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a b s t r a c t

In this study, rolling was performed on a binary Ale35Zn alloy. The grain refinement and dynamic
precipitation were obtained in the rolled samples. The nano-sized Zn phase with a rod-like shape was
obtained in the hot rolled sample, whereas the precipitated Zn phases were coarsened to hundreds
nanometer with an equiaxed shape and located at the triple junctions of the Al grains after cold rolling.
The cold rolled sample exhibited excellent damping capacity, mainly attributed to the special micro-
structure characterized by fine grains, low solid solubility, and wetting interface between Al and Zn
phases. Furthermore, the cold rolled sample showed a ductile fracture and high ultimate tensile strength,
with the main strengthening mechanisms being dislocation and boundary strengthening. The hot rolled
sample with 90% reduction showed balanced mechanical properties, including high strength and
reasonable ductility. This work provided an effective strategy of preparing Al alloys with excellent
damping capacity and mechanical properties.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Damping and mechanical properties are two important factors
in the design of the structure materials in modern industries [1]. Al
alloys are widely used in aircraft, aerospace and defense applica-
tions because of their excellent mechanical properties [2]. How-
ever, Al alloys usually exhibit low damping capacity, which limits
their engineering applications in some fields.

In previous studies, it was reported that the damping capacities
of Al alloys could be improved by adding high-density macroscopic
pores [3] and high damping particles with a large size [4e8].
However, the mechanical properties of Al alloys such as tensile
strength or ductility are inevitably deteriorated by the pores and
such particles. So, obtaining a good combination of the mechanical
properties and damping capacities has become a critical challenge
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for the engineering applications of Al alloys.
According to the current internal friction theory, the damping

mechanism of Al alloys could be divided to dislocation damping
and interfacial damping [9e11]. The dislocation damping mecha-
nism is based on GranatoeLücke model [12]. In this case, the
damping behavior is related with the dislocation movement and
interaction between dislocations and pinning points such as solute
atoms, vacancies and precipitates [13,14]. Reducing the number of
solute atoms and precipitates can increase the damping capacity of
Al alloys. However, Al alloys with above structural characteristics
always exhibit a poor mechanical property due to the low solid
solution and precipitation strengthening effects.

For the interfacial dampingmechanism, the damping capacity of
Al alloys is mainly controlled by the phase boundary (PB) or grain
boundary (GB) sliding behaviors. It is well documented that
improvement of the PB or GB sliding capacity can increase the
damping capacity of Al alloys [10,15] and high PB/GB sliding ca-
pacity usually corresponds to the well mechanical properties of Al
alloys [16e19]. Phase/grain refinement and PB/GB structure opti-
mization can effectively optimize the PB/GB sliding behaviors of Al
alloys, and therefore improve the damping capacity of Al alloys
without sacrificing their mechanical properties.
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Zne22 wt.% Al eutectoid alloy exhibits high damping capacity
due to the well Al/Zn phases sliding capacity which can be
explained by the diffusive flux on the boundaries between Al and
Zn phases [15,20,21]. It is discovered that the similar microstruc-
ture with coexistence of equiaxed Al and Zn phases could be also
obtained in the AleZn alloys with lower Zn concentration after
solid solution treatment and deformation [22e26]. Our previous
works have shown that Ale20 wt.%Zn alloy after deformation also
possesses excellent strength and plasticity [27e29]. Thus, excellent
mechanical properties and damping capacity may be simulta-
neously obtained in the AleZn systems.

Sauvage et al. [24] found that the volume fraction of Zn phase in
the as-deformed AleZn alloys increased with increasing the Zn
content. Compared with the Ale20Zn alloy, the AleZn alloys with
higher Zn contents should contain more Zn phase and Al-Zn in-
terfaces under the same deformation process. So, a better combi-
nation of the mechanical properties and damping capacities is
expected to obtain in the AleZn alloys with higher Zn content.

In the present study, an Ale35 wt.%Zn alloy was rolled at
different conditions to investigate the effects of grain size, PB and
GB structures, precipitation, and dislocations on the damping ca-
pacity and mechanical properties of AleZn alloy. The aim is to
fabricate Al alloys with excellent damping capacity and mechanical
properties.

2. Experimental methods

The Ale35Zn alloy was prepared by melting the commercial
pure Al (99.9%) and pure Zn (99.9%) in a resistance heating furnace
with a graphite crucible. The as-cast alloy was solid solution
treatment with 753 K for 5 h and consequently quenched in water
(defined as SS). Rolling was conducted with three rolling proced-
ures: 1) hot rolling from 12 to 6mm for 6 passes (defined as 50 HR);
2) hot rolling from 12 to 1.2 mm for 10 passes (defined as 90 HR); 3)
hot rolling from 12 to 6 mm for 6 passes and subsequently cold
rolling to 1.2 mm for 4 passes at room temperature (defined as 50
HR þ 80 CR). The hot rolling temperature was controlled at
approximately 733 K and the samples were reheated in a furnace at
733 K for 5 min between every hot rolling pass.

The microstructures of the samples were examined by optical
microscopy (OM) and transmission electronmicroscopy (TEM, JEM-
2010). The films for TEM were prepared by grinding to a thickness
of 50 mm, followed by thinning using a twinjet electropolishing
device in a solution of 5 vol% acetic acid and 95 vol% methanol at
room temperature. The voltage was 10e15 V. The internal friction
behavior (i.e., damping performance) together with the dynamic
modulus of the samples was characterized using specimens with a
dimension of 1.2 mm � 4 mm � 25 mm. Internal friction tests were
conducted by a dynamic mechanical analyzer (Q800, TA) in single-
cantilever mode. Measurements were made at frequency (f) of
1e10 Hz, strain amplitudes (ε) of 3.5 � 10�3 to 1.8 � 10�1, and
temperatures (T) of 300e630 K with a heating rate of 5 K/min.
Furthermore the temperature dependent damping of commercial
Al alloys such as AA 7055-T6 and AA 5086-H112 were also char-
acterized for comparison.

Tensile tests were conducted on an Instron 5982-type testing
machine at a strain rate of 4 � 10�4 s�1. All of the specimens for
tensile test were machined parallel to the rolling direction. The
tensile fracture surfaces were observed by scanning electron mi-
croscopy (SEM, S4800).

3. Results and discussion

Fig. 1 shows the OMmicrostructures of the Ale35Zn alloys after
solid solution treatment and rolling. The equiaxed grains with an
average grain size of approximately 170 mmwere observed in the SS
sample (Fig. 1a). All hot rolled samples exhibited elongated grains
in the rolling direction, and the grain size decreased significantly as
the rolling reduction increased (Fig. 1b and c). The average short
axis size of the elongated grains in the 90 HR sample was approx-
imately 35 mm (Fig. 1c). The grains in the 50 HR þ 80 CR sample
were difficult to identify by OM due to the appearance of a high
density of cold rolling-induced shear bands (Fig. 1d).

Fig. 2 shows the TEM images of the Ale35Zn alloys after solid
solution treatment and rolling. The microstructure of the SS sample
was characterized by the low density of dislocations, well-defined
GBs, absence of precipitates in the grain interior and certain re-
sidual Zn phases with a size of several hundred nanometers along
the GBs (Fig. 2a). In the 50 HR sample, a high density of rod-like Zn
phase with sizes below 30 nm was observed in the grain interior
(Fig. 2b). Upon further increasing the hot rolling reduction to 90%,
larger sizes of the precipitated Zn phases were observed (Fig. 2c).
Compared with the hot rolled samples, the 50 HR þ 80 CR sample
exhibited significantly higher density of dislocations and finer Al
grains with a size of hundreds of nanometers. Furthermore, some
precipitated Zn phases were coarsened to as large as 200 nm,
changed to an equiaxed shape and located at the triple junctions of
the Al grains following cold rolling (Fig. 2d). Thus, more boundaries
between Al and Zn phases were obtained in the 50 HR þ 80 CR
sample.

A dynamic precipitation was observed in the Ale35Zn alloy
during rolling (Fig. 2). The Zn atoms exhibited high instability in the
Al lattices under deformation [22e26], and the solid solution
decomposition increased as the deformation degree increased
[27,28]. Therefore, the size of the precipitated Zn phases in the 90
HR sample was larger than that in the 50 HR sample. In our pre-
vious study, it was discovered that, compared with heating, both
the deformation-induced vacancies and dislocations could cause
themovement of larger number of Zn atoms and consequently easy
formation of the Zn phase [30].

Furthermore, the precipitated Zn particles tended to gather in
the crystal defects such as subgrain boundaries and dislocations.
Dynamic recrystallization led to continuous transformation of the
subgrain boundaries to the high-angle GBs during cold rolling, and
therefore some coarsened Zn particles with equiaxed shape were
situated at the triple junctions of the Al grains [28]. In this case, the
size of precipitated Zn phases and the boundaries between Al and
Zn phases in the 50 HRþ 80 CR samplewere respectively larger and
more than those in the 90 HR sample.

Fig. 3 shows the damping and storage modulus of the Ale35Zn
alloys. The damping capacities of the Ale35Zn alloys were
decreased with increasing frequency; this phenomenon was more
obvious in the 50 HR þ 80 CR sample (Fig. 3a). The numbers of
mobile dislocations in alloys increased with decreasing frequency
at a constant temperature and amplitude, because more pinned
dislocations could be activated at the low frequency stress. There-
fore, higher damping capacity was obtained during low-frequency
vibration according to the GranatoeLücke model [12]. Compared
with the SS and hot rolled samples, the 50 HR þ 80 CR sample
exhibited higher density of dislocations (Fig. 2), thus this sample
showed a much higher damping capacity at the low frequency
stress and more obvious decline of damping capacity with
increasing frequency.

The damping capacities of the Ale35Zn alloys were increased
with increasing strain amplitude, and the damping capacity of 50
HR þ 80 CR sample were higher than that of other samples in all
strain amplitudes (Fig. 3b). Based on the GranatoeLücke model
[12], solute atoms which are defined as weak pinning points, can
effectively pin the dislocation segments at low vibration amplitude.
Increasing the strain amplitude, dislocation segments break away



Fig. 1. OM images of various Ale35Zn samples: (a) SS, (b) 50 HR, (c) 90 HR, and (d) 50 HR þ 80 CR.
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from the weak pinning points but are still pinned by precipitates,
which are defined as strong pinning points. So increasing strain
amplitude, more pinned dislocations in the Ale35Zn alloys could
be activated, and higher damping capacity was obtained.

Large number of Zn atoms in the Al lattice was consumed by
dynamic precipitation during cold rolling. So, comparedwith the SS
and hot rolled samples, the 50 HR þ 80 CR sample exhibited less
weak pinning points, and higher damping capacity at low strain
amplitude. High density of GBs was obtained in the 50 HR þ 80 CR
sample due to the grain refinement. Similar to the dislocations, GBs
as a crystal lattice defect can also contribute to the damping
properties. Once the strain amplitude exceeds a critical value, the
vibration of GBs occurs, resulting in increased internal friction.
Therefore, the 50 HR þ 80 CR sample also exhibited excellent
damping capacity at high strain amplitudes.

Fig. 3c shows the variation of damping capacity with tempera-
ture for Ale35Zn alloys. The damping capacity was improved with
increasing temperature because the viscous flow at PBs or GBs
would convert mechanical energy into thermal energy as a result of
internal friction at PBs or GBs [31].

Rolling can obviously improve the damping capacity of Ale35Zn
alloys at both low and high temperatures. The damping peak height
of the 50 HR þ 80 CR sample was significantly higher than that of
other samples. As shown in Figs. 1 and 2d, the ultrafine Al grains
with a size below 1 mmwere obtained in the 50 HRþ 80 CR sample.
The fine grain structure always contributes to excellent GB sliding
capacity [2]. Therefore, the temperature-dependent damping ca-
pacities of Ale35Zn alloys were improved by rolling according to
interfacial damping mechanism.

The interface between Al and Zn phases has been proven to own
a well wettability, and the PB sliding capacities of Zn-Al and Al-Zn
can be improved by those special wetting interface [15,20,21,32].
So, the Zn-Al alloys exhibited well high-temperature damping
property [15,20,21]. In the present study, the Al-Zn interface was
also observed in the 50 HRþ 80 CR sample (Fig. 2d). Furthermore, it
was also found that the thin Zn layers could be developed between
the Al grains in the Al-20Zn alloy during cold rolling in our previous
study [29]. Valiev et al. [32] demonstrated that the GB sliding ca-
pacity of Al-Zn alloys could be significantly improved by intro-
ducing Zn phase between the Al/Al GBs. Thus, the 50 HR þ 80 CR
sample exhibited the best temperature-dependent damping
capacity.

The damping peaks in the 50 HR, 90 HR, and 50 HR þ 80 CR
samples were observed at temperatures about 630 K, 590 K, and
575 K, respectively. No peakwas observed in the SS sample (Fig. 3c).
The damping peak temperature in the 50 HR sample approximately
corresponds to about the recrystallization temperature (0.6 Tm) of
the Ale35Zn alloy. So the damping peaks in the Ale35Zn alloys
were caused by the recrystallization. A similar phenomenon was
also observed in the ZneAl alloys [15,20,21]. The decrease of
damping peak temperatures in the 90 HR and 50 HR þ 80 CR
samples can be attributed to the grain refinement, which can



Fig. 2. TEM images of (a) SS, (b) 50 HR, (c) 90 HR, and (d) 50 HR þ 80 CR Ale35Zn alloys.
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reduce the recrystallization temperature.
Fig. 4 shows the comparison of temperature dependent damp-

ing between Al-35Zn alloys and some commercial Al alloys such as
AA 7055-T6 and AA 5086-H112. The SS sample exhibited nearly
similar damping property with those of the commercial Al alloys.
While the damping property of the 50 HR þ 80 CR sample were
significantly higher than those of the commercial Al alloys due to
the higher GB sliding capacity in the 50 HR þ 80 CR sample. Table 1
summarizes the internal friction (IF) of SS, 90 HR, 50 HR þ 80 CR
samples and other high damping Al alloys and Al matrix compos-
ites (AMMCs), based on literature data [6,21,33,34]. The damping
capacity of the SS samplewas slightly lower that of the AMMCs. The
90 HR exhibited a significantly improved damping capacity, and the
value was close to the IF of the Al-78Zn alloy, which was regarded
as a high damping material [15,21]. For all of the Al alloys or
AMMCs, the 50 HR þ 80 CR sample exhibited highest IF value. So
cold rolling is an effective method to improve the damping capacity
of Al alloy.

The storage modulus values of the rolled Ale35Zn alloys
decreased, until reach to their damping peak temperatures, and
then increased with increasing the temperature (Fig. 3d). The
increased storage modulus at high temperatures could be attrib-
uted to the dissolution of Zn atoms into Al lattice in the rolled
Ale35Zn alloys at high temperature damping test.

The stressestrain curves of the rolled Ale35Zn alloys are
compared in Fig. 5. Compared with the 50 HR sample, the 90 HR
sample exhibited similar strength, but a significantly higher
ductility. The ultimate tensile strength (UTS) and tensile elongation
(EL) of the 90 HR sample reached up to 401 MPa and 9.6%,
respectively. Compared with the 90 HR sample, the 50 HR þ 80 CR
sample exhibited higher strength, but a significantly lower
ductility. The UTS and EL of this sample reached to 422 MPa and
4.6%, respectively.

The hot rolling reduction increase from 50% to 90% did not
change the strength of the rolled Ale35Zn alloy. A microstructural
analysis demonstrated the two competing effects of the further hot
rolling on the strength of the Ale35Zn alloy: (i) hardening by grain
refinement; and (ii) softening by coarsening of the nano-sized Zn
phases and the decomposition of the AleZn solid solution. The net
effect resulted in almost unchanged strength of Ale35Zn alloy
during the further hot rolling. The cold rolled Ale35Zn alloy
exhibited the highest strength, mainly attributed to the higher
density of dislocations and finer grains (Fig. 2d).

The tensile fracture surfaces of the rolled Ale35Zn alloys are
presented in Fig. 6. The 50 HR sample presented an intergranular
brittle fracture with partial dimple gliding features. The casting
defect such as crack was also observed in this sample (Fig. 6a).
Therefore, the 50 HR sample exhibited a low ductility.

The GBs and large numbers of dimples were observed on the
fracture surfaces of the 90 HR sample (Fig. 6b). So the rupture
model of this sample consists of intergranular and transgranular
fractures. A microstructural analysis demonstrated the two effects



Fig. 3. (a) Frequency, (b) strain amplitude, and (c) temperature dependent damping, and (d) temperature dependent storage modulus of Ale35Zn alloys after solid solution
treatment and different rolling processes.

Fig. 4. Comparison of temperature dependent damping between Al-35Zn alloys and
the commercial Al alloys such as AA 7055-T6 and AA 5086-H112 alloys.

Table 1
Comparison of IF of Ale35Zn alloys with other high damping Al alloys or AMMCs at
1 Hz and 523 K.

IF (Q�1) 3(%) References

AA8090-12%SiC 0.078 e [33]
AA2519-11%SiC 0.02 e [33]
AA6061-10%SiC 0.04 e [33]
A356 0.026 0.005 [34]
Al-11Si-2CNT-5SiC 0.078 e [6]
Al-78Zn 0.17 0.0001 [21]
SS 0.02 0.0001 This work
90 HR 0.137 0.0001 This work
50 þ 80 CR 0.306 0.0001 This work
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of further hot rolling on the ductility of the Ale35Zn alloy. First,
increasing rolling reduction led to that the grains of the Ale35Zn
alloy were significantly elongated along the rolling direction, and
shortened with respect to the normal direction (Fig. 1). The tensile
direction was parallel to the rolling direction, and the length of
single GB, which was parallel to the crack propagation direction
during tension, in the 90 HR sample was much shorter than that in
the 50 HR sample. Thus, the crack propagation along GBs was
suppressed in the Ale35Zn alloy, and the ductility of this sample
was improved after further hot rolling. Second, increasing rolling
reduction led to that the casting defects, which could act as pref-
erential sites for crack nucleation and preferential crack propaga-
tion path during the tensile process, were further eliminated in the
Ale35Zn alloy. Thus, the plastic instability and the onset of necking
of Ale35Zn alloy were suppressed after further hot rolling.

The ductile rupture was also observed in the 50 HR þ 80 CR
sample (Fig. 6c). The elongated grains were broken and recrystal-
lized grains were observed in the 50 HR þ 80 CR sample (Figs. 1d
and 2d). So, the intergranular fracture of the Ale35Zn alloy was
further suppressed by grain refinement after cold rolling. The depth
of the dimples in the 50 HRþ 80 CR sample was much smaller than
that in the 90 HR sample, which corresponds to the lower EL. The
structural characteristics with both the high density of dislocations
and the fine grains always led to a low dislocation accumulation
capability during tension [33e37], therefore the cold rolled
Ale35Zn alloy exhibited both a low work hardening capability and
low ductility.



Fig. 5. Stressestrain curves of Ale35Zn alloys produced with various rolling param-
eters. The inset is the dimension and shape of tensile specimen.

Fig. 6. Fracture surfaces of (a) 50 HR, (b) 90 HR, and (c) 50 HR þ 80 CR Ale35Zn alloys.
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4. Conclusions

In this study, the binary Ale35Zn alloy was rolled at different
conditions to investigate the effects of grain size, PB and GB
structures, precipitation, and dislocations on the damping capacity
and mechanical properties of this alloy. The following conclusions
are reached:

(1) The average grain size of Ale35Zn alloy decreased with the
increase of rolling reduction. The nano-sized Zn particles
with a rod-like shape were precipitated during hot rolling.
The cold rolling led to the formation of ultrafine Al grains,
and the precipitated Zn phases were coarsened to hundreds
of nanometers with an equiaxed shape, which were located
at the triple junctions of the Al grains.

(2) The room/high-temperature damping capacities of the
Ale35Zn alloywere simultaneously improved by cold rolling.
This phenomenon was mainly attributed to the special
microstructure characterized by fine grain structure, low
solid solubility, and special wetting interface between Al and
Zn phases in the cold rolled sample.

(3) The 50 HR þ 80 CR sample demonstrated a high tensile
strength of 422 MPa, with the main strengthening mecha-
nisms being work hardening by the high density of disloca-
tions and boundary strengthening by the grain refinement.

(4) The 90 HR sample showed balanced mechanical properties,
including an enhanced strength and a reasonable ductility.
The main strengthening mechanisms of this alloy included
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precipitation strengthening by the high density of nano-
sized Zn particles and boundary strengthening by the grain
refinement.
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