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Abstract Cast 7075Al alloys under as-cast and homog-
enized conditions were subjected to single-pass friction stir
processing (FSP). FSP converted the coarse as-cast struc-
ture to the fine-grained structure with a grain size of 2.5—
3.2 um. A pre-homogenization prior to FSP was beneficial
to the generation of a more uniform microstructure in the
FSP sample with smaller particles and grains. Both FSP
samples exhibited high strain rate superplasticity at
1 x 1072 s~ and 450 °C. Cavitation developed at the
particles and the grain triple junctions. The superplasticity
of the FSP sample was significantly improved by the pre-
homogenization prior to FSP, with a maximum superplas-
ticity of 890% being observed, due to reduced particle size.
The analyses of the superplastic data and scanning elec-
tronic microscopic (SEM) examinations indicated that
grain boundary sliding is the main deformation mechanism
for the FSP 7075Al.

Introduction

Superplastic deformation refers to the ability of materials
to exhibit high uniform elongation when pulled in tension
while maintaining a stable microstructure. There are two
major prerequisites for achieving structural superplasticity.
The first is a fine grain size, typically less than 10 pm. The
second is thermal stability of the fine microstructure at high
temperatures. Superplastic forming (SPF) is a well-
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established industrial process for the fabrication of com-
plex shapes in sheet metals [1]. In practice, however, the
use of SPF is generally limited to low volumes of com-
ponents because there are two main factors restricting the
commercial applications of SPF. First, the production of
superplastic aluminum alloys is relatively expensive due to
the complex thermomechanical processing (TMP) typically
necessary to make these materials superplastic [2]. Second,
the total forming time for a component is conventionally
very long (up to ~30 min) due to the fact that the alloy
exhibits superplastic behavior at a low strain rate
(<1073 s71). As a result, the cost of the SPF production
method can be prohibitive for high-volume production. To
advance SPF into production oriented industries, there is a
need to develop new easy and inexpensive processing
techniques to shift the optimum superplastic strain rate to
high value (=1 x 1072 s h.

FSP, a development based on friction stir welding
(FSW) [3, 4], is a new solid state processing technique for
microstructural modification [5, 6]. During FSP, the com-
bination of large plastic deformation and thermal exposure
results in the generation of fine recrystallized grains and the
break-up of large particles. Thus, FSP creates a fine-
grained microstructure with dispersively distributed parti-
cles and predominant high-angle grain boundaries, features
that are important for enhanced superplastic properties.

The effects of FSP on the microstructure and super-
plastic properties of aluminum alloys have been widely
studied [6-10]. Mishra et al. [6] reported the first result of
the superplasticity of aluminum alloys using FSP. In their
study, the optimum superplastic strain rate was
1 x 1072 s7" at 490 °C for the ESP 7075Al alloy with an
average grain size of 3.3 pm. A succedent study by Ma
et al. [7] showed that FSP 7075A1 alloy with a grain size of
3.8 pm exhibited superplastic elongations of >1250% at
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480 °C in the strain-rate range of 3 x 107°=3 x 1072 s\,
The optimum strain rate for the FSP 7075Al alloy is more
than one order of magnitude higher than the previous best
TMP effort on a 7075 aluminum alloy [6]. Recently,
Johannes et al. [10] have successfully extended the effec-
tiveness of FSP in creating larger areas of fine-grained
aluminum alloy with superplastic properties by multiple
pass FSP.

It should be pointed out that all the above mentioned
superplastic investigations on the FSP 7075Al alloy were
conducted using rolled plates as the raw materials for FSP.
The commercial 7075 rolled plates are fabricated by the
standard routes including homogenization, hot and cold
rolling, and then special solution and aging treatments. For
superplastic forming production, the main aim is to
improve the structural performance of the workpiece and
reduce the fabrication cost. If as-cast aluminum alloys are
directly used as the raw materials to produce fine-grained
structure via FSP, it will significantly shorten the fabrica-
tion period of superplastic materials and reduce the
fabrication cost. Several previous studies have shown that
FSP can result in significantly enhanced superplasticity in
as-cast A356, 5083, and Al-Zn-Mg-Sc aluminum alloys
[11-13]. However, no study on FSP of the castings of high-
strength commercial aluminum alloys is reported so far.
Therefore, it is of practical importance to conduct FSP on
the 7075Al casting to produce the fine-grained structure. In
this study, cast 7075Al alloy was subjected to FSP and
superplastic investigation. The aim is (a) to examine the
possibility of achieving superplasticity in cast 7075Al via
FSP and (b) to evaluate the effect of initial structure on
superplasticity.

Experimental

Cast 7075Al alloy with a nominal composition of 5.85Zn—
2.56Mg—1.89Cu—0.22Cr (in wt%) was used as raw mate-
rial. Plates of 8 x 100 x 300 mm® were cut from the
casting. While one plate was directly friction stir processed
(denoted as D-FSP), the other plate was subjected to a
homogenization treatment before FSP (denoted as H-FSP).
The homogenization was conducted at 462 °C for 24 h,
and then the temperature was increased to 470 °C at a rate
of 0.5 °C/h followed by water cooling. FSP was conducted
at a tool rotation rate of 1200 rpm and a traverse speed of
100 mm/min. The total FSP length was around 270 mm
from the pin entry to the pin exit. A tool with a concave
shoulder 16 mm in diameter, and a threaded conical pin
5 mm in root diameter, 3.5 mm in tip diameter, and
4.5 mm in length was used.

Microstructure characterization was performed on the
cross-section of the stir zone (SZ) transverse to the FSP
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direction by optical and transmission electron microscope
(OM and TEM). Grain sizes were measured by the mean
linear intercept technique. Thin foils for TEM were pre-
pared by twin-jet polishing using a solution of 70%
methanol and 30% nitric acid at —35 °C and 19 V. To
evaluate the superplastic behavior of the FSP samples, dog-
bone shaped tensile specimens (3 mm gage length, 1.5 mm
gage width and 1.0 mm gage thickness) were electro-dis-
charge machined from the transverse cross-section of the
stir zone (SZ). These specimens were subsequently ground
and polished to a final thickness of ~0.8 mm. Constant
crosshead speed tensile tests were conducted at the tem-
peratures ranging from 375 to 470 °C using INSTRON
5848 micro-tester. The failed specimens were subjected to
scanning electron microscopic (SEM) examinations. Fur-
ther, the specimens deformed to failure at 450 °C and
1 x 1072 s~ were mounted, mechanically polished for
OM and SEM examinations. The local true strain of
deformed specimens were estimated by &= In(4¢/A;),
where Ay is the original sectional area of the gage region
and A; is the sectional area of section i in a deformed
specimens.

Results
Microstructural characteristics

Figure 1 shows the optical micrographs of the cast and FSP
7075Al samples. The as-cast microstructure was charac-
terized by coarse grains and coarse second-phase particles
at the grain boundaries, in particular at the triple junctions
(Fig. 1a). After the homogenization treatment, most of the
second-phase particles disappeared and the grains were
somewhat coarsened (Fig. 1b).

After FSP, both the grains and the second-phase parti-
cles were significantly refined (Fig. 1c, d). The average
grain sizes of the D-FSP and H-FSP samples were esti-
mated to be ~3.2 and 2.5 pm, respectively. The second-
phase particles in the H-FSP sample were fine and ran-
domly distributed both within the grain interiors and at the
grain boundaries (Fig. 1d). However, the second-phase
particles in the D-FSP sample were comparatively large
and tended to be distributed at the grain boundaries
(Fig. 1c¢).

Superplastic behavior

Figure 2 shows the variation of superplastic elongation
with the initial strain rate at different testing temperatures
for the FSP samples. For the D-FSP sample, both the
optimum strain rate for superplasticity and the maximum
elongation increased with increasing the temperature. At
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Fig. 1 Optical macrograph of
7075Al casting under a as-cast
and b homogenized conditions,
TEM micrographs showing
grain structures of ¢ D-FSP
sample and d H-FSP sample

Fig. 2 Variation of elongation

with initial strain rate at various —e—400°C
testing temperatures for © 600k * 425°C
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450 °C, the optimum strain rate for maximum elongation
increased to a high train rate of 1 x 1072 s~ ', and the
largest elongation of 588% was achieved at 450 °C and
1 x 1072 s~". At a constant strain rate of 1 x 1072 s_l,
the superplasticity of the D-FSP sample increased with
increasing testing temperature from 375 to 450 °C, how-
ever, above 450 °C, the superplastic ductility decreased
rapidly and an elongation of 170% was observed at 470 °C
(Fig. 3). For the H-FSP sample, the optimum strain rate for
superplasticity was observed to be 1 x 1072 s~ '. The
largest elongation of 890% was achieved at 450 °C and
1 x 1072 57", Above 450 °C, the superplasticity of the
H-FSP sample decreased with increasing the testing tem-
perature (Fig. 3). Increasing the temperature to 470 °C, the
optimum strain rate for maximum elongation was shifted to
3 x 1072 57!, but the elongation was lower than that
obtained at 450 °C and 1 x 1072 s™' (Fig. 2b).

Figure 4 shows the variation of flow stress (at true strain
of 0.1) with initial strain rate for the FSP 7075AlI samples.
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Fig. 3 Variation of elongation with testing temperature at initial
strain rates of 1 x 1072 s~ for D-FSP and H-FSP samples

The flow stress increased with increasing the strain rate and
decreasing the testing temperature. Strain-rate sensitivity
(m) of ~0.5 was observed under the investigated strain rate
and temperature ranges for both D-FSP and H-FSP samples.
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Fig. 4 Variation in flow stress (a) 100 (b) 100
with initial strain rate at various D-FSP samples i-thSZE osca mples *
testing temperatures for © —= 40°UC _—* ®© 450 °C */ "
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Fig. 5 Specimens of FSP cast 7075Al alloys tested at 1 x 1072 57!
with various temperatures

Figure 5 shows the failed tensile specimens deformed at
a constant initial stain rate of 1 x 107> s~ for different
testing temperatures. All the specimens showed relatively
uniform elongation, characteristic of superplastic flow.

Strain Rate, s

Figure 6 shows the topography of the D-FSP and H-FSP
samples deformed to failure at 450 °C and 1 x 1072 s™".
Grain boundary sliding was distinctly seen on the surfaces
of two deformed specimens.

Cavitation

Figure 7 shows the microstructures near the fracture tips
for the two FSP specimens deformed at 450 °C and
1 x 1072 s7'. The two specimens exhibited typical cavi-
tation failure in which fracture occurred through cavity
interlinkage without the development of visible necking.

Figure 8 shows the effect of true strain on the cavitation
of the two FSP samples deformed at 450 °C and
1 x 1072 s~'. Similar observations were made in the two
samples. At a lower true strain of 1.2—1.3, low densities of
small cavities were distinctly detected in the two samples
(Fig. 8a, b). Increasing the true strain to 1.5—1.6 resulted in
the growth of the cavities and the formation of more new
cavities, thereby increasing the density and volume of
cavities (Fig. 8c, d). At a higher strain of 1.8-2.0, the
growth, coalescence, and linkage of cavities became
increasingly evident, resulting in an increase in the cavity
volume (Fig. 8e, ).

Figure 9 shows the backscattered electron images of the
FSP samples deformed at 450 °C and an initial strain rate

Fig. 6 SEM micrographs showing surface topographies of failed tensile specimens deformed at 450 °C and 1 x 1072 s~': a D-FSP and

b H-FSP
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Fig. 8 Optical micrographs
showing cavitation of D-FSP
sample deformed to a true strain
ofal2,c1.5 and e 1.8, and
H-FSP sample deformed to a
true strain of b 1.3, d 1.6, and
£2.0(450 °Cand 1 x 107257,
the tensile axes are horizontal)

of 1 x 1072s™" to a true strain of ~1.8. It is clearly
showed that the formation of cavities was associated with
the coarse particles and the triple junctions of the grains. It
is noted that the D-FSP sample contained a higher popu-
lation density of the particles and cavities than the H-FSP
sample.

Discussion

Microstructural characteristics

The cast 7075A1 was characterized by the coarse grains and
coarse second-phase particles distributed at the grain triple
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Fig. 9 SEM micrographs showing cavity formation at large particles and grain triple junctions in samples deformed at 450 °C and 1 x 10

-2 —1
S

to a true strain of ~ 1.8 (tensile axis is horizontal): a D-FSP and b H-FSP

junctions (Fig. 1a). During the homogenization treatment,
most of the coarse particles dissolved into the aluminum
matrix, resulting in the fundamental elimination of the
coarse particles (Fig. 1b). FSP resulted in the generation of
the fine and equiaxed grains due to the occurrence of the
dynamic recrystallization and the breakup of the coarse
particles due to the intense stirring effect of the threaded
pin (Fig. lc, d). It is noted that the D-FSP sample had
coarser second-phase particles and grains than the H-FSP
sample.

The previous studies were mainly focused on the effects
of the processing parameters on microstructural evolution,
material flow pattern, and mechanical properties [14-20].
Only a small number of studies involved in the effect of the
raw material conditions on resultant microstructure in the
SZ [21, 22]. The present study indicates that the coarse
particles in the raw material affected the microstructural
refinement and homogenization of FSP aluminum samples.
A homogenized starting microstructure is beneficial to
obtaining the fine-grained structure with the finer particles.
The second-phase particles in 7075Al alloy were previ-
ously identified to be Cr-bearing dispersoids and MgZn,-
type precipitates [23]. Large particles at the grain bound-
aries tend to promote cavity development during
superplastic deformation [8, 24]. This will be discussed in
Sect. Cavity formation.

Superplasticity

Figure 2 shows that the simple application of FSP induced
high strain rate superplasticity in the cast 7075Al. Simi-
larly, FSP converted a non-superplastic cast A356 to a
superplastic one [11]. This demonstrates that FSP is a very
effective processing technique to induce superplasticity in
the cast aluminum alloys. Therefore, it is a feasible method
to fabricate fine-grained superplastic high-strength com-
mercial aluminum alloys from the as-cast structure directly
via FSP. This will shorten the fabrication period of
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Fig. 10 Comparison of superplastic ductility between D-FSP and H-
FSP samples as a function of strain rate

fine-grained superplastic materials and reduce the fabrica-
tion cost. However, two FSP 7075A1 samples with different
initial structures exhibited different superplastic properties.
As shown in Figs. 3 and 10, the H-FSP sample exhibits
better superplasticity than the D-FSP sample. This indi-
cates that the homogenization treatment prior to FSP
improved the superplastic properties of FSP 7075Al cast-
ing. This is attributed to finer and more uniformly
distributed particles in the H-FSP sample. As will be dis-
cussed, the finer particles tend to reduce the cavitation in
superplastically deformed samples.

In a previous study [7], it was reported that FSP resulted
in the generation of superplasticity of more than 1250% at
1 x 1072 s and 480 °C in the rolled 7075Al plates. By
comparison, the optimum superplastic deformation tem-
perature was observed to be 450 °C in the present FSP
7075A1 cast samples. This is attributed to the decrease in
the grain size. However, the FSP cast samples exhibited a
lower ductility than the previous FSP 7075 rolled plates,
though the FSP cast samples had a smaller grain size [7].
This indicates that a single-pass FSP on the as-cast 7075Al
could not produce the best superplasticity. This might be
attributed to the following factors. First, the fine-grained
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structure obtained by FSP in the casting was not very
homogeneous with relatively large second-phase particles
at the grain boundaries. Second, the ratio of high-angle
grain boundaries in the present FSP samples might be
lower than that in the FSP 7075 rolled plates [7, 8]. More
microstructural examinations are needed to reveal the ori-
gin of lower superplasticity in the FSP cast 7075Al
samples. Furthermore, more FSP attempts are conducted to
optimize the FSP parameters to produce better superplas-
ticity in the cast 7075Al samples.

For SPF of most industrial components, usually, a
superplasticity of 200%—-300% can meet the SPF require-
ment. Therefore, although FSP produced a lower
superplasticity in the cast 7075A1 samples than that in the
rolled samples, the obtained superplastic values are enough
for SPF.

Deformation mechanism

For a fine-grained structure, the grain boundary sliding
(GBS) with a strain-rate sensitivity of 0.5 is expected to be
the dominant superplastic deformation mechanism. For the
D-FSP and H-FSP samples, a strain-rate sensitivity of
~0.5 was observed in the strain rate range of 3 x 10™*~
1 x 107" s7! for the investigated temperatures (Fig. 4).
This implies that the main mechanism for superplastic
deformation of the FSP 7075Al samples is the GBS.
Additionally, the GBS was further verified by SEM
examinations on the surfaces of the deformed specimens
(Fig. 6). This behavior is similar to that observed in the
previous FSP 7075A1 rolled plates [7], in which constant
strain-rate sensitivities of ~(0.5 were observed throughout
the strain-rate range of 1 x 107°=1 x 107" s™" in the
temperature range of 470-490 °C.

The constitutive relationship for superplasticity in fine-
grained aluminum alloys can be expressed as [25],

, DoEb [ —84000\ b\ /6 — G,\2

E=407 exP( RT )(3) ( E ) ()
where ¢ is the strain rate, Dy is the pre-exponential constant
for diffusivity, E is Young’s modulus, b is Burger’s vector,
k is Boltzmann’s constant, T is the absolute temperature, R
is the gas constant, d is the grain size, ¢ is the applied
stress, and o, is the threshold stress.

To further elucidate the superplastic deformation
mechanism in the FSP 7075A1 samples, superplastic data
from the two FSP samples are plotted in Fig. 11 as
((ékTd*/(D4EB?))) versus s/E. For comparison, a dashed
line predicted by Eq. 1 was also included. Four important
observations can be made from this plot. First, the tem-

perature dependence of superplastic flow for both FSP
samples is similar to the activation energy for aluminum
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Fig. 11 Variation of (ékTd?/(DyEb*)) with normalized stress for
FSP 7075Al alloys

grain boundary self-diffusion. Second, the data of the two
samples fit into a single straight line with a slope of 2,
showing that the stress dependence of superplastic flow is
approximately 2(¢ < ¢?). Third, the data of the two FSP
samples merge after the strain rates are normalized by the
square of the grain sizes. This shows an inverse grain size
dependence of 2 for superplastic flow. Fourth, the dimen-
sionless constant that fit the data for the FSP samples was
larger than that found in Eq. 1. A stress exponent of 2, an
inverse grain size dependence of 2, and activation energy
close to that for grain boundary self-diffusion are associ-
ated with the grain boundary sliding models of Mukherjee
[26] and Ball and Hutchinson [27]. Thus, Fig. 11 shows
that grain boundary sliding is the main superplastic
deformation mechanism for the present FSP 7075Al
samples.

In this analysis, superplastic data of the two FSP sam-
ples can be described by

_ 26— g \2

N G

The dimensionless constant in Eq. 2 is larger than that in
Eq. 1. Ma et al. [7] examined the superplastic data of FSP
7075Al rolled plates with two different grain sizes of 3.8
and 7.5 pm, and a dimensionless constant of 790 was
observed by normalizing the superplastic data. Similarly,
Johannes and Mishra [10] obtained a much higher constant
of 1396 in a FSP 7075Al with a grain size of 4.7 pm. The
higher constants than 40 demonstrate that the flow stresses
of the FSP alloys were lower than that predicted by Eq. 1 at
a given temperature, grain size, and stain rate. This was
attributed to higher ratio of the high-angle grain boundaries
in the FSP alloys that facilitate the GBS during the
superplastic deformation [7]. The lower constant observed
in the FSP cast 7075Al samples suggested that the number
fraction of high-angle grain boundaries in the FSP cast
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7075A1 samples was lower than that in the FSP rolled
plates. This implies that the non-homogeneous as-cast
structure with the coarse second-phase particles and coarse
aluminum dendrites decreased the material flow ability
during FSP, thereby producing a microstructure with
relatively large particles and reduced number fraction of
the high-angle grain boundaries.

Cavity formation

It is well documented that when the GBS is the dominant
mechanism of superplastic deformation in the superplastic
materials, the sliding needs to be accommodated by other
mechanisms, for example, grain-boundary migration, dif-
fusion flow, or dislocation slip. When the GBS cannot be
well accommodated, stress concentration at certain sites,
such as the grain triple junctions, second-phase particles,
and boundary ledges, etc. may cause the development of
cavitation at the sites [8, 28, 29]. In particular, many
investigators have noted that the majority of cavities were
associated with second-phase particles [23, 30—32]. For the
particles at the grain boundaries, as in most superplastic
alloys, their non-deformability and the additional interfa-
cial energy aid the stability of the cavity. With the large
particles, accommodation processes of GBS become
inadequate to suppress cavity nucleation. Furthermore,
grain growth occurring during superplastic flow that leads
to flow hardening can also cause additional cavity nucle-
ation at smaller particles in a continuous manner [33].

Bae et al. [23] reported that most cavities were observed
at the interface between particles and the matrix, and grew
initially along the interface. However, Ma et al. [8] pointed
out that for the FSP 7075Al rolled plates, the cavitation was
more often observed to develop at the grain triple junctions
due to the fine and relatively uniformly distributed precip-
itates in the FSP alloys. For the present FSP 7075Al
samples, it appeared that the cavities initiated at both the
particles and the grain triple junctions (Fig. 9). New cavities
formed continuously during deformation, and these cavities
grew and interlinked to large cavities as the strain increased
(Fig. 8). The D-FSP sample contained a higher population
density of particles, in particular larger particles, than the H-
FSP sample (Figs. 1 and 9). These particles provided more
cavity nucleation sites during superplastic deformation.
Therefore, the D-FSP sample exhibited more and larger
cavities than the H-FSP sample at a constant true strain of
~ 1.8, and therefore exhibited a lower superplasticity.

Conclusions

1. A single-pass FSP converted the as-cast structure of
7075A1 sample to the fine-grained structure with a
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grain size of 2.5-3.2 um successfully. A pre-homog-
enization prior to FSP was beneficial to producing a
more uniform microstructure with smaller particles
and grains.

2. The FSP 7075Al samples exhibited maximum super-
plasticity at a high strain rate of 1 x 1072 s~' and
450 °C. Pre-homogenization increased the superplastic
ductility significantly and the largest elongation of
890% was achieved at 450 °C and 1 x 107> s~ " in the
FSP sample with a pre-homogenization.

3. Cavity nucleation was associated with the coarse
particles or the grain triple junctions in the FSP 7075Al
samples. The FSP sample with a pre-homogenization
had less and smaller cavities due to reduced particle
size, thereby producing a better superplasticity.

4. The analyses on the superplastic data indicate that
GBS is the primary superplastic deformation mecha-
nism for the FSP 7075A1 samples, which was verified
by SEM examinations on the surfaces of deformed
specimens. However, the dimensionless constant was
lower than that observed in FSP 7075Al rolled plates.
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