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Abstract: Submicrometer-grained (SMG) Al-3%Mn (mass fraction) alloy specimens with initial grain size of ~0.3 pm were
produced by ball milling for 3 h. The Al-3%Mn specimens which were cold rolled with a strain rate of 1x107°= 1x1072 s ' at room
temperature show high extensibility to failure more than 2500%. Microstructures of pure Al and Al-3%Mn alloy at as-milled and
cold-rolled state were examined using X-ray diffraction and transmission electron microscopy (TEM). Based on the microstructure
analysis, it is established that the mechanism of the continued plastic deformation in SMG Al-3%Mn alloy consists of dislocation
slip, grain boundary sliding companied by dynamic recovery and recrystallization, and dynamic recrystallization is a main control

factor of the large plastic deformation.
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1 Introduction

Superplastic forming at a higher strain rate or lower
temperature is highly desirable in industrial fabrication.
There are obvious advantages in conducting superplastic
forming at a lower temperature. For example, a lower
forming temperature would save energy, improve the
surface quality of the formed component, prevent severe
grain growth and reduce the level of cavitation and solute
loss from the surface layer,
post-forming properties [1]. It has been shown that
Al-Mn alloys are highly suited to plastic deformation
process, suggesting that they have potential for the
development of wrought Al products. Microcrystalline
materials with ultrafine grain size at submicrometer or
nanometer scales possess a number of extraordinary
physical and mechanical properties [1-9]. However,
submicrometer-grained (SMG) materials have some
advantages over nanocrystalline structures because bulk
specimens are easy to be produced and no problems are
associated with residual porosity [2,3]. In recent years,
SMG alloys have been fabricated by severe plastic
deformations [10], such as high-energy ball milling,
electrodeposition, inert gas condensation and
equal-channel angular pressing. Compared with other

maintaining  better

alloying methods, high-energy ball milling, which
introduces very large plastic strains leading to grain
refinement in coarse grained powder or bulk materials, is
feasibility of addition of alloying elements for
improvement of their mechanical and physical properties
[11].

Plastic deformation in polycrystalline with ultrafine
grain  size dislocation movement, grain
boundary motion, and recovery and recrystallization.
Grain boundary mobility is commonly considered an
important ~ deformation mechanism at elevated
temperature because the high activation energy is
required for it. However, the occurrence of grain
boundary motion at room temperature deformation of
nanocrystalline metals has been confirmed by in situ
observations recently [12,13].

Deformed metal or alloy contains a large stored
energy which will normally revert to a low energy state
through structural evolution during recovery and
recrystallization [14]. The microstructural changes
during recovery, which is primarily associated with
dislocation reaction, are relatively homogeneous and
usually do not affect the boundaries between the
deformed grains. Recrystallization may occur when new
defect free grains grow to consume the deformed or
recovered microstructure. Moreover, the overlapping of
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the two processes may occur at some circumstances [15].

The present investigation are undertaken to explore
extensibility behavior and the associated changes of
microstructures during cold rolling of submicrometer
grained Al-3%Mn alloy specimens prepared by ball
milling for different alloying time at room temperature.
In addition, observed microstructures leading to large
extensibility of the alloy and mechanism of large
extensibility are discussed.

2 Experimental

Elemental Al and Mn powders with a purity of
99.999% or better were used as the starting materials.
Al-3%Mn (mass fraction) alloy specimens were
prepared. The powders were sealed in a cylindrical
stainless steel container under an Ar atmosphere.
Mechanical alloying was carried out for 3 h on a
high-energy mill, with a ball to powder mass ratio of
15:1. The as-milled powders were pressed under a
pressure of about 640 MPa to form a small disk. Plastic
deformation of the as-milled Al-3%Mn specimen was
done by cold rolling (CR) and a piece of the Al-3%Mn
sample (about 6 mmx6 mmxl mm) cut from the
as-milled sheet was rolled at room temperature with a
twin-roller apparatus. The strain rate during rolling was
controlled to 1x107—1x107* s™". Cold rolling resulted in
a continuous increase of sample length along the
direction of rolling, while the sample width was kept a
constant. During repeated rolling (total 6 cycles), the
Al-3%Mn-3 h sample became longer and longer, and
eventually formed a uniform, long thin ribbon with
smooth surface and straight edges with out crack. The
degree of deformation of cast pure Al (purity 99.992%)
sample after rolling is very small in comparison with that
of AlI-3%Mn-3 h sample. And many cracks appear at the
edges of as-rolled pure Al sample. The total degree of
deformation in the sample of as-cast Al is 98%, and more
than 2500% in the AlI-3%Mn alloy.

The structures of as-milled and as-rolled samples
were analyzed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The X-ray
diffraction (XRD) analysis was conducted using Cu K,
radiation with a D/Max-y A diffractometer equipped with
a graphite crystal monochromator. The TEM
investigations were carried out on a Philips TEM 420
microscope at 200 kV.

3 Results and discussion

Figure 1 shows a stress—strain curve at room
temperature at an initial strain rate of 6.5x107° s™'. A
slight hardness increases in the Al-3%Mn alloy at the
initial stage of rolling, as shown in Fig. 1, and no strain

hardening effect is seen with further rolling (¢>1000%).
To examine the solubility of Mn in Al after ball milling,
X-ray diffraction patterns were measured for both
as-milled and rolled samples. Only diffraction peaks
corresponding to FCC-ALI are observed in XRD patterns
of all the samples (Fig. 2). This indicates that Mn is very
well dispersed in the FCC-Al; moreover, compared with
pure Al, the shift of the positions of XRD peaks to low
angles reveals the increase of the lattice parameter,
further indicating that the Mn atoms are dissolved into
the Al lattice. A supersaturated solid solution forms for
all the samples.
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Fig. 1 Stress—strain curve of Al-3%Mn alloy during room

temperature rolling at initial strain rate of 6.5x10 s ™"
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Fig. 2 X-ray diffraction patterns of as-milled Al-3%Mn
specimen and milled rolled specimen

The TEM observations of the microstructures of
polycrystalline pure Al and Al-3%Mn-3 h sample are
shown in Fig. 3. The most common feature, a random
distribution of equiaxed grains is observed in these
specimens. The diameter of equiaxed grains in pure Al is
in the range of 320—500 nm while diameter of equiaxed
grains in Al-3%Mn-3 h is in the range of 200—400 nm.
The grain boundaries of pure Al present smooth
extinction contours, indicating a much low density of
extrinsic grain boundary dislocations. And, very rare
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dislocation is observed within grains (Fig. 3(a)). In
Al-3%Mn specimen, the grains and their grain
boundaries are well defined with some parts of the
boundaries containing extinction contours (Fig. 3(b)). It
appears that the grain structure is not completely stable
since many grain boundaries meet at acute angles (as
arrows shown). In the Al-3%Mn sample, grains with
high density dislocations are frequently found, as shown
in Fig. 3(c). In this case, individual dislocation could
hardly be distinguished, whereas dislocation tangles are
distributed almost homogeneously and a few cell walls
are observed. The grain boundaries can be well
distinguished with extinction contours found at some
parts of them. Figure 3(d) shows an example of the
grains with sharply defined grain boundaries with no
dislocation observed within the grains.

Transmission electron microscopy reveals that the

microstructures after cold rolling are indicative of
significant dynamic evolution.

For the cold rolled Al-3%Mn specimen, the typical
structures are presented in Fig. 4. A reasonably equiaxed
grain structure is observed in some areas shown in
Fig. 4(a) and the grains markedly elongated are observed
in other areas as shown in Fig. 4(b). Microdiffraction
patterns of the elongated grains labeled 4 and B in
Fig. 4(b) are given in Fig. 4(d) and (e), respectively.
These patterns demonstrate that there are large
misorientations between the individual elongated grains
in Fig. 4(b), indicating the presence of large internal
stress. In both of these structures, some grain boundaries
with irregular extinction contours are visible along all or
part of their length, indicating the nonequilibrium
character of the boundaries, as reported also for other
SMG alloys [2,16]. The dark contrast near grain

Fig. 3 TEM microstructures of pure Al (a), A1-3%Mn with equiaxed grains (b), dislocation cells and tangles (c) and sharply defined

grain boundaries (d)
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boundaries in parts of the micrographs suggests a high
dislocation density. And, some fine subgrains, which
should be recrystallized grains, are observed in some
elongated grain structure. Figure 4(c) shows a
well-developed recrystallized microstructure with the
grain boundaries exhibiting low misorientations.

Fig. 4 TEM micrographs of cold rolled

Al-3%Mn specimens showing equiaxed
grains (a), elongated grains (b), recrystallized
grains (c), and corresponding diffraction
patterns of elongated grains labeled 4 (d) and
B (e)

Under tensile test condition, two fundamental
requirements must be fulfilled in order to achieve
superplasticity in conventional metals: 1) a small grain
size, typically less than 10 pm, and 2) a temperature of
test above 0.57,, (where T, is the absolute melting
temperature) [16]. However, a further reduction in grain



XIAO Xuan, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1035—1040 1039

size, to the submicron level or lower, offers the potential
advantages of increasing the overall ductility prior to
failure while at the same time decreasing the temperature
associated with superplastic flow. Similar tendency
occurs under cold-rolling test condition. During rolling at
room  temperature, conventional  coarse-grained
polycrystalline Cu exhibits an extension of 800%, while
nanocrystalline Cu prepared by electrodeposition
technique exhibits a superplastic extensibility of 5100%
(measured with the change of thickness) [17]. In our
investigation, the elongations exceed 2500% during cold
rolling at room temperature. Such a high extensibility
maybe attribute to the microstructural characteristics and
low strain rate (about 10> s ™).

The TEM observations show that the large
extensibility of Al-Mn alloy is related to several
deformation mechanisms. The grain boundary diffusion
in SMG aluminum alloys is accelerated, compared with
that of aluminum alloys with fine grains (1-10 um) [3].
Commonly, the mechanisms of the superplasticity of
aluminum-based alloys with SMG microstructure are
related to grain boundary sliding and intragranular
deformation during enhanced diffusion. When grain
boundary sliding or slip plays a decision role, the
microstructure during superplastic deformation will
consist of dislocation-free grains, as confirmed in many
superplastic alloys. TEM images (Fig. 4) show a rare
distribution of dislocations within the grains but high
density close to the grain boundaries, suggesting that the
dislocations originate from the grain boundaries.
Detailed observation indicates that some of the
well-developed boundaries have low misorientations,
which is beneficial to the grain boundary sliding or slip.
Thus, it is reasonable to conclude that grain boundary
sliding plays an important role in producing large
extensibility in our alloys. The presence of large internal
stress between grains also gives evidence for the grain
boundary sliding (Fig. 4(b)). Furthermore, dislocation
slip is also a control factor during plastic extensibility
deformation in the Al-3%Mn specimen. Figure 4(b)
shows an area of elongated grains, indicating that the
active dislocation slip of the alloy definitely contributes
to superplastic deformation. At as-milled state, the
Al-3%Mn specimen shows high density of dislocations
within some grains (Fig. 3(c)). During cold rolling, the
dislocation slip in grains leads to the directional
elongation of the grain. Under this condition, the grain
boundaries act as a source for dislocation nucleation and
growth under the deformation conditions.

From above observations, it can be seen that the
cold-rolled Al-3%Mn specimen typical
dislocation- free bands with an average width of ~0.12
um, typical recrystallized microstructure. It is the most
interesting that the recrystallized temperature in SMG

shows

aluminide alloy is close to room temperature, which is
lower than that in conventional aluminide alloy. It should
be attributed to the raw material, high purity Al powder,
which can markedly decrease the recrystallized
temperature [5,18]. In the TEM tests (Fig. 4(b)), clear
subboundaries are observed, which means that dynamic
recovery has occurred during superplastic deformation of
this material. After rolling several cycles, the equiaxed
grain size of Al-3%Mn-3 h specimen grew to 0.6—0.9
um, with the elongated grain in a width of 0.3—0.5 pm.
Thus, during cold rolling, dynamic recovery and
recrystallization led to a network of highly
nonequilibrium grain boundaries through dislocation
rearrangement and subsequently these boundaries
transformed gradually into a more equilibrated
configuration accompanied by some limited grain
growth.

Strain hardening was not pronounced in the SMG
Al-3%Mn alloys during cold rolling, owing to the
absorption of dislocation by grain boundaries because of
accelerated diffusion. On the other hand, the cavity
behavior is important because suppression of the
formation and growth of cavities is directly related to the
large extensibility. The general model of cavitation,
based on the idea that stress concentrates at a grain
boundary which is accompanied by grain boundary
sliding and results in decohesion of the boundary
interface, is commonly accepted [19]. During
deformation, dynamic recovery is an effective
accompany process to relive such concentration stresses
[20]. Considering the competition between the opening
of a cavity by grain boundary sliding and concentration
of stress, the cavity will hardly nucleate when the latter is
predominated. So, the mechanism for continued plastic
deformation in SMG Al-3%Mn alloy should be the grain
boundary sliding and dislocation slip accompanied by
dynamic recovery and recrystallization. Moreover, it
needs to be noted that dynamic recrystallization is a main
control factor in the Al-3%Mn alloy.

4 Conclusions

1) The SMG Al-3%Mn alloys produced by ball
milling exhibit high plastic extensibility to failure during
cold rolling at low strain rate and room temperature.
Appropriate alloying time, e.g. 3 h, leads to the
extensibility towards the value of more than 2500%.

2) Microstructure analysis of milled and rolled
alloys indicates that mechanism of continued plastic
deformation in SMG Al-3%Mn involves dislocation slip,
grain boundary sliding companied by dynamic recovery
and recrystallization, and dynamic recrystallization is a
main control factor of the large plastic deformation.
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