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This study investigated the effects of friction stir processing (FSP) and addition of 0.25% (mass ratio) Sc on the
microstructure, mechanical properties, and damping capacity of AA 7055 alloy. Microstructure analyses re-
vealed that a low tool rotation rate of 300 rpm effectively inhibited the grain coarsening in the recrystallization
of the alloy during FSP. Sc addition prevented the coarsening of grains and precipitated n phase and the an-
nihilation of dislocations in the FSP AA 7055 alloy. After being subjected to FSP at 300 rpm, the AA 7055 alloy

containing Sc exhibited good mechanical and damping properties, which were mainly attributed to the fine
recrystallized grain structure, fine precipitated n phase, and large number of nano-sized Al3(Sc, Zr) particles
located at the grain boundaries and dislocations. This work provides an effective strategy for preparing com-
mercial Al alloys with excellent damping capacity and mechanical properties.

1. Introduction

In recent years, researchers have attempted to develop metallic
materials with high damping and mechanical properties for application
to special active control devices in modern industries [1,2].

Given their low density and excellent mechanical properties,
Al-Zn-Mg(-Cu) series (7xxx) alloys are one of the most important
structural materials used in numerous fields, including aviation, aero-
space, and civilian transport [3-7]. However, commercial Al alloys,
including 7xxx Al alloys, are low-damping materials. Thus, the damping
capacity of 7xxx Al alloys must be improved to extend their engineering
applications.

Our previous investigation demonstrated that the damping capacity
of Al-35Zn alloy can be significantly improved through optimization of
grain structures by reducing the grain size, promoting the formation of
equiaxed grains, and introducing a wetting interface between the Al
and Zn phases [8]. Luo et al. [9] found that the excellent damping
capacity of metals was due to the grain structures with excellent grain
boundary (GB) sliding capacity. As such, the damping capacity of 7xxx
Al alloys can be enhanced by improving the GB sliding capacity.

Ma et al. [10,11] and Kang et al. [12] reported that 7xxx Al alloys
can achieve excellent GB sliding capacity when subjected to friction stir
processing (FSP) primarily because of the equiaxed fine grain structure
of these alloys. Hence, FSP may be an effective strategy for improving
the damping capacity of 7xxx Al alloys. In addition, FSP Al alloys ex-
hibited excellent mechanical properties, such as high strength and
toughness, which were attributed to the GB strengthening mechanism
and the excellent GB sliding capacity, respectively [10-15].

Liu et al. [13] reported that a FSP Sc-containing Al-Mg alloy ex-
hibited a more excellent GB sliding capacity than that of other FSP Al
alloys. This characteristic was mainly attributed to the grain refining
effect of Sc on Al alloys during deformation. Moreover, Sc addition has
been proven effective for refining the grains of 7xxx Al alloys [16-18].

Primary Al;(Sc, Zr) phases can serve as heterogeneous nucleation
sites for Al grains during solidification to induce grain refinement [19].
Furthermore, the Al3(Sc, Zr) particles that precipitated during homo-
genization can strongly pin the GBs during subsequent deformation and
consequently promote grain refinement [16-18]. Therefore, Sc addition
may also be another effective strategy for improving the damping ca-
pacity of the 7xxx Al alloys without sacrificing their mechanical
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Table 1
Chemical composition of the 7055 and 7055-0.25Sc alloys.

Zn Mg Cu Zr Sc
7055 7.82 1.95 2.24 0.16 -
7055-0.25S¢ 7.81 1.93 2.24 0.16 0.25

properties. However, no study has investigated on the damping beha-
vior of Sc-containing 7xxx Al alloys after FSP.

This study investigated the effects of FSP and Sc addition on the
microstructure, mechanical properties, and damping capacity of 7055
alloys. The aim was to fabricate 7xxx Al alloys with excellent damping
capacity and mechanical properties via FSP and Sc addition.

2. Experimental Methods

This study used 3 mm-thick rolled sheets of 7055 and 7055 con-
taining 0.25% (mass ratio) Sc (7055-0.25Sc) alloys. The chemical
compositions of these two alloys are shown in Table 1. The sheets were
subjected to solution treatment at 470 °C for 2h and then water
quenched (defined as SS).

FSP was conducted at a constant traverse speed of 100 mm min~
with different tool rotation rates of 300 and 1500 rpm, which were
denoted as FSP-300 and FSP-1500, respectively. A tool with a concave
shoulder (diameter: 10 mm) and a taper threaded pin (length: 2.7 mm;
diameter: 5 mm) were used.

The microstructures of the samples were examined by optical mi-
croscopy (OM), electron backscattered diffraction (EBSD), and trans-
mission electron microscopy (TEM, JEM-2010). EBSD measurements
were performed using a Hitachi S-3400N-II scanning electron micro-
scope. The films for TEM were ground to a thickness of 50 ym and
thinned using a twinjet electropolishing device.

The tensile tests were conducted on an Instron-3369-type testing
machine at a strain rate of 4 x 10~ *s~ !, The specimens were ma-
chined in parallel to the FSP direction. The fracture surfaces resulting
from the tensile tests were observed by scanning electron microscopy
(SEM, S-4800).

The internal friction behavior (i.e., damping performance) of the
samples was characterized using specimens with dimensions of
1.2mm X 4 mm X 25 mm. Internal friction tests were conducted with
a dynamic mechanical analyzer (Q800, TA) under single-cantilever
mode. Measurements were obtained at a strain amplitude (¢) of
1 x 10~ %, a frequency (f) of 1 Hz, and temperatures (T) ranging from
50 °C to 380 °C at a heating rate of 5 °C/min.
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3. Results

Fig. 1 shows the microstructures of the SS 7055 and 7055-0.25Sc
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alloys obtained by OM. After solid solution treatments, the SS 7055
alloy displayed an incompletely recrystallized structure composed of
elongated deformed grains and recrystallized equiaxed grains (Fig. 1a),
whereas the SS 7055-0.25Sc alloy was characterized by a fibrous rolling
deformation structure (Fig. 1b). Compared with the SS 7055 alloy, the
SS 7055-0.25Sc alloy exhibited a smaller grain size.

Fig. 2 shows the microstructures of the SS 7055 and 7055-0.25Sc
alloys obtained by TEM. Equiaxed particles with a size range of
20-30 nm were observed in the 7055 alloy (Fig. 2a). These particles
were considered the Al;Zr phase on the basis of the chemical compo-
sition and heat treatment process [20]. Compared with the SS 7055
alloy, the SS 7055-0.25Sc alloy exhibited a considerably higher density
of nano-sized particles (Fig. 2b). The chemical composition, heat
treatment process, and selected area of diffraction (SAD) indicated that
the nano-sized particles in the 7055-0.25Sc alloy after solution treat-
ment were the Al(Sc,Zr) phase.

Figs. 3 and 4 respectively show the microstructures and grain size
distributions of the FSP 7055 and 7055-0.25Sc alloys obtained by EBSD.
Completely recrystallized grains with equiaxed shape were observed in
all FSP samples (Fig. 3). The FSP-300 samples exhibited a multi-scale
grain structure composed of fine grains (as fine as 0.8 ym) and coarse
grains (larger than 20 pm). The average grain size (AGS) of the FSP-300
7055 alloy was approximately 3.6 um (Figs. 3a and 4a). The FSP-300
7055-0.25Sc alloy exhibited a lower proportion of large grains com-
pared with that of the FSP-300 7055 alloy, and the largest grain of this
sample was approximately 10 pm. The AGS of the FSP-300 7055-0.25Sc
alloy was approximately 1.7 um (Figs. 3b and 4b). When the rotation
rate was increased to 1500 rpm, the recrystallized grains of the FSP
samples became coarsened and more uniformly distributed. The AGSs
of the FSP-1500 7055 and 7055-0.25Sc alloys were approximately 5.2
(Figs. 3c and 4c) and 2.8 pm (Figs. 3d and 4d), respectively.

Fig. 5 shows the microstructures of the FSP 7055 alloys obtained by
TEM. SAD revealed that both Al3Zr and n phases were obtained in the
FSP-300 7055 alloy. AlsZr particles were observed in the precipitated n
phase in both samples, and this phenomenon was also observed in the
7055 alloy after heat treatment [20]. Compared with the FSP-300 7055
alloy (Fig. 5a), the FSP-1500 7055 alloy exhibited a larger n phase
(Fig. 5b).

Fig. 6 shows the microstructures of the FSP 7055-0.25Sc alloys
obtained by TEM. Precipitated n phases were observed in the FSP 7055-
0.25Sc alloys, and their size did not significantly increase with in-
creasing rotation rate (Fig. 6a and b). Compared with the FSP-1500
7055 alloy (Fig. 5b), the FSP-1500 7055-0.25Sc alloy exhibited a
smaller n phase (Fig. 6b). In addition, large numbers of nano-sized
Al5(Sc,Zr) particles were observed in the FSP 7055-0.25Sc alloys, of
which some were located at GBs (Fig. 6¢) and dislocations (Fig. 6d).

Fig. 7 depicts the stress—strain curves of the SS, FSP 7055, and 7055-
0.25Sc alloys. The mechanical properties of the samples are provided in
Table 2. The strengths of the 7055 and 7055-0.25Sc alloys decreased as

Fig. 1. OM micrographs of SS (a) 7055 and (b) 7055-0.25Sc alloys.
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the heat input was increased during FSP. By contrast, the ductility of
these two alloys exhibited an opposite trend with increasing heat input.
The UTS of the FSP-1500 7055 alloy was 41 MPa lower than that of the
FSP-300 7055 alloy, whereas the UTS of the FSP-1500 7055-0.25Sc
alloy was only 12 MPa lower than that of the FSP-300 7055-0.25Sc
alloy. These findings indicated that the FSP 7055-0.25Sc alloy exhibited
a higher thermal stability of microstructures during FSP at a high ro-
tation rate. The 7055-0.25Sc alloys exhibited a higher strength and
ductility than the 7055 alloys under the same processing conditions.
Compared with the other FSP samples, the FSP-300 7055-0.25Sc alloy
displayed balanced mechanical properties, including higher strength
and reasonable ductility.

Fig. 8 shows the variations of damping capacity with temperature
for the SS, FSP 7055, and 7055-0.25Sc alloys. The damping capacities
of all samples were improved with increasing temperature. The tem-
perature-dependent damping capacities of the SS 7055 and 7055-
0.25Sc alloys were improved by FSP, and the FSP-300 samples
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Fig. 2. TEM micrographs of SS (a) 7055 and (b) 7055-0.25Sc alloys.
The inset in (a) is the high magnification, and the inset in (b) is the
selected area of diffraction, and the red numbers correspond to the
planes of Alz(Sc,Zr). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. EBSD maps showing the grain structure of FSP-300 (a) 7055
and (b) 7055-0.25Sc alloys, and FSP-1500 (c) 7055 and (d) 7055-
0.25Sc alloys.

exhibited a higher damping capacity than the FSP-1500 samples
(Figs. 8a and b). Moreover, the 7055-0.25Sc alloys exhibited a higher
damping capacity than the 7055 alloys under the same processing
conditions (Fig. 8c).

4. Discussion

Nano-sized Als;Zr and Als(Sc,Zr) phases were formed in the 7055
and 7xxx-Sc alloys during homogenization treatment, and these phases
can pin the GBs during subsequent rolling and solution treatments
[16-18,20]. The density of the Al3(Sc,Zr) phase in the 7055-0.25Sc
alloy was significantly higher than that of Al3Zr in the 7055 alloy
(Fig. 2). Thus, more fine grains were retained in the SS 7055-0.25Sc
alloy (Fig. 1).

FSP can refine the grains of 7055 and 7055-0.25Sc alloys, and de-
creasing the rotation rate has been proven effective in reducing the heat
input during FSP [21,22]. Therefore, FSP with 300 rpm inhibited the
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Fig. 4. Grain size distributions of FSP-300 (a) 7055 and (b)

7055-0.25Sc alloys, and FSP-1500 (c) 7055 and (d) 7055-
0.25Sc alloys.
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coarsening of recrystallized grains in these two alloys (Fig. 3).

The high temperature during FSP led to the precipitation in the
7055 and 7055-0.25Sc alloys, and the nano-sized particles provided
preferential nucleation sites for precipitates because of the high inter-
facial energy. Thus, GP zones precipitated in the Al;Zr particles in the
FSP 7055 alloys. Then, the increase in the friction-induced temperature
transformed the GP zones into n phase. Consequently, AlsZr particles
were observed on the precipitated n phase (Fig. 5). Increasing the ro-
tation rate can enhance the heat input during FSP [21,22] and therefore
further promote the precipitation in the 7055 alloy. Thus, compared
with the FSP-300 7055 alloy, the FSP-1500 7055 alloy exhibited a
larger 1 phase (Fig. 5).

Minor Sc addition inhibited the coarsening of the n phase in the
7055 alloy during FSP (Figs. 5 and 6). Using a 3D atom probe, Chen
et al. [23] and Jiang et al. [24] found that Sc atoms were segregated at
the precipitated phase/Al matrix interfaces in AI-Cu-Sc alloys, and that
the growth of the precipitated phase was inhibited by these Sc atoms
[23]. In the present study, a large number of Sc atoms was also located
at the precipitated n phase/Al matrix interfaces. Thus, the n phase in the
7055-0.25Sc alloy exhibited a high thermal stability during FSP with
high heat input, and the size of the n phase was smaller in the FSP-1500
7055-0.25Sc alloy than in the FSP-1500 7055 alloy (Figs. 5b and 6b).
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Numerous Als(Sc, Zr) particles located at the GBs in the 7055-
0.25Sc alloys (Figs. 2b and 6¢) can strongly pin the GBs during de-
formation [25,26], thereby preventing intense grain growth (Fig. 3).
Therefore, the structure of the FSP 7055-0.25Sc alloy displayed more
fine grains. However, the grain growth in the FSP 7055 alloy was not
completely suppressed by Sc addition, and this phenomenon was also
observed in the other 7xxx Al alloys during friction stir welding (FSW)
[25]. FSP or FSW promoted the generation of additional GBs generation
in the Al alloys via grain refinement, and the non-uniform distribution
of the Al3(Sc, Zr) phase in the Sc-containing 7xxx Al alloys diminished
the pinning effect in a number of GBs. Consequently, the grain growth
in these alloys was not completely suppressed. Additional dislocations
that formed during FSP were also reserved in the FSP 7055-0.25Sc alloy
because of the dislocation pinning effect of Al3(Sc, Zr) particles
(Fig. 6d).

Compared with the SS samples, the FSP samples exhibited reduced
strength (Fig. 7). Microstructure analysis revealed two competing ef-
fects of FSP on the strengths of the SS 7055 and 7055-0.25Sc alloys: (i)
hardening caused by grain refinement and precipitates; and (ii) soft-
ening caused by the decomposition of the supersaturated solid solution.
The net effect resulted in decreased strength after FSP.

Increasing the rotation rate led to the coarsening of the grains and

Fig. 5. TEM micrographs of (a) FSP-300 and (b) FSP-1500 7055 al-
loys. Red arrows denote Al;Zr particles, and white arrows denote the
n phase. The inset in (a) is the selected area of diffraction. Red arrows
denote the planes of the Al;Zr phase, and white arrows denote the
planes of the n phase. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)
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Table 2

Tensile properties of 7055 and 7055-0.25Sc alloys after solid solution treatment and FSP
with various parameters (YS: yield strength; UTS: ultimate tensile strength; EL: tensile
elongation).

YS (MPa) UTS (MPa) EL (%)
SS 7055 467 576 11
7055-0.25S5¢ 470 620 13
FSP-300 7055 337 510 13
7055-0.25S¢ 436 560 15
FSP-1500 7055 328 469 15
7055-0.25Sc 419 548 18
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Fig. 6. TEM micrographs of (a) FSP-300 and (b), (c), (d) FSP-1500
7055-0.25Sc alloys. Arrows in (c) denote GBs, and arrows in (d) de-
note dislocations.

the precipitated phases, thereby decreasing the strength of the FSP
samples. However, for the FSP 7055-0.25Sc alloys, the FSP-1500
sample exhibited a slightly lower strength than the FSP-300 sample
because of the high thermal stability of the structure (Fig. 6). FSP ef-
fectively inhibited the coarsening of the grains and the n phases as well
as the annihilation of dislocations in the 7055-0.25Sc alloys because of
the pinning effects of the Alz(Sc,Zr) particles and the Sc atoms (Fig. 6).
Thus, compared with the FSP 7055 alloy, the FSP 7055-0.25Sc alloy
under the same FSP conditions exhibited a higher strength because of
the higher GB, precipitation, and dislocation strengthening.

Compared with the SS samples, the FSP samples exhibited higher
ductility (Fig. 7), which was mainly attributed to the more homogenous
microstructures of the latter. In view of the homogenous micro-
structures in the FSP samples, the redistribution of the stresses during
tension prevented strain localization [27], thereby achieving a con-
siderable elongation before failure.

For alloys with fine grain structure, dislocations can be annihilated
at GBs, resulting in the accumulation of few dislocations inside the
grain interior during deformation. Such alloys always exhibit a low
work hardening capacity and poor ductility [28]. FSP with high heat
input resulted in grain coarsening, thereby improving the dislocation
storage capacity of the FSP samples. Nano-sized Al3(Sc, Zr) particles,
which can pin dislocations, also improved the dislocation storage ca-
pacity. Thus, the FSP-1500 samples exhibited higher ductility than the
FSP-300 samples, and the ductility of the 7055-0.25Sc alloys was higher
than that of the 7055 alloys under the same processing condition.

Continuous heating promoted GB sliding and improved the damping
capacities of the samples (Fig. 8). Both FSP and Sc addition promoted
the grain refinement of the 7055 alloy, and a fine grain structure always
contributed to an excellent GB sliding capacity [10-15]. Thus, the
temperature-dependent damping capacity of the SS 7055 alloy was
improved by FSP and Sc addition according to the interfacial damping
mechanism [9,29]. Furthermore, nano-sized Al3(Sc,Zr) particles, which
were located at GBs (Fig. 6¢), effectively inhibited the growth of fine
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7055 and 7055-0.25Sc alloys.

grains at high temperature [19]. Thus, the GB sliding capacities of the
7055-0.25Sc alloys were improved during high-temperature damping
test, and the FSP-300 7055-0.25Sc alloy exhibited the optimal high-
temperature damping capacity.

5. Conclusions

This study demonstrated the potential to achieve good mechanical
properties and high damping capacity in 7xxx Al alloys via FSP and Sc
addition. The following conclusions were drawn:

(1) Low tool rotation rate (300 rpm) and minor Sc (0.25%) addition
effectively inhibited the grain coarsening in the recrystallization in
the 7055 alloy during FSP. An average grain size of approximately
1.7 um was obtained in the FSP-300 7055-Sc alloy.

(2) Sc addition effectively inhibited the coarsening of the precipitated n
phase and the annihilation of dislocations of the 7055-Sc alloy
during FSP with a high tool rotation rate (1500 rpm).

(3) The FSP 7055-0.25Sc alloys exhibited a higher strength and ducti-
lity than the FSP 7055 alloys under the same processing conditions.
In addition, compared with the other FSP samples, the FSP-300
7055-0.25Sc alloy displayed balanced mechanical properties, in-
cluding higher strength and reasonable ductility.

(4) The temperature-dependent damping capacity of the 7055 alloys
was improved by FSP and Sc addition, and the FSP-300 7055-
0.25Sc alloy showed the best damping capacity mainly because of
its equiaxed fine grain structure.
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