
c), and the size and structure of the RX-grains were similar to
lloy performed at (c) 100 °C for 960 min and (d) 200 °C for 600 min.



Fig. 2. TEM images of (a) as-SS, (b) and (c) as-rolled Al–20 wt% Zn alloy.
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those of the sample aged at 70 °C for 240 min. Upon further in-
creasing the aging time to 960 min, the non-equilibrium GBs
changed to well-defined GBs, and dislocation free grains were
obtained (Fig. 4e). The 960 min-aged sample also showed low
density of dislocations.

Fig. 4b, d, and f show the evolution process of Zn precipitation
during aging at 100 °C. Aside from equiaxed shaped dispersoids
that precipitated during rolling, rod-like dispersoids were also
observed in the Al–20 wt% Zn alloy after aging for 30 min. With
the increase in aging time, the proportion and average size of the
equiaxed dispersoids increased.

Fig. 5 shows the TEM images of the rolled Al–20 wt% Zn sam-
ples aged at 200 °C for different times. After 15 min of aging, re-
crystallization occurred, and the density of dislocations slightly
decreased (Fig. 5a). Furthermore, a large number of rod-like dis-
persoids precipitated in the Al matrix after 15 min of aging, and
the average size of precipitates was approximately 30 nm (Fig. 5b),
which is less than that of the equiaxed dispersoids in the as-rolled
sample. The high-resolution TEM image shows that thin layers of
precipitated Zn phase developed between the Al grains and the
thickness of the layers was approximately 1.5 nm, as shown in
Fig. 5c.

After aging at 200 °C for 60 min, equiaxed RX-grains with a size
of approximately 500 nmwere obtained (Fig. 5d). The grains of the
Al matrix had considerably low dislocation density. Some pre-
cipitates measured 100–200 nm in size were located at the triple
junctions of the Al grains, as shown in Fig. 5d. Furthermore, the
precipitates measured below 70 nm in size were observed within
the Al grains (Fig. 5e). Fig. 5f shows that the thickness of the
precipitation phase layers between the Al grains in the 60 min-
aged sample reached 13 nm.

Upon further increasing aging time to 600 min, the grain size of
the Al matrix obviously coarsened, larger than 1 μm, as shown in
Fig. 3. TEM images of as-aged Al–20 wt% Zn alloy perf
Fig. 5g. Fig. 5h and i show the bright-field and dark-field (DF)
images of the GBs in the 600 min-aged sample, respectively. The
DF image, excited using the reflection of Zn phase, clearly showed
that the thickness of Zn layers between the Al grains was 25 nm.

The stress–strain curves of the as-SS and as-rolled Al–20 wt%
Zn alloys are compared in Fig. 6. After application of 2.9 rolling
strain, the ultimate strength (UTS), 0.2% yield strength (YS), and
total elongation (EL) of the sample simultaneously increased and
reached 350 MPa, 257 MPa, and 11.1%, respectively. Compared
with the as-SS sample, the as-rolled Al–20 wt% Zn alloy showed
low work-hardening capability.

Fig. 7 shows the stress–strain curves of the as-aged Al–20 wt%
Zn alloys under different aging conditions. The samples aged at
70 °C showed good mechanical stability, and extending the aging
time from 60 to 240 min only led to a slight decrease in YS and EL,
but nearly invariant UTS. For 100 °C aging, both the strength and
ductility of the Al–20 wt% Zn alloys deteriorated with increasing
aging time. However, the EL of the sample aged for a short dura-
tion of 30 min exhibited an increase (13%) compared to the as-
rolled sample. Aging at 200 °C resulted in significantly reduced
strength and much improved ductility. As the aging time increases
the strength and ductility decreased and the best mechanical
properties were achieved after 15 min of short-duration aging,
with the EL being 22%, YS and UTS being 194 MPa and 280 MPa,
respectively.
4. Discussion

4.1. Recrystallization

The as-rolled Al–20 wt% Zn alloy showed a typical deformation
microstructure, namely, elongated Al grains, high density of
ormed at 70 °C for (a) 60 min (b) and (c) 240 min.



Fig. 4. TEM images of as-aged Al–20 wt% Zn alloy performed at 100 °C for (a) and (b) 30 min, (c) and (d) 120 min, and (e) and (f) 960 min.
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dislocations, and shear bands. The elongated grains showed high
thermal stability below 200 °C, as shown in Fig. 1. Meanwhile,
equiaxed RX-grains with a size of hundreds of nanometers were
also obtained in the samples after long-period or high temperature
aging (Figs. 3b, 4e, 5d and g). Then, a bimodal structure containing
ultra-fine and elongated grains was observed in the as-aged Al–
20 wt% Zn alloys.

In the as-rolled Al–20 wt% Zn alloy, the density of dislocations
in the shear bands was higher than that in other regions. The
dislocations have a significant contribution to the stored energy,
which is the driving force for both recovery and recrystallization
[22]. Thus, recrystallization occurred preferentially in the shear
bands of the as-rolled samples during aging treatment, and was
completed after aging at 100 °C for 960 min or 200 °C for 60 min
as shown in Figs. 4e and 5d. The aging conditions in the present
study did not lead to disappearance of elongated grains, but
greatly reduced the density of dislocations because of annealing
recovery.

4.2. Precipitation

The precipitation phase, as well as typical deformation micro-
structure, was obtained in the as-rolled Al–20 wt% Zn alloy. Our
previous study showed the formation of Zn clusters during RT
rolling under a very small degree of deformation. With the in-
crease in rolling deformation, the evolution process of Zn phase is
as follows: cluster-rod-like phase-equiaxed phase-phase
coarsening [21]. The equiaxed Zn phase was obtained after appli-
cation of 2.9 rolling strain (Fig. 2c). The 70 °C aging led to the
coarsening of Zn phase, while both phase coarsening and forma-
tion of new Zn phase occurred during aging at higher tempera-
tures (Figs. 3–5).

A large number of dislocations were observed near the nano-
sized precipitate/matrix interfaces after rolling [21]. These dis-
locations provided the driving force for the Zn precipitation and
led to the coarsening of the original Zn phase during low
temperature aging (Fig. 3c). Clearly, the new Zn phase precipita-
tion needs more energy. RT rolling leads to the formation of large
number of vacancies that are ideal sites for precipitation of solute
atoms. Therefore, a large number of rod-like dispersoids pre-
cipitated in the Al matrix after a short period of aging at 100 and
200 °C (Figs. 4b and 5b). With the increase in aging time, the rod-
like dispersoids changed to equiaxed shape and then coarsened,
and were finally located at the triple junctions of the Al grains
(Figs. 4d, 4f, 5d and 5e). The evolution process of Zn precipitation
during aging was similar to that of dynamic precipitation [14–21].

The GBs in the as-rolled Al–20 wt% Zn alloys contain a large
number of dislocations (non-equilibrium GBs). The high density of
dislocations provided a large number of atom propagation chan-
nels, thereby enhancing the mobility of Zn atoms during aging.
Thus, the Zn atoms tended to gather in the GBs, and the Zn phase
layers formed during aging. A very thin Zn layers with a thickness
of several nanometers can be identified between the Al grains
after aging at 200 °C for 15 min (Fig. 5c). With increasing aging
time, the thickness of the Zn layers increased, and the non-equi-
librium GBs changed to equilibrium GBs (Fig. 5f and i). The for-
mation of Zn phase layers between the Al grains were also ob-
served in the Al–20 wt% Zn alloys after severe plastic deformation
such as HPT [16,20].

4.3. Strengthening and deformation mechanisms

Fig. 8 summarizes the tensile properties of the Al–Zn alloys
based on the present study and previous reports. Compared with
as-HPT Al–Zn alloys, the as-rolled and as-aged Al–Zn alloys
showed higher strength but lower EL, although these samples
contained less Zn.

For the as-rolled Al–20 wt% Zn alloy, the main strengthening
mechanisms include precipitation strengthening by nanosized Zn
precipitates, work hardening by dislocations, and solid-solution
strengthening by lattice distortion. The net effects led to high
strength in the as-rolled sample. After aging, the density of



Fig. 5. TEM images of as-aged Al–20 wt% Zn alloy performed at 200 °C for (a), (b), and (c) 15 min; (d), (e), and (f) 60 min; and (g), (h), and (i) 600 min.

Fig. 6. Stress–strain curves of as-SS and as-rolled Al–20 wt% Zn alloys. The inset
shows the dimension of the tensile specimens.
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dislocations in the Al–20 wt% Zn alloys decreased, the density and
size of the Zn precipitate increased, and the Zn solubility de-
creased in the Al lattice. Thus, the YS of the as-aged Al–20 wt% Zn
alloys were lower than that of the as-rolled sample.

The stress–strain curve of the as-rolled Al–20 wt% Zn alloy
showed obvious work softening after yielding (Fig. 6). Two com-
petitive processes occurred during tension: (i) the increase of
dislocation density led to work hardening, and (ii) annihilation
and rearrangement of the preexisting dislocations led to work
softening. The extent to which the two processes occurred directly
depends on the preexisting dislocation density [23]. The high
density of dislocations in the as-rolled Al–20 wt% Zn alloy led to
that the latter process overrides the former, and consequently,
work softening occurs in the sample. Aging treatment effectively
decreases the density of dislocations, and then increases the work
hardening rate of Al–20 wt% Zn alloy. Compared with the as-rolled
Al–20 wt% Zn alloy, the 70 °C-aged sample shows higher UTS and
EL because of higher work hardening rate (Fig. 7a).

The EL of 100 °C-aged Al–20 wt% Zn alloys decreased with the
increase in aging time from 30 to 960 min as shown in Fig. 7b. The



Fig. 7. Stress–strain curves of as-aged Al–20 wt% Zn alloys performed at (a) 70 °C, (b) 100 °C, and (c) 200 °C.

Fig. 8. Summary of the tensile properties of Al–Zn alloys from the literatures and
this study.
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Zn phase coarsened with the aging time and acted as preferential
sites for crack nucleation during the tensile process. Then, the
plastic instability and the onset of necking occurred in the as-aged
Al–20 wt% Zn alloys after aging at 100 °C for 960 min.

The trend in the change of EL during 200 °C aging is similar to
that during 100 °C (Fig. 7c). Peak value appeared at short aging
period. The EL of 200 °C-15 min-aged Al–20 wt% Zn alloy is one
time higher than that of the as-rolled sample. The bimodal
structures of Al alloys composed of fine grains and elongated
coarse grains often show high ductility and strength [24–26]. Bi-
modal structures were also obtained in the 200 °C-aged Al–20 wt%
Zn alloys as shown in Figs. 1d, 5a, 5d and 5g. The coarse grains
with high dislocation absorption capacity can effectively impede
the propagation of microcracks during tension. Fine grains en-
hance the strength through the Hall–Petch relationship. Therefore,
the 200 °C-aged Al–20 wt% Zn alloys shows enhanced ductility
while retaining high strength.

Valiev et al. [16] demonstrated that the as-HPT Al–30 wt% Zn
alloy showed RT superplasticity (150%). The reason for this phe-
nomenon can be attributed to the development of thin layers of
Zn-rich GB phases, which leads to the occurrence of enhanced Al
GB sliding. In this study, the thin Zn layers with several nan-
ometers were also obtained between Al grains after aging at
200 °C for 15 min (Fig. 5c). Thus, the Zn layers also played a sig-
nificant role at the high EL of 200 °C-15 min-aged Al–20 wt% Zn
alloy. With the increase in aging time, the thickness of the Zn
layers increased, reducing the Al GB sliding capacity. The interface
between the Zn layers and Al GBs also provided a preferential
crack propagation path, leading to the decrease in EL.
5. Conclusions

This study suggests the potential for achieving high strength
and high ductility in binary Al–Zn alloys using rolling and aging
treatments. The following conclusions are reached:

(1) The recrystallization occurred preferentially in the shear
bands of the as-rolled Al–20 wt% Zn alloy during aging treat-
ment, and was completed after aging at 100 °C for 960 min or
200 °C for 60 min. The elongated grains in the as-rolled Al–
20 wt% Zn alloy show high thermal stability below 200 °C. A
bimodal structure containing ultra-fine and elongated coarse
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grains was formed in the as-aged Al–20 wt% Zn alloys.
(2) The Zn phase precipitated from Al lattice in Al–20 wt% Zn alloy

after an application of 2.9 rolling strain. The formation of Zn
layers between Al grains as well as the coarsening of original
Zn phase and the precipitation of new Zn phase occurred in
the as-rolled Al–20 wt% Zn alloy during the subsequent aging.

(3) The as-rolled Al–20 wt% Zn alloy showed high strength (YS
and UTS being 257 MPa and 350 MPa, respectively). Aging at
60–200 °C for short periods, the as-aged Al–20 wt% Zn alloys
showed balanced mechanical properties, including enhanced
ductility, and reasonable strength, compared with the as-rol-
led sample.

(4) The bimodal structure and thin Zn layers, caused by re-
crystallization and precipitation, respectively, during aging,
played significant roles in determining the mechanical prop-
erties of as-aged Al–20 wt% Zn alloys.
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