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An externally applied electric field retarded strain-enhanced grain growth and promoted
dynamic recrystallization during superplastic deformation of 7475 Al. Also, a more extensive
dispersoid-free zone was observed in specimens deformed in the electric field, suggesting that
the electric field increased the contribution of diffusion creep to superplastic deformation. The
electric field promoted the coarsening of dispersoids, especially in the vicinity of the grain
boundaries. Possible mechanisms for the observed effects are discussed.

1. Introduction

Previous studies have shown that microstructural in-
stability accompanies superplastic deformation of me-
tals [1-3]. In a precipitation hardening alloy such as
7475 Al, this can include strain-enhanced grain
growth, dissolution and/or coalescence of precipitate
and dispersoid particles and formation of dispersoid-
free zones (DFZ). Such microstructural instability is of
interest because it has an influence on the superplastic
deformation behaviour and on the resultant micro-
structure which governs the subsequent mechanical
properties. The strain-enhanced grain growth causes
“hardening” in the sense that it increases the flow stress
for a given strain rate [4], reduces the failure strain [5,
6] and promotes cavitation [7, 8]. The dissolu-
tion/precipitation reaction and DFZ formation can
significantly change the plastic flow behaviour and
also affect cavitation during superplastic deformation
[9]. One possible reason for the effects of the dissolu-
tion/precipitation and DFZ formation on plastic flow
and cavitation is through their influence on strain-
enhanced grain growth. In addition, DFZ formation
may be related to the contribution of diffusion creep to
superplastic deformation [10, 11].

Microstructural instability, especially strain-en-
hanced grain growth, has been investigated in super-
plastic alloys as a function of temperature, plastic
strain and strain rate [ 12, 13]. Moreover, our previous
investigations [14-17] have shown that an external
electric field can also have a significant influence on
superplastic deformation and cavitation of the 7475 Al
alloy: an electric field reduced the flow stress and
strain-hardening rate (or accelerated strain softening)
and significantly suppressed cavitation. These effects
are no doubt closely associated with the changes in
microstructure which occur during superplastic flow
in the presence of an electric field. Therefore, the
objective of the present work was to examine the
microstructural variations which occur during super-
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plastic flow of 7475 Al in an external electric field, with
the goal of obtaining a better understanding of
the influence of an electric field on superplastic defor-
mation.

2. Experimental procedure

2.1. Materials

The 7475 Al alloy used in this study was provided by
Alcoa Research Laboratories (Alcoa, PA); its nominal
chemical composition is given in Table I. The as-
received, ~ 1.2-mm-thick sheet was in the recrystal-
lization-annealed condition, a thermomechanical
treatment having been used to produce the fine three-
dimensional grain structure shown in [15]. The grains
are nearly equiaxial, with an aspect ratio less than two
at any orientation, but are finer near the sheet surface
than at the centre. The mean linear intercept grain
sizes on the TS, LS and LT cross sections (L is the
longitudinal (length); T is the transverse (width) and S
is the short (thickness) are included in Table 1.

2.2. Superplastic deformation test

Tensile specimens (7-mm gauge length, 4 mm wide
and original sheet thickness) were machined parallel
to the rolling, L, direction from the as-received sheet.
The tensile tests were conducted at constant temper-
ature (516 °C) and constant e¢longation rate (crosshead
speed of 0.05 cmmin~!, corresponding to an initial
strain rate of 1.2x 107357 1), The test specimen was
held in the furnace by ceramic grips, and two parallel
stainless steel electrode plates were located at a spac-
ing of 10 mm from the sides of specimen in the manner
shown in [15, 17]. When the electric field was applied,
the specimen was connected to the positive terminal of
a commercial high voltage d.c. power supply and the
electrodes to the negative terminal. A voltage of 2 kV,
corresponding to an electric field of 2kVem™!, was
applied across the specimen and the ¢lectrodes. The
specimens were heated at a rate of 20°C min~! to the

2243



TABLE T Chemical composition and grain size of the 7475 Al alloy

Alloy Nominal chemical composition (wt %) Grain size (mm)
Cu Mg Zn Mn Cr Ti Si Fe TS LS LT*
I 1.2 1.9 5.2 0.6 0.18 0.06 0.1 0.12 8.6 9.4 9.6
to to to max. max. max. max.
1.9 2.6 6.2 0.25

* Grain size on section parallel to the sheet surface.

test temperature and held there for about 20 min prior
to testing. The electric field was first applied at the
start of the deformation.

2.3. Microstructure observations

The tensile tests were interrupted at the selected engin-
eering strains of 50, 100 and 150%, and maximum
elongation. Two microstructural states were then cre-
ated by varying the post-deformation heating and
cooling conditions.

2.3.1. Deformed state

Normally, the deformed specimens were cooled with-
out an electric field from the test temperature to
ambient temperature at a rate of ~ 15°C s~ 1. How-
ever this rate was too slow to stop the precipitation
reaction during cooling. Therefore a post-deformation
heat treatment was performed on the deformed and
cooled specimens, which consisted of reheating the
specimens to 483 °C for 3-5 s without an electric field,
and then quenching into water. This treatment dis-
solved almost all of the precipitates formed during the
prior cooling, and presumably gave a microstructure
similar to that existing at the deformation temper-
ature. This microstructural state is termed the de-
formed state in the discussion to follow.

2.3.2. Precipitated state
This state was obtained on cooling the deformed
specimens at the rate of ~ 15°Cs™! without the
clectric field. Extensive precipitation now occurred
during cooling, and this state of microstructure is
termed the precipitated state.

The following microstructure observations were per-
formed.

2.3.3. Grain growth

The deformed state specimens, together with un-
deformed reference specimens (taken from the grip
region of the deformed state test specimen and there-
fore subjected to the same time, temperature and
electric field), were metallographicaily polished using
standard procedures and etched to reveal grain boun-
daries by immersing for 10-30s in Keller’s reagent
(10 mi HNO; 4+ 1.5mlHCl + 1 mlHF + 87.5ml
H,0). The mean linear intercept grain size in the
specimens deformed to the various strain levels (in-
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cluding the undeformed grip section) was measured on
the LT section (after grinding and polishing approx-
imately midway through the sheet thickness) by op-
tical microscopy, and the strain dependence of grain
growth established.

2.3.4. Dispersoid-free zone

The DFZ in specimens deformed without and with
electric field and in the different post-deformation
heating and cooling conditions was examined by op-
tical and transmission electron microscopy (TEM) to
determine the dislocation structure, state of second
phase particles (precipitates and dispersoids) and geo-
metric parameters of the DFZ. The TEM observations
were only performed on the specimen with 100%
elongation. For these, 3-mm disks were cut from the
gauge length of specimens in the deformed and the
precipitated states, and mechanically ground to a
thickness of 60-80 um. They were then chemically
thinned to a thickness of 30-40 pm, and finally elec-
trolytically thinned to perforation in a twin-jet electro-
polisher using a 25% nitric acid-methanol solution.
For the optical microscope observations, the DFZ
was clearly revealed by immersing metallographically
polished specimens in the precipitated state for 5-10 s
in a 10% NaOH solution at 70 °C. The mean linear
DFZ width, S, in the direction of extension and the
mean DFZ spacing, L, in the same direction were
then measured as a function of electric field and plastic
strain.

2.3.5. Grain interior

The morphology of dispersoids and precipitates, and
the dislocation structure in the interior of the grains, in
both the deformed and precipitated states were exam-
ined by TEM using the same preparation procedure as
above. The aims of these observations were (i) to
check if there is any influence of electric field on the
morphology of the dispersoids in the deformed state
and of the precipitates in the precipitated state; and
(ii) to determine if there is any dislocation activity
during superplastic flow, and what effect the electric
field had on the dislocation structure.

3. Results

3.1. Grain growth

In general, the grain structure of the 7475 Al alloys is
relatively stable, and only a small change in grain size
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Figure 1 Effect of electric field on grain growth during superplastic
deformation (true strain). E= O, 0; ®,2kVem™2.

with strain is observed during superplastic deforma-
tion. However the present careful quantitative metal-
lography revealed several interesting features concern-
ing grain growth in this alloy. Fig. 1 shows that during
superplastic deformation the grain size first increased
with plastic strain and then decreased. Further, the
electric field retarded grain growth at all plastic
strains. However, Fig. 1 does not reflect the actual
strain-induced grain growth behaviour, because the
time at temperature increased with plastic strain. A
better way to show the effect of strain on grain growth
is by Fig. 2, where the difference in grain size between
the deformed and undeformed (grip region) condition
for the same heating time is plotted as the function of
plastic strain. In this way the effect of different heating
times is eliminated. Strain-enhanced grain growth at
the smaller strains and a reduction in grain size at the
higher plastic strains are now clearly identified, and
also the retarding effect of the electric field.

The optical and TEM observations revealed that
the reduced grain size at the larger strains was in part
related to dynamic recrystallization which had occur-
red in the DFZ (see Fig. 3). The optical micrograph in
Fig. 3a shows the grain structrure at the highest plas-
tic strain g, = 1.35. Small grains are evident at some of
the triple junctions of the larger grains. In some cases
these small grains had a curved boundary on one side,
and their morphology was similar to that of growing
new grains. The TEM micrograph in Fig. 3b shows
one of the many small grains which were observed. A
curved and growing boundary is here clearly evident.
However, most of the new grains had relatively
straight boundaries, as in Fig. 3c. All of the newly
formed grains were practically free of dispersoid par-
ticles and dislocations, indicating that they had form-
ed in the DFZ. The above characteristics all suggest
that these small grains result from dynamic recrystal-
lization in the DFZ.
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Figure 2 Increment of grain size due to superplastic flow against
true plastic strain as a function of electric field. E= 1, 0; B,
2kVem™ L

3.2. Dispersoid-free zone

Superplastic deformation led to the formation of
DFZs adjacent to the grain boundaries. Optical
microscope observations on the deformed state indi-
cated that their width was larger with the electric field.
However the width was difficult to measure for this
microstructural state because of the low contrast be-
tween the DFZ and the matrix. Better contrast occur-
red for the precipitated state, giving the microstruc-
ture shown in Fig. 4. It was noted that the DFZs were
widest at the grain-boundary segments which lay per-
pendicular to the extension (stressing) direction, and
that their width increased with the electric field. The
effect of the electric field on the mean width S in the
extension direction and on the ratio of width to spac-
ing L as a function of plastic strain is shown in Fig. 5.
In addition to the increase in width of the DFZs with
electric field, there occurred an increase in the size of
the dispersoid particles in the grain matrix and in the
vicinity of the DFZs (Fig. 6).

The TEM observations on the deformed state re-
vealed that the DFZs were relatively free of dispersoid
particles and dislocations (Fig. 7). Moreover, for the
precipitated state they were free of precipitates, where-
as extensive precipitation occurred in the adjacent
grain interior (Fig. 8). It should be noted in Figs 7
and 8 that the dispersoids and precipitates delineate
the DFZ boundaries. Although not clearly evident in
these figures, in general the dispersoids were larger in
the specimens deformed with the electric field. Also
worthy of mention is that the Zn content of the DFZ
was higher than in the grain interior, and that the
electric field increased the difference [17].
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Figure 4 Optical micrographs of the precipitated state showing the
DFZs ate, =0.7: E =(a) 0; (b) 2kVem™".

2246

Figure 3 Evidence of dynamic recrystallization: (a) optical micro-
graph showing recrystallized grains; (b) and (¢) TEM micrographs
showing recrystallized grains in DFZ.
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Figure 5 Effect of electric field on the DFZ size: (a) mean DFZ
width § against plastic strain; (b) ratio of mean DFZ width § to
mean DFZ spacing L against plastic strain. E= 0O, 0; @,
2kVem™1!,



Figure 6 Higher-magnification optical micrographs of the precipitated state (¢, = 0.7): E = (a) 0;(b) 2kVem™1.

0;(b) 2kVem™1.




3.3. Grain interior

Figs 3, 4 and 6-8 also show the structure of the
interior regions of the grains, which are surrounded by
the DFZs. The prominent microstructural feature for
the deformed state is the dispersoids, with some dis-
locations in their midst and pinned by them (Fig. 7).
For the precipitated state, numerous needle-like
particles occur along with the dispersoids (Fig. 8).
Again, the size of the dispersoid particles was in gen-
eral larger for the specimen deformed with the electric
field (Fig. 6). An increase in the size of the dispersoids
with electric field was also noted in sections taken
from the grip regions of the test specimens, which had
not been deformed but merely heated in the electric
field. Also worthy of mention is that the dislocation
density in the grain interior of specimens deformed
with an electric field was smaller than without the
field.

4. Discussion

4.1, Strain-modified grain growth
Strain-enhanced grain growth has been observed in
many alloys, including the 7475 Al alloy. The earlier
studies [12, 13, 18] have shown that the grain size
increases with increasing plastic strain g, and decreas-
ing strain rate & To describe this behaviour, Wilkin-
son and Caceres [ 18] suggested a relation of the form

Ad, = K e£7? (1)

where p = (.25 over a certain range of test conditions,
and Ad; is the strain-enhanced portion of the grain
growth, i.e. the increment left after the grain growth
produced by static annealing for the same time is
subtracted. At intermediate strain rates (107°
-1072571) they proposed that [12]

d =Myt 2)

where A = 1,d is the grain growth rate, and d, the
initial grain size. According to Equation 2, a linear Ad;
against ¢ relation should be observed in a constant
extension rate test, whereas according to Equation 1
the grain size in a constant crosshead speed test
should increase at a rate faster than given by a linear
Ad.—¢ relation, due to the concurrent decrease in
plastic strain rate during extension. In contrast to
these predictions, a slow-down in grain-growth rate
with plastic strain was observed in the present study,
and even a reduction in grain size occurred at the
higher strain.

A reduction in grain size with strain has been ob-
served by others [19, 20] in the 7475 alloy at strain
rates of 1073-1072s7 1. Ghosh and Raj [19] inter-
preted this to result from dynamic recrystallization.
Alternatively, Wert and Varloteaux [20] suggested
that subgrain boundary formation may lead to the
observed grain refinement. Dynamic recrystallization
is more likely to be responsible for the reduction in
grain size at the highest strain observed in the present
tests, because most of the new grains which formed in
the DFZ had large-angle boundaries. The formation
of subgrain boundaries may be an intermediate stage
of dynamic recrystallization. It thus appears that
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grain-boundary migration, which occurred concur-
rently with DFZ formation, was controlling at small
strains leading to grain growth, but dynamic recrystal-
lization of the DFZ dominated at the higher strains.

The reason for the retardation of grain growth by
an electric field is not clear at this time. We offer the
following speculations. The reduced grain growth at
small strains may be the result of a reduction of grain
boundary mobility per se by the electric field. How-
ever, there are two additional factors which play a role
in grain-boundary migration during superplastic flow:
namely, transgranular slip and grain boundary par-
ticles. Transgranular slip creates ledges on the grain
boundaries and in turn promotes grain boundary
migration. As seen in Fig. 7, less dislocation activity
was observed in the specimens deformed with electric
field. The diminished dislocation activity could lead to
a reduced grain-boundary migration rate and less
grain growth. Moreover, grain boundary dispersoids
can retard grain-boundary migration by pinning the
grain boundaries, which is believed to be the reason
for the stable grain size of 7475 Al. Grain-growth rate
is given by [21]

d = MF(Ap) (3)

where M is a constant related to mobility and F is the
drag force which retards grain boundary migration,
being a function of the Ap (the chemical potential
difference across a curved boundary). For materials
containing fine dispersoid particles, the drag force is
[22]

F=3f7.Q/r )

where f, and r are the volume fraction and average
radius of the particles, respectively, v, is the boundary
free energy, and Q the atomic volume. It should be
noted that f, and r are those of the particles located at
or near the grain boundaries. In the specimens with
electric field, there was a higher volume fraction of
grain-boundary dispersoids and their average size was
larger. The higher f, may, however, have overwhelmed
the larger r in the specimens with field and thus be the
dominant factor in retarding grain-boundary migra-
tion.

Another possible reason for the reduced grain size
with the electric-field is that more extensive dynamic
recrystallization occurs with the field. Since dynamic
recrystallization occurred in the DFZ, the larger area
fraction of DFZ in the electric field will result in more
extensive dynamic recrystallization, and in turn a
smaller grain size.

A retardation of the strain-enhanced grain growth
in the specimens with field is expected to have an
influence on their superplastic deformation behaviour.
The lower flow stress and work-hardening rate of
specimens deformed in an electric field [14, 15, 17]
could be partly due to their smaller grain size. Fur-
thermore, the decreased grain growth in specimens
with field may have contributed to the reduction in
cavitation during the superplastic flow [16], in view
of the relationship between grain size and cavity
nucleation.



4.2. DFZ contribution to superplastic
deformation

In 7475 Al, Wert and Varloteaux [20] observed DFZs
at grain boundaries of all orientations to the specimen
axis, whereas in the present study DFZs formed
mainly at the boundaries normal to the extension
direction. This suggests that grain-boundary diffusion
creep may be an important mechanism for DFZ
formation [10, 11, 23]. The diffusion creep strain gp¢
can be evaluated from the DFZ width according to
[10, 11]

epc = S/L (5)

The plots in Fig. 5 thus give the diffusion creep strain
without and with electric field. These data indicate
that the contribution of diffusion creep strain to total
strain €, increases slightly with plastic strain. This may
be partly related to the decrease in strain rate with
increasing plastic strain in our constant extension rate
tests, because it has been shown that the ratio epc/g,
increases with decreasing strain rate [23]. The magni-
tude of the ratio gpc/g, in the present study is about
18% (e, = 0.4) to 26% (g, = 0.9) for specimens without
field and 25% (e, = 0.4) to 29% (g, = 0.9) for the speci-
mens with field. These values are similar to those
reported for Zn—22Al1 [24] and Mg-0.5Zr [10] at
about the equivalent deformation temperature of
0.8Ty-

The electric field may have promoted the diffusion
creep which occurs during superplastic deformation
by accelerating vacancy diffusion along grain bound-
aries. The detailed mechanism by which this would
occur is not clear, and further work is necessary.
Accelerated diffusion creep in an electric field would
have a significant influence on superplastic deforma-
tion behaviour. For example, the higher strain-rate
sensitivity in specimens with electric field [14, 15, 17]
could arise from a larger contribution of diffusion
creep, which is Newtonian viscous and has a high
strain-rate sensitivity. In addition, the lower cavitation
in specimens with electric field [16] may have its
origin in the effect of diffusion creep on the accom-
modation of grain boundary sliding. More complete
accommodation due to increased diffusion creep
would retard the nucleation of cavities and in turn
reduce cavitation in specimens with an electric field.

It is of additional interest that precipitation did not
occur in the DFZs for the slow cooling rate. This may
have resulted from the lack of dislocations in the
DFZs (which may be the nucleation sites for the
precipitates) or perhaps to the lower Zn content of the
DFZ.

4.3. Effect of electric field on dispersoids and
precipitates
Two effects of the electric field on secondary phases
were noted in the present study: (i) it promoted the
coarsening of dispersoids, especially in the vicinity of
the grain boundaries; and (ii) it increased the volume
fraction of DFZs, thereby requiring a greater solution
of dispersoids in these regions and the development of
conditions whereby precipitates do not form here

during slow cooling. The increased solution of dis-
persoids is in some accord with the results of Klypin
[25-27], who reported that an electric field enhanced
the dissolution rate of secondary phases in Al alloys,
including an Al-Zn-Mg-Cu alloy. However, it is not
clear how an external electric field can exert an influ-
ence over the volume of a metallic material. One
possibility is that the electric field enhances the con-
centration of vacancies at the specimen surface, which
then diffuse rapidly into the interior along the grain
boundaries. An alternative suggestion is that of
Klypin [25], who proposed that an uneven electron
density between phases and at grain boundaries could
lead to the penetration of an electric field into the
volume.

5. Summary and conclusions

1. Strain-enhanced grain growth was observed at
low strains during the superplastic deformation of
7475 Al, but a strain-promoted reduction in grain size
occurred at high strains. The latter was attributed to
dynamic recrystallization.

2. An external electric field retarded grain growth
at both low and high strains, possibiy by slowing grain
boundary migration at low strains and by increasing
dynamic recrystallization at high strains.

3. The electric field also promoted the dissolution
and coalescence of dispersoids adjacent to the grain
boundaries, leading to the formation of a wider dis-
persoid-free zone (DFZ) during superplastic deforma-
tion.

4. The wider DFZ which occurred with an electric
field suggests that diffusion creep makes a greater
contribution to the superplastic deformation of
7475 Al when an electric field is applied.

5. No precipitate occurred in the DFZs upon slow
cooling from the superplastic deformation temper-
ature, in contrast to the extensive precipitation within
the adjacent grains.

6. The reason for the observed effects of the electric
field is not clear.
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