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AbstractÐThe e�ects of alloying (Mg, Cu, Ge and/or Si) and prior rolling and annealing on tensile stress±
strain behaviors were examined for mechanically milled, powder metallurgy aluminum alloys at 748 K in
the strain rate range of 1�10ÿ4±7.5� 102/s. Lowering the temperature of prior rolling and increasing the
anneal temperature and time result in an increase in the strain rate sensitivity, m. Especially alloying e�ec-
tively increases the m value as well as the strain to fracture, ef, at the intermediate strain rate of approxi-
mately 100/s; m and ef reach 0.4 and 440% for a case of alloying both 1.1 at.% Mg and 1.2 at.% Cu,
though they are smaller than 0.1 and 100% at lower (<1� 10ÿ2/s) and higher (>5� 101/s) strain rates.
TEM and SEM revealed that the microstructure of superplastic alloys, compared to pure Al, consists of
thermally recovered, ®ne equiaxed grains (smaller than 1 mm in diameter) with smooth grain boundaries of
large misorientation. It is then postulated that superplastic elongation occurs when smooth boundaries
slide under a plastically stable condition due to a large m value. # 1998 Acta Metallurgica Inc. Published
by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Mechanical alloying (MA) was originally developed

to make oxide dispersion strengthened nickel-based

superalloys [1], and later applied to aluminum-

based alloys [2]. During MA of a reactive metal like

aluminum, a process control agent (generally, or-

ganic matters such as stearic acid and ethanol) is

added to maintain a balance between cold welding

and fracture of aluminum powder particles [2]. This

allows the development of extremely uniform dis-

persion of ®ne Al2O3 and Al4C3 particles [3] (a few

10 nm in size) which were formed due to reaction of

Al with oxygen and carbon in the agent.

The dispersion of these thermally stable particles

retards the coarsening of microstructure at high

temperatures because of their pinning e�ects for dis-

locations and grain boundaries. Powder metallurgy

aluminum alloys produced by mechanical milling}
of aluminum alloy powders (MM Al alloys) consist

of ®ne grains (smaller than 1 mm in diameter) which

are stable up to high temperatures [4]. Besides their

excellent strength and creep resistance, they are

expected to show the superplasticity due to ®ne

grained structure at high temperatures and high

strain rates. In fact, a large elongation to fracture
of several 100% has been reported in tension of

some MM Al alloys at strain rates above 10ÿ1/s
(e.g. Refs [5±11]). The high strain rate superplasti-

city has also been analyzed from a mechanistic
viewpoint to discuss the mechanism [9].

A survey of previous work indicates that, without
exception, the superplastic MM aluminum-based

materials are made from aluminum alloys such as
Al±Mg (IN9052) [10], Al±Mg±Cu (IN9021 and
IN90211) [5, 6, 10] and Al±Mg±Li (IN905XL) [11].

On the other hand, a material made from mechani-
cally milled powder of pure aluminum exhibited

only a moderate elongation of less than 100%,
despite its ®ne grain size (submicron) [12]. These

facts suggest that some sort of alloying modi®es the
microstructure, without a notable change in grain

size, so as to be suitable for superplastic defor-
mation. Further, thermomechanical processing like
rolling and annealing before deformation may poss-

ibly in¯uence the elongation through a change in
microstructure, as shown in ingot metallurgy Al±

Mg alloys [13] and a Al±SiCw composite [14].
At present, however, microstructural aspects of

high strain rate superplasticity in MM Al alloys
have not been fully understood. The purpose of the

present work is, after clarifying the e�ects of alloy
addition and prior rolling and annealing on ¯ow

stress and elongation to fracture, to discuss the ori-
gin of superplastic deformation from a microstruc-
ture viewpoint.
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2. EXPERIMENTAL PROCEDURE

Atomized powders of aluminum alloys with the
addition of Mg, Cu, Ge and/or Si, solely or in com-
bination, were mechanically milled in an argon at-

mosphere by using a high energy ball mill.
Magnesium and copper were chosen since the alloys
containing both of these elements (IN9021,

IN90211) have been known to exhibit
superplasticity [5, 6, 10]. Germanium and silicon
were chosen because they are, like Mg and Cu, lar-

ger and smaller than Al in atomic size, respectively.
The amount of alloying element was limited to be
within the solubility limit at the deformation tem-
perature of 748 K. Ethanol was added as a process

control agent during MM to form and disperse ®ne
Al2O3 and Al4C3 particles (035 nm in size and
07.5% in volume fraction) in the matrix through

subsequent high temperature treatments [15].
The MM powders were ®rst cold pressed in

aluminum cans, and then degassed in vacuum, hot

pressed and ®nally extruded at 773 K for consolida-
tion. The uniform dispersion of such small particles
of Al2O3 and Al4C3 was e�ective in suppressing the
grain coarsening up to approximately 800 K. Alloy

notation is, for example, ``MM Al±1.1Mg±1.2Cu''
for a material made from atomized powder of Al±
1.1 at.% Mg±1.2 at.% Cu alloy. The ``MM Al±Mg/

Cu system'' is also used when alloyed with Mg or
Cu solely, or Mg and Cu in combination. For com-
parison, a material was prepared from atomized

pure aluminum powder (purity in wt%: 99.7; main
impurities are Fe 0.13, Si 0.06, Cu 0.001 and Mn
0.001) by the same process mentioned above. This

is denoted ``MM pure Al''.
Plates machined from extruded rods were then

rolled by 70% in thickness reduction at 423 K, par-
allel to the extruding direction. Specimens for the

tension test (gauge size: 8 mm long, 4 mm wide and
1 mm thick) were machined from the rolled sheets
to have the gauge length direction parallel to the

rolling direction. They were annealed at 773 K for
3.6 ks and then water quenched. After heating up
to 748 K within 20 min and holding for 10 min,

they were deformed in tension at a nominal strain
rate in the range of 1�10ÿ4±7.5�102/s on a
hydraulic testing machine. Thin foils for TEM were

prepared from specimens before deformation by
mechanical and electrochemical polishing, and were
examined by using an electron microscope with a
goniometer stage operated at 300 kV. Specimen sur-

faces after deformation were observed by using
SEM.

3. RESULTS AND DISCUSSION

3.1. Stress±strain behavior

Examples of true stress, st, vs true strain, et,
curves at low (1�10ÿ3/s), intermediate (1�100/s)
and high (1�102/s) strain rates are given in

Fig. 1(a)±(c), respectively, for MM Al±Mg/Cu and

MM Al±Ge/Si system alloys. The maximum ¯ow
stress increases with increasing strain rate. In con-
trast to room temperature deformation, it decreases
by alloying in both alloy systems. Maximum

elongation to fracture is obtained at the intermedi-
ate range of strain rate and increases when alloyed.
The combined addition of 1.1 at.% Mg and

1.2 at.% Cu is notably e�ective for an increase in
elongation (>400% in nominal strain).
When tensile elongation is large at the intermedi-

ate strain rate [Fig. 1(b)] the ¯ow stress remains
almost constant during straining over a wide range
of strain, as previously reported for IN90211 alloy

containing Mg and Cu [16]. Continuous observation
of deformation by using a high speed video camera
(4500 frames/s) revealed that, under the superplastic

Fig. 1. True stress st vs true strain et curves for MM Al±
Mg/Cu and MM Al±Ge/Si system alloys, T = 748 K: (a)

_e=1� 10ÿ3/s; (b) _e=1�100/s; (c) _e=1�102/s.
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condition, deformation proceeds fairly uniformly
along the gauge length and fracture occurs without

clear local necking [17].
On the other hand, when the elongation is small,

as in deformation of MM pure Al at all the strain

rates and of MM Al alloys both at low and high
strain rates (under a non-superplastic condition),
local necking was produced at the early stage of de-

formation and the specimen fractured immediately
at the neck part because of severe strain concen-
tration. It is postulated that, in the present ma-

terials, the superplastic elongation occurs when the
neck formation is delayed.

3.2. Strain rate dependence of tensile elongation and
¯ow stress

Nominal strain to fracture, ef, and the maximum
of true ¯ow stress, sm, are plotted in Fig. 2(a) and
(b), respectively, against nominal strain rate, _e, for
MM Al±Mg/Cu system alloys. The value of ef is
small at low strain rates (_e<01� 10ÿ2/s), takes
maxima at intermediate strain rates (01�10ÿ2/
s<_e<05�101/s) and reduces again at high strain
rates (_e>05�101/s). These three strain rate
regions are hereafter called ``regions I, II and III'',

respectively. It is also seen that the value of ef
increases when alloyed and reaches more than
400% in the case of the combined addition of
1.1 at.% Mg and 1.2 at.% Cu.

The value of sm at 748 K is lower when alloyed,
compared to that of MM pure Al. The reason for

this will be discussed later. Figure 2(b) shows a
log±log plot of sm vs _e, where the slope (the strain

rate sensitivity, m � d�ln sm�=d�ln _e�) is smaller both
in regions I and III than in region II. The m value
in region II increases with alloying, up to 0.4 for

MM Al±1.1Mg±1.2Cu. This increase in the m value
is an apparent reason for the occurrence of super-
plastic elongation in MM Al alloys.

Similar changes in ef and sm with alloying were
also observed in MM Al±Ge/Si system alloys,
though the attained value of ef (170% in MM Al±

0.4Ge±0.4Si) was smaller compared to that in MM
Al±1.1Mg±1.2Cu. Hence, the same phenomenologi-
cal explanation could be applied for this alloy sys-
tem, too.

It is noticed in Fig. 2 that the strain rate corre-
sponding to a maximum m value does not coincide
with that of maximum ef; the former is slightly

higher than the latter. This may be due to the fact
that in Fig. 2(b) the ¯ow stress is plotted against
the nominal strain rate, not the true strain rate. It

actually decreases with the progress of deformation
in the present constant nominal strain rate test.

3.3. Microstructure appropriate for superplastic
elongation

Whether superplasticity appears or not should
depend on the microstructure. Examples of TEM
micrographs taken before deformation are given in
Figs 3 and 4 for MM pure Al and MM Al alloys,

respectively. The former showed only 30%
elongation at most while the latter exhibited an
elongation larger than 100%. Although the grain

size tends to be slightly larger in the alloys, all the
materials studied consist of ®ne equiaxed grains
(<1 mm in diameter). The most notable change in

microstructure produced by alloying is re¯ected in
their thermal recovery behavior. The structure of
MM pure Al could not be fully recovered even

after annealing at 773 K; the crystal lattice is highly

Fig. 2. Changes in (a) nominal strain to fracture ef and (b)
maximum true ¯ow stress sm with nominal strain rate _e
for MM pure Al and MM Al±Mg/Cu system alloys,

T = 748 K.
Fig. 3. TEM micrograph of MM pure Al taken before de-

formation.
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distorted and the grain boundary is uneven as evi-

denced by complex contrast in grain interiors and

few thickness fringes at grain boundaries (Fig. 3).

Thermal recovery progressed more rapidly in MM

Al alloys (Fig. 4). It is typically seen in Fig. 4(b) for

MM Al±1.1Mg±1.2Cu that exhibited the largest

elongation. The structure was almost fully recov-

ered when highly alloyed; the grain interior is rather

free from dislocations and the grain boundary is

smooth as indicated by clear thickness fringes.

Further, misorientation at grain boundaries esti-

mated by an electron di�raction method tended to

be larger in the alloys than in MM pure Al: about

10 deg or slightly larger in MM Al±1.1Mg±1.2Cu

while a few degrees in MM pure Al.

To verify the TEM results more macroscopically,

X-ray di�raction patterns were taken by using Cu-

Ka radiation. Part of a Debye ring is shown in

Fig. 5 for MM pure Al and MM Al±1.1Mg±1.2Cu

that exhibited the smallest and the largest

Fig. 4. TEM micrographs of MM Al alloys taken before deformation: (a) MM Al±1.8 at.% Cu; (b)
MM Al±1.1 at.% Mg±1.2 at.% Cu; (c) MM Al±0.5 at.% Ge; (d) MM Al±0.4 at.% Ge±0.4 at.% Si.

Fig. 5. X-ray Debye rings taken before deformation: (a)
MM pure Al; (b) MM Al±1.1 at.% Mg±1.2 at.% Cu.
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elongation, respectively. The contrast is di�use in
the former, but is spotty in the latter. This con®rms

a more advanced state of thermal recovery in the
latter.

3.4. On necessity of alloying and prior rolling and
annealing for modi®cation of microstructure

3.4.1. Role of alloying. One might wonder why
thermal recovery that accompanies density re-
duction and rearrangement of dislocations [18] is

accelerated with alloying, since solute atoms would
pin dislocations. As reported in Al±Mg alloys [19],
however, there is an opposite possibility that it
occurs rapidly in a solid solution, even faster than

in pure aluminum, because of a larger stored energy
introduced during prior straining.
To verify the faster and/or more extended recov-

ery in the present MM Al alloys, a change in
Vickers hardness HV with temperature was
measured in as-rolled specimens by using a high

temperature hardness tester. The results are pre-
sented in Fig. 6, where the HV value is higher in the
MM Al alloys than in MM pure Al at low tempera-
tures. However, the HV value for the MM Al alloys

reduces more rapidly with increasing temperature,
and at temperatures above 0500 K it becomes
much lower than that for MM pure Al. Since no

evidence of recrystallization was observed even after
773 K annealing, the result of Fig. 6 con®rms the
acceleration of thermal recovery with alloying. The

higher HV values for the MM Al alloys at the roll-
ing temperature of 423 K suggest that the faster
recovery in the alloys originates from a larger

stored energy resulting from a higher rolling stress.
3.4.2. Role of prior rolling and annealing. If the

above explanation for rapid recovery is valid, low-
ering the rolling temperature may accelerate thermal

recovery and hence lead to a larger elongation to

fracture. As shown in Fig. 7 for IN9021 alloy that
was made from mechanically milled powder and is

similar to MM Al±1.1Mg±1.2Cu in composition, a
lower rolling temperature results in a larger
elongation, indeed.

Further, increases in the annealing temperature
and time after rolling would stimulate thermal
recovery of microstructure and again lead to a lar-

ger elongation. To ascertain this, the elongation
and microstructure of MM pure Al were examined
after annealing at various conditions. Results are
given in Fig. 8; even MM pure Al exhibited an

elongation as large as 120% [Fig. 8(a)] when micro-
structure had been thermally recovered [Fig. 8(b)].
A decrease in the optimum strain rate for the lar-

gest elongation with increasing temperature and
time of prior annealing is a result of the grain coar-
sening during annealing.

Tsuzaki et al. [20] reported for (a + g) microdu-
plex stainless steel that a boundary misorientation
increases by repeating cold or hot rolling and

annealing and subgrain boundaries change to grain
boundaries. Accordingly, the situation suitable for
grain boundary sliding, that is believed to be necess-
ary for superplastic deformation, is created [21].

The increase in misorientation was ascribed to the
absorption of dislocations introduced during rolling
into subgrain boundaries. The previously stated

increase in strain to fracture by prior rolling and
annealing (Figs 7 and 8) is considered to be a result
of the similar microstructural evolution.

It is therefore postulated that not only the small-
ness of grains but also a favorable character of
grain boundaries (smoothness and large misorienta-
tion) are necessary for the occurrence of superplas-

tic elongation at high strain rates; the prior rolling
and annealing are useful for producing such a well-
de®ned, ®ne microstructure in MM Al alloys.

3.5. Deformation mode

To understand the di�erence in deformation
mode under superplastic and non-superplastic con-

Fig. 6. Changes in Vickers hardness HV with temperature
in MM pure Al and MM Al±Mg/Cu system alloys after

rolling of 70% in thickness reduction at 423 K.

Fig. 7. E�ect of temperature in prior rolling (thickness re-
duction: 70%) on strain to fracture ef in IN9021 alloy.
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ditions, electrochemically polished surfaces of the
specimen were examined with SEM after defor-

mation. Figure 9 shows micrographs of the surface
in MM pure Al and MM Al±1.1Mg±1.2Cu; the for-
mer exhibited the smallest elongation and the latter

the largest elongation, respectively.
In MM pure Al, the surface is fairly ¯at after de-

formation in all the regions I, II and III even in an

area of local necking. This implies that the main
mode of deformation is the grain deformation due
to dislocation motion. The surface condition is simi-

lar even for MM Al±1.1Mg±1.2Cu when deformed
in region III. However, after deformation in regions
I and II, the surface is uneven in a unit of a grain
or several grains. Hence, it is reasonably considered

that grain boundary sliding occurred during super-
plastic deformation in region II. At present, how-
ever, a contribution of grain boundary sliding to

total elongation and a reason for the di�erence in
elongation between regions I and II still remain
unknown.

4. CONCLUDING REMARKS

On the basis of experimental results, the origin of
superplastic elongation in MM Al alloys could be

explained as follows.
Alloying of Mg, Cu, Ge and/or Si, especially the

combined addition of Mg and Cu, and prior rolling
accelerate thermal recovery when annealed at high

temperature. Microstructure changes from the
highly strained state in MM pure Al to well-de®ned
but still ®ne grained structure in MM Al alloys in

which dislocation density within grains is low and

Fig. 8. (a) E�ect of temperature and time in prior anneal-
ing on strain to fracture ef. (b) TEM micrograph after
annealing at 873 K for 100 h, in MM pure Al, after prior

rolling of 70% in thickness reduction at 423 K.

Fig. 9. SEM micrographs of specimen surface after deformation in MM pure Al and MM Al±1.1 at.%
Mg±1.2 at.% Cu.
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grain boundaries are smooth and of large misorien-
tation. Such sharpening of the microstructure

reduces ¯ow stresses due to both grain deformation
at high strain rates (>05�101/s) and grain
boundary sliding at low strain rates (<01�10ÿ2/s).
Probably because a decrease in the logarithm of
¯ow stress due to the latter mechanism is larger
than that due to the former, the strain rate sensi-

tivity (the m value) increases at intermediate strain
rates (1�10ÿ1±1� 101/s). This large m value sup-
presses the occurrence of local necking, and super-

plasticity appears at strain rates around 100/s.
Grain boundary sliding certainly occurs during

superplastic deformation, though its role for the
appearance of superplasticity remains unknown in

detail. It is concluded that not only the smallness of
grains but also the smoothness of grain boundaries
are indispensable for the occurrence of superplasti-

city in MM Al alloys.
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