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Abstract

This study investigated the microstructure, mechanical, and damping properties of a non-age-hardened Al alloy (5086) and
an age-hardened Al alloy (7075) after friction stir processing (FSP). Microstructural analyses indicate that FSP led the grain
refinement of samples, and the grains size decreased with the decrease in the tool rotation rate. Furthermore, FSP with low
rotation rate promotes the # phase precipitation in the 7075 alloy, causing the micron-sized particles in the 5086 alloy to
break up. After being subjected to FSP with low rotation rate, the 5086 and 7075 alloys exhibited excellent mechanical and
damping properties. Such improved properties were ascribed to their equilibrium grain boundaries, fine grain, low density
of dislocations, high fraction of high misorientation angle, and uniform particle distribution.

Keywords Aluminum alloy - Mechanical properties - Damping

1 Introduction

Commercial aluminum (Al) alloys have been widely used
in the automotive, aircraft manufacturing, and shipbuilding
industries, because of their excellent mechanical proper-
ties and low densities [1-4]. Vibrations, which often lead
to fatigue failure of structural materials, have been the sub-
ject of increasing attention in the above fields [5]. The high
damping capacity of materials promotes the mechanical
energy absorption and dissipation during vibrations [6-9].
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However, commercial Al alloy is a low damping material,
and its damping capacity needs to be improved to meet the
increasing demand for high-damping materials in engineer-
ing applications.

In the previous study, it was found that the rolled binary
Al-Zn alloy exhibited an excellent damping capacity [8,
10, 11]. The as-deformed Al-Zn alloys were always char-
acterized by the structure of wetting Al/Zn interface and
fine grains, corresponding to the excellent grain boundaries
(GBs) sliding during deformation [12]. Thus, the high damp-
ing capacity of the binary Al-Zn alloy can be attributed to its
high GBs sliding capacity, according to the interface damp-
ing theory [13]. Therefore, optimizing grain structures could
improve the GB sliding capacity, which in turn enhances the
damping capacity of commercial Al alloys.

Friction stir processing (FSP) is an effective method to
fabricate Al alloys with ultrafine and equiaxed grains struc-
ture. It was found that this structure can promote the GB
sliding in Al alloys [14—-19], and these FSP samples always
exhibit superplasticity [16, 20, 21]. Thus, FSP could be also
used to improve the damping capacity of commercial Al
alloys.

Here the effects of FSP on the microstructure, mechanical
properties, and damping capacity of both the age-hardened
(7075) and non-age-hardened (5086) alloys are investigated.
The aim is to fabricate high-performance commercial Al
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alloys with excellent damping capacity and mechanical
properties by means of FSP.

2 Experimental

The raw materials were 5086-H112 plate and 7075 plate
with solid solution treatment (SS) state. The thickness of
the two plates was 10 mm. Table 1 shows the composi-
tions of the 5086 and 7075 alloys. For the 5086 alloy, FSP
was performed at a tool traverse speed of 100 mm min~!
and rotation rates of 400 and 1200 rpm. These samples
were defined as 400-100-FSP 5086 and 1200-100-FSP
5086, respectively. For the 7075 alloy, FSP was performed
at a tool traverse speed of 50 mm min~! and rotation rates
of 400 and 800 rpm. These samples were defined as 400-
50-FSP 7075 and 800-50-FSP 7075, respectively. The tool
with a concave shoulder of 10 mm in diameter and a taper
threaded pin of 2.5 mm in length was used.

Electron backscatter diffraction (EBSD) and transmis-
sion electron microscopy (TEM) were employed to exam-
ine the microstructures of the samples. The specimens for
EBSD were mechanically polished and then electrolyti-
cally polished in a solution of 10% perchloric acid and
90% alcohol at 20 V in room temperature. EBSD analysis
was performed using a Hitachi S3400N scanning elec-
tron microscope coupled with an EDAX EBSD system
at an operating voltage of 20 kV and a working distance
of 15 mm. The specimens for TEM were polished to a
thickness of 50 mm and then thinned by using a twin-
jet electropolishing device in a solution of 10% perchlo-
ric acid and 90% methanol at room temperature. TEM
images were obtained by TEM (JEOL-2010) at 200 kV.
The microstructural examination was performed on the
rolling direction—normal direction plane for the base met-
als (BMs) and FSP direction—normal direction plane for
the FSP samples.

The tensile tests were performed on an Instron-3369-
type testing machine, and the tensile test specimens were
parallel to the FSP direction. The thickness of tensile
specimen was 3 mm. The damping performance was per-
formed on TA-Q800-type dynamic mechanical analyzer,
and specimens for the damping test were machined in the
size of 25 mm X4 mm X 1.2 mm. The damping test was
conducted at 1 x 107 strain amplitude, 1 Hz frequency,
the test temperatures from 50 to 355 °C, and the heating
rate of 5 °C/min.

3 Results and Discussion

Figure 1 shows the TEM micrographs of the BMs and FSP
samples. The energy-dispersive spectroscopy, which was not
displayed in this paper, showed the second-phase particles in the
5086 BM were Al,Mn, Al;Mg,, and Mn-Fe—Al intermetallic
phases. Furthermore, the high density of dislocations was also
observed in the 5086 BM due to the hot deformation (Fig. 1a).
FSP is a severe plastic deformation process, and the FSP with
low rotation rate caused the significant breakup of these particles
in the 5086 alloy (Fig. 1b). The heat input during FSP increased
with increasing the rotation rate [18, 22-24]. Thus, increasing
the tool rotation rate enhanced the temperature, thereby dissolv-
ing some of Al;Mg, phase due to the high solubility of Mg
atoms in the Al lattice. As a result, the density of second-phase
particles in the 1200-100-FSP 5086 decreased (Fig. 1c). The
temperature rise during FSP also led to the annihilation of dis-
locations in the 5086 alloy, and thus, the FSP 5086 samples
showed a lower density of dislocations than the BM.

The residual Zn,Mg () phase can be observed in the
7075 SS alloy (Fig. 1d). The 7075 alloy is an age-hardened
Al alloy, and the temperature rise during FSP with low rota-
tion rate caused the precipitation of the # phase. A large size
and high density of precipitated # phase were thus observed
in the 400-50-FSP 7075 sample (Fig. le). Increasing the
rotation rate to 800 rpm, the coarsening of the # phase in
the 7075 alloy was promoted, but the high temperature also
led the resolution of some # phase, and more solute atoms
were retained in the Al lattice. Thus, the 800-50-FSP 7075
exhibited a lower density and larger grain size of precipitated
phase than the 400-50-FSP 7075 (Fig. 1f).

Figure 2 shows the grain structures of the BMs and FSP
samples. The 5086 BM had a bimodal structure composed
of equiaxed recrystallized grains with 2 pm in diameter,
and elongated coarse grains, which had an average width
of 30 pm and a length of 80 pm (Fig. 2a). FSP promoted
the coarsening of fine equiaxed recrystallized grains and the
recrystallization of elongated coarse grains in the sample as
a result of thermo-mechanical coupling effects. Thus, the
uniform distribution of the grain size was observed in the
5086 after FSP, and the grains in shape of the FSP samples
were equiaxed (Fig. 2b, ¢). The 7075 BM possessed coarse
equiaxed grains due to the solid solution treatment, and
most of the grains in the sample were larger than 100 pm
(Fig. 2d). The equiaxed recrystallized grains were also found
in the two FSP 7075 samples (Fig. 2e, f).

Table 1 Chemical compositions

. Alloys Zn Mg Cu Fe Mn Si Cr
of the 5086 and 7075 alloys

5086 0.03 4.1 0.02 0.16 0.45 0.07 0.1

7075 5.5 24 1.5 0.13 0.03 0.06 0.2
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Fig. 1 TEM micrographs of a 5086 BM, b 400-100-FSP 5086, ¢ 1200-100-FSP 5086, d 7075 BM, e 400-50-FSP 7075, f 800-50-FSP 7075 sam-

ples

Figure 3 shows the grain size distributions of the FSP
samples. For the same alloy, the FSP sample with high rota-
tion rate exhibited higher frequency of large grains than the
sample after low rotation rate FSP. The average grain size
of the 400-100-FSP 5086 sample was ~8.2 pm (Fig. 3a),
and the 1200-100-FSP 5086 sample exhibited a larger aver-
age grain size of ~10.5 pm (Fig. 3b). Compared with the
FSP 5086 samples, the FSP 7075 samples exhibited nar-
rower grain size distribution. The average grain sizes of the
400-50-FSP 7075 and 800-50-FSP 7075 samples were ~4
(Fig. 3c) and ~6 pm (Fig. 3d), respectively.

The coarsening of recrystallization grain in the Al
alloys during FSP can be effectively inhibited by reduc-
ing the rotation rate. Therefore, the FSP sample with low
rotation rate exhibited a smaller grain size than the FSP
sample with high rotation rate for the same alloy. The
heat input during FSP also decreased with increasing the
tool traverse speed [18]. However, the average grain size
of the 400-50-FSP 7075 was much lower than that of 400-
100-FSP 5086 sample; even the 7075 BM exhibited larger
grains than the 5086 BM (Fig. 2a, d). The 7075 alloy
content much more fine particle phases (Fig. 1), which

can pin the GBs during thermo-mechanical treatments,
than the 5086 alloy. Thus, the coarsening of recrystal-
lization grain in the 7075 was effectively inhibited
during FSP.

Figure 4 shows the misorientation angle distributions
of 5086 and 7075 samples. The two BMs exhibited higher
fraction of low angle boundaries than the FSP samples.
The average angles of the 400-100-FSP 5086, 1200-100-
FSP 5086, 400-50-FSP 7075, and 800-50-FSP 7075 sam-
ples were 24.5°,21.3°, 32.1°, and 25.1°, respectively.

Figure 5 depicts the stress—strain curves and mechani-
cal properties of the samples, respectively. Compared
with the 5086 BM, the FSP 5086 samples exhibited lower
yield strength (YS), greater elongation (EL), and nearly
equal ultimate tensile strength (UTS). Compared with the
microstructure of BM, the FSP samples were characterized
by lower density of dislocations (Fig. 1) and finer grains
(Figs. 2, 3). Thus, the FSP samples exhibited higher GB
strengthening but lower dislocations strengthening than
the BM. For the Al alloys, the GB strengthening effect is
not obvious due to their low Hall-Petch parameter. Thus,
FSP decreased the YS of 5086 alloy.

@ Springer



1138 H.-). Jiang et al.

.p.l‘_)'
P

.

¥
h{
.@

v\ (3
Sl

i1/
Aven <>y
OoLRE

Fig.2 Orientation maps of a 5086 BM, b 400-100-FSP 5086, ¢ 1200-100-FSP 5086, d 7075 BM, e 400-50-FSP 7075, £ 800-50-FSP 7075 sam-

ples

The FSP 5086 samples displayed greater EL than the
5086 BM mainly due to their higher work hardening capabil-
ities. The FSP samples possessed low dislocations density,
equilibrium GBs, and more uniform distribution of second
phase, thereby leading to excellent dislocation accumula-
tion capability during tension, which, in turn, improved the
work hardening capability, and the high work hardening rate
always corresponds to high EL of Al alloys [25, 26].

Compared with the 1200-100-FSP 5086 sample, the 300-
100-FSP 5086 sample exhibited finer grains (Fig. 3) and
higher fraction of high angle GB (Fig. 4). The finer and more
homogeneous grains could prevent the strain localization by
redistribute stress in the samples during deformation process
[27], Thus, the 400-100-FSP 5086 sample had higher UTS
and EL than the 1200-100-FSP 5086 sample (Fig. 5a).

The FSP 7075 samples had lower strengths than the
7075 BM samples. The ductility of the FSP 7075 was
improved by decreasing the tool rotation rate, and the
400-50-FSP 7075 sample achieved an EL of up to 15%,
which is equal to that of the BM (Fig. 5b). Microstructural
analysis revealed that FSP has two competing effects on
the tensile strength of the 7075 SS: (1) the decrease in size
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of grains (Figs. 2, 3) and the increase in density of micron-
sized particles (Fig. 1) increased the GB and second-phase
strengthening effects of the sample, respectively; and (2)
the solid solution decomposition (Fig. 1) decreased the
solid solution strengthening effect of the sample. The net
effect led the FSP samples exhibit lower strength than the
BM. More solute atoms were retained in the Al lattice in
the 800-50-FSP 7075 sample (Fig. 1); thus, this sample
had a higher strength than the 400-50-FSP 7075 sample
due to the higher solid solution strengthening. The finer
and more homogeneous grains (Figs. 2, 3, 4) led the 400-
50-FSP 7075 sample to have higher EL than the 800-50-
FSP 7075 sample (Fig. 5b).

Figure 6 shows the variations in damping capacity with
temperature of samples. As the temperature increased, the
damping capacities of all samples improved. For the 5086
alloy, 400-100-FSP improved the damping capacity, whereas
1200-100-FSP deteriorated the damping capacity. FSP with
both low and high tool rotation rates improved the damping
property of the 7075 alloy.

According to the current damping theory, interface
and dislocation damping are the two important damping
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Fig.3 Grain size distributions for a 400-100-FSP 5086, b 1200-100-FSP 5086, ¢ 400-50-FSP 7075, d 800-50-FSP 7075 samples

(a) N 5086 BM
I 400-100-FSP 5086

I 1200-100-FSP 5086

0.6+

0.5

0.4

0.34

0.2 4

S 10 15 20 25 30 35 40 45 50 55 60 65
Misorientation (%)

Relative frequency

0.1

0.0-

15 20 25
Misorientation (°)

30 35 40 45 50 55 60 65

Fig.4 Misorientation angle distributions of a 5086, b 7075 alloys

mechanisms for metals during vibration at high tempera-
tures [28]. The damping peaks, which correspond to the GB
relaxation of Al during the temperature-dependent damping
test [29, 30], were obtained in the curves for the four FSP
samples. This means that the FSP promoted the GBs sliding
of Al alloys, and the GBs sliding led the mechanical energy
to convert into thermal energy, and then, the interface damp-
ing was increased during vibration [31, 32].

(b) N 7075 BM
[ 400-50-FSP 7075

I 800-50-FSP 7075

Relative frequency
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Relative frequency
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The damping peak was observed at approximately 260 °C
in the curves for the FSP 5086 samples, while the peak was
observed at approximately 230 °C in the curves for the FSP
7075 samples. Grain refinement can reduce the temperature
of GB sliding in the Al alloys with high fraction of high
misorientation angle structure, thereby reducing their GB
sliding temperatures [33]. The FSP 7075 alloys with finer
grains thus exhibited lower damping peak temperatures and
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Fig.6 Damping capacities of a 5086, b 7075 alloys

higher internal friction value than the FSP 5086 alloys. For
the same alloy, the finer grains (Fig. 3) and higher fraction of
high angle boundaries (Fig. 4) also led the FSP sample with
low rotation rate exhibit higher internal friction value than
the FSP sample with high rotation rate and BM.

The number of point defects increases with the increase
in temperature during vibration, and the damping behavior
of metal is controlled by vacancy motion [34, 35]. Thus, the
dislocation damping also increased with the increase in the
temperature.

According to the dislocation damping mechanism, the
second phase could act as the pinning points, which pin the
motion of vacancies during vibration and reduce the inter-
nal friction of metals. For the 5086 alloy, the FSP samples
exhibited higher density of second phase than the BM due
to the particle fragmentation during FSP. While for the 7075
alloy, the FSP samples also exhibited higher density of pre-
cipitated particles than the BM due to the precipitation dur-
ing FSP (Fig. 1). Thus, the FSP decreased the dislocation
damping during vibration. The net effects of interface and
dislocation damping behavior led the 1200-100-FSP 5086
exhibit lower internal friction than the 5086 BM (Fig. 6a).
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4 Conclusions

The effect of FSP on the microstructure, mechanical, and
damping properties of 5086 and 7075 alloys were studied in
this paper. The following conclusions were obtained:

(1) FSP caused the breakup of micron-sized particles in
the 5086 matrix and promoted the precipitation in the
7075 alloy. Low rotation rate inhibited the coarsening
of the recrystallized grains in the 5086 and 7075 alloys
during FSP. Average grain sizes of ~8.2 and ~4 pm
were obtained in the 400-100-FSP 5086 and 400-50-
FSP 7075 samples, respectively. FSP also enhanced the
fraction of high angle boundaries.

Compared with the 5086 H112 alloy, the 5086 after
FSP exhibited lower YS, greater EL, and nearly equal
ultimate UTS, while the mechanical properties of 7075
SS alloy were deteriorated by FSP.

FSP promoted the GBs sliding of 5086 and 7075 alloys
and then increased the interface damping, while the
FSP also increased the density of the second phases
in the 5086 and 7075 alloys and then decreased the

2

3
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dislocation damping during vibration. The net effects
led the FSP sample with low rotation rate exhibit higher
internal friction value than the FSP sample with high
rotation rate and BM for the same alloy.
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