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Abstract The effects of heating rate prior to tension on
the microstructure and superplastic behavior of friction stir
processed (FSP) 7075A1 alloy, with an initial grain size of
6.2 um, were investigated. Under both slow and fast
heating rates, the FSP specimens exhibited excellent grain
stability without abnormal growth at elevated temperatures
up to 535 °C. At temperatures lower than 500 °C, both
specimens exhibited similar microstructure and superplas-
tic behavior. At 535 °C, specimens heated via slow heating
rate exhibited worse superplasticity compared with those
heated by fast heating rate, because of significantly
coarsened second-phase particles after high temperature
exposure for a long time, which blocked grain boundary
sliding during superplastic deformation and resulted in a
premature fracture of specimens. It was identified that fast
heating rate can prevent the particle coarsening and thus
the grain growth during heating process -effectively,
thereby favoring obtaining an excellent superplasticity at
elevated temperatures.

Introduction

Superplasticity is defined as the ability of a polycrystalline
material to exhibit, in a generally isotropic manner, very
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high tensile elongations prior to failure [1]. The super-
plasticity of metallic materials is of considerable interest
because of its wide applications in fabricating complex-
shaped workpieces [2]. The grain size of a metallic mate-
rial is one of the most important factors that affect the
superplasticity [3]. It has been well established that high
superplastic ductility can be achieved in the metallic
materials with grain sizes below 10 pm [4-6].

Furthermore, the thermal stability of the fine grains
during preheating and superplastic deformation is another
important factor for achieving high superplasticity. The
thermal stability of the fine-grained alloys is influenced by
the grain size and distribution, the grain boundary type, and
the size and distribution of second-phase particles [7-11].
Previous studies showed that the addition of scandium or
other rare earth elements to aluminum can generate a dis-
tribution of fine particles that substantially stabilize the
fine-grained microstructure produced by severe plastic
straining [11-14].

In addition to the microstructural characteristics and
chemical composition of the alloys, the heating rate can
also influence the stability of fine-grained alloys. Hassan
et al. [10] found that when the heating rate was reduced, the
fine-grained 7010Al alloy became progressively coarser
with obviously discontinuous grain growth behavior.

For superplastic test, tensile specimens should be heated
to a preset temperature at a certain heating rate and then
held for a period to reach thermal equilibrium prior to
tension. Generally, the tensile specimens can be heated to a
preset temperature by different heating rates. For example,
in a study by Ma et al. [15], the tensile specimens were
fastened in the testing apparatus at room temperature,
preheated to a preset temperature, and then held for 20 min
to establish thermal equilibrium prior to tension. Similarly,
Takayama et al. [16] heated the specimens to a given



J Mater Sci (2015) 50:1006-1015

1007

temperature at a rate of 34.2 °C min~"' and then held at that
temperature for 30 min. Komura et al. [17] also heated the
specimens to the required temperature over a period of
30 min and held at that temperature for 10 min to establish
thermal equilibrium.

On the other hand, fast heating was also used for
superplastic test. For example, in the studies of Wang et al.
[18] and Sotoudeh and Bate [19], the tensile specimens
were directly put into the tensile tester which had been
heated to the preset temperature in advance and then held
at that temperature for 20 min. In Kim et al.’s study [20],
the specimens were heated to the test temperature within
only 5 min, and then kept at that temperature for 5 min
before the tensile loading was initiated.

Our previous study [18] showed that friction stir pro-
cessed (FSP) 7075Al alloy, which was heated to a preset
temperatures in a short time, exhibited exceptionally high
elongation of 3250 % at a high strain rate of 1 x 1072 s~ !
and 535 °C, which just a little exceeded the incipient
melting temperature of this alloy (527 °C) [18]. In contrast,
FSP 7075Al1 alloy, which was heated with a slow heating
rate, did not show the same order of elongation at a high
temperature of 530 °C [15]. This implies that the pre-
heating rate for the tensile specimens might exert a sig-
nificant effect on the superplastic behavior of fine-grained
alloys. However, the detailed investigation in this subject is
lacking in the literature.

In this study, the fine-grained 7075Al alloy produced by
FSP was subjected to a detailed superplastic investigation
at different preheating rates. The aim of the present work is
to understand the effects of heating rates on the micro-
structure and superplastic behavior of fine-grained alumi-
num alloys.

Experimental

Commercial 7075A1-T651 rolled plates 8 mm thick,
70 mm wide, and 400 mm long with a nominal composi-
tion of 5.85Zn-2.56Mg—-1.89Cu-0.22Cr (in wt%) were
used. A single-pass FSP was carried out at a tool rotation
rate of 1200 rpm and a traverse speed of 25 mm min~".
The tool was manufactured from M42 steel with a concave
shoulder 14 mm in diameter, and a threaded conical pin
5 mm in root diameter, 3.5 mm in tip diameter, and
4.0 mm in length.

Both the as-processed and the as-received aluminum
plates were cut in the transverse direction, mounted, and
mechanically polished for microstructural investigation.
Keller’s reagent was used to reveal the microstructures of
these samples. Metallographic examination was completed
using optical microscopy (OM), scanning electron
microscopy (SEM, ZEISS SUPRA 35), and transmission

electron microscopy (TEM, Tecnai G2). Thin foils for
TEM were prepared by twin-jet polishing at —30 °C and
19 V using a solution of 30 % HNO; + 70 % methanol
(vol%). The grain sizes were estimated by the linear
intercept method.

To evaluate the superplastic behavior of FSP 7075Al,
mini tensile specimens (2.5 mm gage length, 1.4 mm gage
width, and 1.0 mm gage thickness) were electrodischarge
machined perpendicular to the FSP direction, with the gage
length being centered in the stirred zone. These specimens
were subsequently ground and polished to a final thickness
of ~0.8 mm. Constant crosshead speed tensile tests were
conducted using an Instron 5848 microtester.

To compare the effects of heating rates on the micro-
structure and superplasticity of the FSP 7075Al, two
heating procedures were used: (i) Slow heating—putting
the specimens into the furnace equipped on the tester at
room temperature, preheating to the preset temperatures at
a heating rate of 12.5°C min~', and then holding for
20 min; (ii) fast heating—putting the specimens into the
furnace that had been heated to the preset temperatures and
then holding at that temperature for 20 min. The average
heating rate of the specimens for the fast heating was
determined to be ~50 °C min~'. Specimens heated by
slow heating and fast heating processes are designated as
“SHed specimen” and “FHed specimen” in this investi-
gation, respectively.

Results
Microstructures

The microstructure of the rolled 7075A1 was characterized
by large elongated pancake-shaped grains (Fig. 1a). FSP
generated significant frictional heating and extensive
plastic deformation, thereby creating fine and equiaxed
recrystallized grains in the FSP 7075Al (Fig. 1b). The
average grain size in the FSP 7075Al, determined by the
mean linear intercept technique, was 6.2 um. TEM exam-
inations indicated that the second-phase particles in the
FSP 7075Al1 were uniformly distributed both at the grain
boundaries and within the grains (Fig. 1c). Similar parti-
cles were identified by Mahoney et al. [21] as Cr-bearing
dispersoids (dark color) and MgZn,-type precipitates
(bright color).

Microstructural evolution during heating
Figure 2a, ¢ shows the EBSD micrographs of the FSP
7075A1 heated to 535 °C at slow and fast heating rates,

respectively. The grains of both specimens maintained
equiaxed, and the average grain size was determined to be
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Fig. 1 a Optical micrograph showing large elongated pancake-shaped grains in rolled 7075Al, b optical micrograph showing fine and equiaxed
grains in FSP 7075Al, and ¢ TEM micrograph showing the distribution of second-phase particles in FSP 7075Al

Fig. 2 EBSD maps and
boundary misorientation angle
distribution of FSP 7075A1
annealed at 535 °C via a, b SH
and ¢, d FH processes
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Fig. 3 Grain size versus annealing temperature for FSP 7075A1

of 92 %. Furthermore, the average misorientation angle of
the SHed and FHed specimens was determined to be 40.3°
and 39.7°, respectively, which are very close to the random
grain assembly predicted by Mackenzie for randomly ori-
ented cubes [22].

Figure 3 presents the variation of the average grain
size of the FSP 7075Al subjected to slow heating and
fast heating processes as a function of the annealing
temperature. When the test temperature was lower than
500 °C, the grain growth rate was slow and there was no
significant difference in the grain sizes between two
specimens. When increasing the annealing temperature

from 500 to 535 °C, the grain growth rate of the SHed
specimen was faster than that of the FHed specimen.
After further increasing the annealing temperature to
550 °C, both FHed and SHed specimens exhibited rapid
grain growth.

Figure 4 shows the TEM micrographs of SHed and
FHed specimens at 500 and 535 °C. Compared with the
microstructure in the FSP sample (Fig. 1c), rod-liked
metastable MgZn, precipitates were dissolved and the
spherical Cr-bearing dispersoids were coarsened during
preheating to elevated temperatures. Furthermore, the dis-
persoids in the SHed specimens were larger than that in the
FHed specimens at the same test temperatures. An increase
in the test temperature from 500 to 530 °C led to the
growth of dispersoids from 171 to 195 nm for the SHed
specimens and from 166 to 167 nm for the FHed
specimens.

Superplastic properties

Figure 5 shows the variation of elongation-to-failure with
initial strain rates for the FSP 7075Al at test temperatures
of 450-535 °C. For the SHed specimens, the largest
elongation of 2010 % was achieved at an initial strain rate
of 3 x 107 s~ " and a deformation temperature of 500 °C.
The largest elongation of 3250 % was obtained at a higher
strain rate of 1 x 1072 s~ and a higher temperature of

535 °C in the FHed specimens.

Fig. 4 TEM micrographs of FSP 7075A1 preheated to a 500 °C via SH, b 535 °C via SH, ¢ 500 °C via FH, and d 535 °C via FH processes
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Fig. 5 Variation of elongation

—~
o
~
N
o
o
o

~~

=

-
N
o
o
o

with initiz.il strain rate for FSP SHed Specimens —m—450 °C FHed Specimens —u—450°C
7075Al via a SH and b FH N —e—500°C . —e—500°C
processes o 3000 —A—535°C s~ 3000 /\A— 535 °C
<) c
= k<]
2 20001 TN g 2000¢ ‘/: —_
S A . c ~ .
w * o /
1000 /./l\ W 1000} ] l\.
. 2
0 L : 0 L : A
10° 107 10" 10° 10” 10
Strain Rate, s™ Strain Rate, s
Fig. 6 Variation of flow stress (a) (b)
with initial strain rate for FSP 100 100
7075A1 via a SH and b FH SHed Specimens S Fhied Specimens
© —A—450°C —A—450°C
processes % —e—500°C A ; —e—500 °C A
* 10} —m—535°C — @ 10 —m—535°C —
»n /A/ Py g A/ ®
8 | . — | S
E
) 1 ././ / 2 1 0/. .
3 ] ; 3 l/
; /l/ 2 ./
E N 045 (T — 4110.52
1
0.1 e = 0.1 R -
10 10

Strain Rate, s’

It is noted that the SHed specimens exhibited higher
elongation than the FHed specimens at 500 °C and lower
strain rates. Similar trends were also observed in the
superplastic deformation of FSP Al-Mg-Sc alloys [23].
These results demonstrated that the optimum superplastic
deformation rate of FSP aluminum alloys decreased with
an increase in the grain size. However, the reduced
superplastic deformation rate is beneficial to accommo-
dating GBS and inhibiting the cavitation development
during superplastic deformation. Therefore, it is possible
that higher superplastic elongation was obtained at lower
strain rates for FSP specimens with relatively large grain
size.

The flow stress taken at a true strain of 0.1 is plotted as a
function of strain rate on a double logarithmic scale in
Fig. 6. For both the SHed and FHed specimens, high strain
rate sensitivity (m) values of ~0.5 were observed at the
strain rates higher than 3 x 107> s™' for all the investi-
gated temperatures.

Figure 7 shows the failed tensile specimens tested at the
optimum strain rates (3 x 107> s~' for the SHed speci-
mens and 1 x 1072 s~ for the FHed specimens) and
various temperatures. The uniform deformation along the
gage is a typical feature of superplastic deformation.

Microstructures near the fracture tips for the specimens
deformed at an initial strain rate of 1 x 1072 s ' and
temperatures of 500 and 535 °C are shown in Fig. 8, and
the measurement results of the grain size are presented in

@ Springer
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Table 1. It is clear that the grain coarsening occurred
during the superplastic deformation, and the grains were
elongated along the tensile direction. The formation of
large elongated cavities in the SHed specimens (Fig. 8a, b)
and the FHed specimens (Fig. 8c) deformed at 500 °C was
suggested as the plasticity controlled cavity growth, which
resulted from the non-uniformity of grain boundary sliding
(GBS) and incompatibility of plastic deformation between
areas of equiaxed fine grains and areas of highly elongated
grains [24].

In the SHed specimens deformed at 535 °C (Fig. 8b),
the concentrated-type cavities as a result of cavity inter-
linkage were observed. It should be pointed out that the
grains grew to 22.6 and 12.4 pum in the tension and trans-
verse directions because of the concurrent grain growth
during superplastic deformation. In contrast, the average
grain size of the FHed specimens was grown to 28.7 and
12.8 um in the tension and transverse directions, larger
than the grain size of the SHed specimens (Table 1).
Although the grains of the FHed specimens was signifi-
cantly coarsened, only little cavitation was observed in the
FHed specimens tested at 535 °C and 1 x 1072 s~ ",

From the true stress—true strain curves presented in
Fig. 9, it can be seen that both SHed and FHed specimens
deformed at 535 °C exhibited a continuous stress harden-
ing with the strain, which resulted in a pseudo-brittle type
of failure at last. Comparatively, the flow stresses for both
specimens deformed at 500 °C showed strain hardening up
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Fig. 7 Appearances of tensile
specimens of FSP 7075Al after
superplastic deformation:

a SHed specimens at

3 x 107 57! and b FHed
specimens at 1 x 1072 57!
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Fig. 8 Microstructures of superplastically deformed tensile specimens (1 x 1072 s™") near the fracture tip (the tensile axis is horizontal):
a SHed specimens at 500 °C, b SHed specimens at 535 °C, ¢ FHed specimens at 500 °C, and d FHed specimens at 535 °C

Table 1 Grain size in the gage section in failed samples at
é=1x10"2s"1

Specimen Temperature
500 °C 535 °C
Ly (pm)*
SH 17.2/10.5 22.6/12.4
FH 26.9/13.1 28.7/12.8

? The numerator and denominator are the grain sizes measured in the
tension and transverse directions, respectively

to a large strain prior to the maximum values, then the flow
stresses continuously decreased until fracture. It is noted
that the SHed specimens with relatively large grain size

exhibited lower flow stresses at high strains. This should be
attributed to the significant development of cavitation in
the SHed specimens at large deformation stages (Fig. 8).

Discussion
Effects of heating rates on microstructures

The grains of the present FSP 7075Al coarsened both
gradually and uniformly without any significant change in
the misorientation distribution of contiguous grains and the
fraction of HAGBSs, as shown in Fig. 2. It was reported that
when the fraction of HAGBs exceeded 0.6-0.7, the grain
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Fig. 9 True stress—true strain curves for FSP 7075Al preheated by
SH and FH processes

microstructure had a great resistance to discontinuous grain
coarsening [7, 8]. The present FSP microstructure was
highly resistant to discontinuous grain coarsening at tem-
peratures up to 535 °C (Fig. 2), which can be partly
attributed to predominant HAGBs of about 90 %.

The continuous grain growth of fine-grained alloys is
mainly controlled by curvature-driven grain-boundary
migration (GBM) [25-27]. Furthermore, GBM was carried
out by migration of atoms at the grain boundaries by dif-
fusion. Similar to other particle-containing alloys [10], the
final grain size in the present FSP 7075Al should also be
influenced by the dispersion parameter (f/r, in which fis the
particle volume fraction and r is the particle radius) via
particle limiting grain size or Zener limit [8].

It has been known that particle coarsening usually
happens with solute transport from dissolving smaller
particles to the growing larger ones during heating [28-30],
and lattice diffusion is the rate controlling step in the
process. Slow heating rate led to a long exposure time at
elevated temperatures; it took 40 and 10 min to heat
specimens to the preset temperatures for the SHed and
FHed specimens in this investigation, respectively. There-
fore, it can be deduced that slow heating should result in an
obvious coarsening of second-phase particles in the FSP
7075A1 alloy, thereby reducing the dispersion parameter.

As seen in Fig. 4, when the preset heating temperature
was 500 °C, the Cr-bearing dispersoids in the SHed and the
FHed specimens were 171 and 166 nm, respectively. Once
the preset heating temperature was increased to 535 °C, the
dispersoids in the SHed specimens coarsened up to 195 nm
rapidly, whereas the dispersoids in the FHed specimens
exhibited a similar size to that at 500 °C. Therefore, the
dispersion parameter of the Cr-bearing dispersoids in both
specimens should be approximately the same at 500 °C,
whereas the dispersion parameter in the SHed specimens at
535 °C decreased substantially for the coarsening of these
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7075Al with different heating rates

Cr-bearing dispersoids. The high thermal stability of Cr-
bearing dispersoids at elevated temperatures can be
attributed to the high diffusion activation energy of Cr
atom in the Al alloys [15, 31].

Correspondingly, the grains of the present FSP 7075Al
exhibited a slow growth below 500 °C, and so did the
FHed specimens at 535 °C. However, there was an obvious
increase in the grain size for the SHed specimens at 535 °C
(Fig. 3). This phenomenon implies that the grain size was
controlled by the particle size, and a linear correlation
between the grain size and particle size can be observed for
the present FSP 7075Al (Fig. 10). Hence, the grain size
was expected to be controlled by the growth rate of Cr-
bearing dispersoids for the present FSP 7075Al, which is
consistent with previous studies in Al-Sc [32] and Al-Ni
alloys [33].

Effects of microstructure on superplasticity

To understand the effects of the microstructure on resultant
superplasticity, it is necessary to compare the superplastic
properties of the FSP 7075A1 alloy heated via SH and FH
processes. Figure 11 shows that the elongations of both
specimens are similar below 500 °C, and that increasing
heating rate resulted in a significantly enhanced elongation
at 535 °C, a shift of optimum strain rate from 3 x 103 to
1 x 1072 s_l, and an increase of optimum deformation
temperature from 500 to 535 °C.

GBS is the dominant superplastic deformation mecha-
nism in fine-grained materials which is characterized by a
stress exponent of ~2. The strain rate sensitivities of both
SHed and FHed specimens at the optimal superplastic
strain rate were about 0.5 (Fig. 6), corresponding to a stress
exponent of ~2, which indicates that GBS is their domi-
nant deformation mechanism. Such a low stress exponent
value generally indicates higher resistance to neck-free
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elongation, and Fig. 7 clearly shows uniform and neck-free
deformation characteristics of the FSP 7075Al.

With the increase of grain size, a transition gradually
appears from intergranular plastic deformation based GB
accommodation to a mixture of intergranular and intra-
granular processes [34], so fine grain size is helpful for
increasing GBS contribution and resulting in an enhanced
superplasticity. The constitutive relationship for super-
plastic deformation of fine-grained aluminum alloys [15]
also predicts that a grain size reduction to 0.32d (d, grain
size) can increase the strain rate by a factor of 10. The
initial grain size (6.9 pm) of the FHed specimen was 0.69
times of that (10 pm) of the SHed specimens in the present
study. Therefore, the degree of grain size decrease should
not result in an increase in the strain rates from 3 x 107>
s'to 1 x 1072 s~'. This phenomenon indicates that other
microstructural characteristics, such as grain boundary
misorientation and second-phase particles, have also great
effects on GBS [15, 35, 36]. Because the FSP 7075A1 alloy
in the present investigation makes little difference in the
fraction of HAGBs and the grain boundary misorientation
distributions via slow and fast heating processes (Fig. 2), it
can be deduced that second-phase particles distributed at
the grain boundaries affected the superplastic behavior of
the FSP 7075Al.

Phenomenally, the grain boundaries slide in a viscous
manner by a shear stress field [37, 38]. Raj and Ashby [39]
considered that the particles distributed at the grain
boundaries offer the resistance by blocking the otherwise
free sliding which is further accommodated by diffusion
around the particles. Physically, this blocking effect on
GBS comes from the internal stress produced by the par-
ticle impeding GBS. Mori et al. [38] clarified the particle
blocking effect on GBS through a mechanics analysis, and
showed that relaxation strength is given by

A= Ao/ (1 +npr/i2), (1)

—m—SH, 500 °C
—e—SH, 535°C
—oO—FH, 500 °C D
—0—FH, 535 °C

n//

3/8

10 F

Flow Stress, MPa

—

0.1 : :
10° 10?

Strain Rate, s’

Fig. 12 Variation of flow stress with initial strain rate at 500 and
535 °C for FSP 7075Al1

where Ay is the relaxation strength when the boundaries are
free from the second-phase particles, f is the grain
boundary radius, r is the radius of the blocking particles,
and A is the interparticle spacing.

Figure 12 compares the flow stresses of the SHed and
the FHed specimens at 500 and 535 °C. At 500 °C, the
flow stresses of both specimens were almost equal at
various strain rates. However, at 535 °C, the flow stresses
of the SHed specimens were 20 % higher than those of
the FHed specimens. The changes of the flow stress cor-
responded to the microstructural variation of the speci-
mens. As seen from Figs. 2, 3, and 4, there is similar
grain size and second-phase particle size in both SHed
and FHed specimens heated to 500 °C. When heating to
535 °C, the grain size and the particle size in the SHed
specimens were 1.45 and 1.14 times larger than those in
the FHed specimens, respectively, while the interparticle
spacing of the SHed specimens was measured to be 1.37
times larger than that of the FHed specimens. Conse-
quently, the flow stresses of the SHed specimens were
higher than that of the FHed specimens at this temperature
according to Eq. (1).

Moreover, when a small particle is introduced at the
grain boundaries, the rate of accommodation would obvi-
ously depend on the size of the particle. If the particle size
is below a critical size, the particle would not influence the
nature of GBS. According to Stowell et al. [40], the critical
strain rate, ¢, below which cavity nucleation at a grain
boundary particle of radius, ry, is likely to be inhibited by
diffusive stress, is expressed by

~2.96Q0D,

2
ocdrng ’ 2)

where ¢ is the stress required to nucleate a stable cavity, (2
is the atomic volume, 6D, is the product of grain
boundary width and diffusivity, o is the fraction of the
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total strain attributable to the GBS, d is the grain diam-
eter, k is Boltzmann’s constant, and 7 is the absolute
temperature.

Equation (2) predicts that cavitation will be minimized
when both grain and particle sizes are small. In the present
study, the grain size in the failed SHed specimen (Fig. 8b;
Table 1) was smaller than that in the failed FHed specimen
tested at 535 °C (Fig. 8d; Table 1), and both specimens
had similar strain-hardening behavior (Fig. 9). However,
only in the failed SHed specimen could the concentrated-
type cavities be observed. It was suggested that the size of
the Cr-bearing dispersoids was beyond the critical size,
which caused the occurrence of cavitation in the SHed
specimen, and subsequently resulted in a premature failure
and a comparatively low elongation. Similarly, Liu et al.
[41] pointed out that the coarsening of second-phase par-
ticles resulted in a worse superplasticity.

The superplastic study of FSP 7075Al by Ma et al. [15]
showed that the optimum elongation was obtained at the
strain rate of 1 x 1072 s~' and the temperature of
470-490 °C, and an obvious decrease in elongation hap-
pened when the specimens were heated up to 530 °C. The
change of superplastic behavior with temperature was
similar to that of the SHed specimens in the present
study, with slow heating used in both cases. In contrast,
the specimens heated by fast heating exhibited signifi-
cantly increased superplasticity up to 535 °C. Therefore,
it can be concluded that fast heating rate obviously
enhanced the superplastic properties of fine-grained alloys
at elevated temperatures. In addition, fast hating rate can

improve the process efficiency during superplastic
forming.
Previous investigations showed that although the

7055Al alloy produced by equal channel angular extrusion
(ECAE) had an average grain size of 1.4 um, it only
exhibited a maximum elongation of less than 1000 % at a
temperature of 450 °C and an initial strain rate of
56 x 1073 57! [42, 43]. In contrast, maximum elongations
higher than 1000 % have been extensively observed in the
FSP 7075Al alloys with average grain sizes of 3—10 um
[15, 18, 44, 45]. The achievement of higher elongation in
the FSP 7075Al1 alloys can be attributed to two factors.
First, the FSP 7075 Al exhibited better thermal stability at
the elevated temperatures due to its relatively large grain
size. Therefore, the superplastic deformation can be con-
ducted at higher temperatures which accelerated the atom
diffusion process to well accommodate GBS. Second, the
fraction of HAGBs in the FSP 7075Al alloys was usually
higher than 90 % [18, 44], which is much higher than that
obtained in the ECAE 7075Al1 with a typical fraction of
67 % [43]. The extremely high fraction of HAGBs in the
FSP 7075Al1 alloys enhanced the GBS during high tem-
perature deformation.

@ Springer

Conclusions

(1) Fine-grained 7075A1 with a grain size of 6.2 um
prepared by FSP exhibited excellent thermal stability
under different heating rates due to the strong pin-
ning effect of second-phase particles, and the
microstructures went through a continuous grain
growth at elevated temperatures up to 535 °C.

(2) Both specimens heated by slow and fast heating rates
had similar grain size and particle size below
500 °C. When the heating temperature reached
535 °C, the grains of the SHed specimen grew to
10 um due to the coarsening of pinning second-
phase particles. Increasing the heating rate could
inhibit the coarsening of second-phase particles and
the growth of grains by decreasing solution diffusion

time.
(3) The FSP 7075Al exhibited excellent superplasticity
under the investigated temperature range of

450-535 °C, and the optimum strain rate increased
with increasing the heating rate. The optimum
superplasticity of 3250 % was obtained in the FHed
specimens at 1 x 1072 s™! and 535 °C, while the
optimum superplasticity of >2000 % in the SHed
specimens was observed at 3 x 107 s~! and
500 °C, attributable to the larger sizes of the
second-phase particles and grains.
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