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Nanostructural formation of fine grained aluminum alloy by severe

plastic deformation at cryogenic temperature
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Severe plastic deformation (SPD) is currently thought
to be a promising method in grain refinement, es-
pecially in fabricating ultrafine-grained (UFG) metal
bulk with less porous defect and no contamination
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Figure 1 TEM feature of microstructure by continuous MAF at liquid nitrogen temperature: (a) microstructure and (b) the corresponding EDP.

[1–4]. There are various approaches based on SPD,
for example, equal channel angular pressing (ECAP)
[2, 3], high pressure torsion (HPT), accumulative
rolling bonding (ABR) [5], repetitive corrugation and
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straightening (RCS) [6], and multi-axis forging (MAF)
[1, 6]. HPT can easily decrease the grain size of many
metals to nanometers regime [1]. However, the mechan-
ical property is inhomogeneous caused by the gradient
deformation from center to peripheral part by HPT pro-
cess [7], in addition it can only produce very small
samples. MAF has some advantages over other SPD
techniques [6, 8] in producing homogeneous large bulk
with fine structure, but it has the limitation for grain
refinement since the process is always carried out at el-
evated temperature. Lower temperature can hinder the
dynamic recovery and consequently improve the grain
refinement effects [6]. However, little work has been
done so far to fabricate UFG metals by extreme low
temperature MAF due to the poor workability for most
metals at low temperature.

In this work, under the condition of constrained de-
formation, nanostructural grains have been formed by
large MAF process at cryogenic temperature based on
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Figure 2 TEM microstructural morphology of first single compression forging at liquid nitrogen temperature: (a) microstructure and (b) the corre-
sponding EDP.

commercial 7075 aluminum alloy which is known for
its poor ductility at low temperature. The attempt of
this research is to give rise to the feasibility in fabri-
cating nanostructural bulk metals with homogeneous
structure by a novel method through studying the grain
refinement. The composition of commercial 7075 alu-
minum alloy is Zn: 5.6 wt%, Mg: 2.3 wt%, Cu: 1.6 wt%,
aluminum in balance. In current experiment there are
two different deformations, continuous MAF and single
axis compression forging, leading from high tempera-
ture to extreme low temperature. However, there is no
annealing process during the entire procedure. Before
cryogenic forging, hot extruded bulk of 7075 alloy was
subjected to continuous MAF first at 430 ◦C, followed
by MAF at room temperature to gain fine-grained struc-
ture. Then a sample in 40 mm × 40 mm × 40 mm was
cut off from the bulk for continuous MAF after being
immersed in liquid nitrogen for 15 min with copper
clad. After continuous MAF smaller samples were cut
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Figure 3 The TEM microstructures of second single compression forging at liquid nitrogen temperature: (a) microstructure, (b) the corresponding
EDP, and (c) feature of nanostructured grains.

off in dimension 10 mm × 10 mm × 10 mm with copper
clad for a two-step compression forging. The samples
were subjected to a single forging along height direc-
tion with reduction of over 60%, followed by a second
single forging in a different deformation axis with re-
duction of over 60%. Each time before forging, samples

were kept in liquid nitrogen for 15 min. The strain rate
for all forging was 102–103 s−1. Transmission elec-
tron microscopy (TEM) studies were conducted using
Jeol 200CX microscope at 100 KV. Thin foils for TEM
observations were prepared by jet electropolishing at
room temperature.
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Fig. 1 shows the TEM feature of microstructure of
the sample subjected to continuous MAF at liquid nitro-
gen temperature. Equiaxed UFG grains can be found.
The average size of grains was less than 500 nm. Exten-
sive extinction contour in the vicinity of the boundary
indicated the existence of internal stress. The near ring-
like electron diffraction pattern (EDP) indicates the ex-
istence of the high angle boundaries as well as fine
grains. Like typical microstructural UFG metals, few
dislocations can be found within grains, even around
particles, although dislocation cells can be observed on
grain boundaries.

Fig. 2 gives the TEM microstructural morphology of
the first single compression forging at liquid nitrogen
temperature. The microstructure here is quite different
from that as shown in Fig. 1 in that the sharp boundary
of original equiaxed grains became obscure. However,
elongated grains could be hardly observed (Fig. 2a).
High density of dislocations and dislocation cells was
found both in matrix and around particles. The ring-like
EDP indicates the existence of much finer microstruc-
ture as well as an increase of misorientation between
adjacent grains as showed in Fig. 2b.

Fig. 3 shows the TEM microstructures subjected to
second single compression forging based on the first
one. Homogeneous UFG structure was found (Fig. 3a).
The previous high density of dislocations and disloca-
tion cells became disappeared. The previous obscure
microstructure became sharp boundary grains. Grains
were still equiaxed. No elongated microstructure could
be even observed. Grains in size were from less than
100 nm to a few hundred nanometers. The average grain
size is less than 200 nm as shown in Fig. 3a which is
much smaller than that in Fig. 1a. The apparent ring-
like EDP compared with that in Fig. 2b indicates the
more random misorientation between adjacent grains,
as showed in Fig. 3b. Fig. 3c gives the morphology of
grains in nanometers. The original large inclusion could
be even broken into nanometer regime, as the light area
in the center shown in Fig. 3c.

In this study, commercial 7075 aluminum alloy
showed good compressive ductility during the con-
strained deformation at extreme low temperature by
continuous MAF and two separate single forging pro-
cessing without interval annealing. However, failure

would occur during deformation at such low temper-
ature without proper constrain. This experiment also
demonstrates that large repetitive deformation at low
temperature is possible for 7075 alloy, which is critical
to further refinement. Tsuji et al. studied the microstruc-
tural evolution of UFG pure aluminum subjected to
large deformation by compression at room temperature
at different deformation speeds. They found that the
heat generated from deformation coarsened the grains
[9]. Our experiment showed that the extreme low tem-
perature greatly hindered grain coarsening. This was
also confirmed by other researchers [3, 6]. However,
their results were all concluded from experiments of
pure metals with good ductility, like pure aluminum
and pure copper.

In summary, we obtained nanostructured bulk based
on commercial 7075 aluminum alloy by MAF at liq-
uid nitrogen temperature, which gives the possibility
of gaining nanostructural grains with other alloys. The
grain refinement could be furthered by repeating of
multiple forging at cryogenic temperature without in-
terval annealing.
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