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Fig. 3: Representative TEM images at ε = 4.32 (a), (b), (c) and ε = 8.64 (d), (e), (f). White lines indicate the bands direction and black arrow the pressing direction (PD).
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limit of HAB is going to be reached starting
from the strain level of ε = 8.64. On the
other hand, Fig. 4(b) shows that the mean
grain size shrinking with accumulative
strain is rather dramatic during the first four
passes (ε = 4.32) and it is quite slower at
the following four passes, from the 5th to the

Fig. 4: (a): Plots of the fraction of HAB, F(HAB), and (b) of the cell, λ, and grain, d, size, as a function of the strain, for route A, C, and Bc.
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8th pass, i.e. from ε = 5.40 to 8.64. Cell size
reduction is generally slower and almost
linear from the first to the eighth pass
(except for the route C). A relevant aspect
is that at ε = 8.64 the mean grain size, d,
practically approaches the mean cell size,
λ, which means that a microstructure

refining limit was almost reached. The
results obtained indicate that the
effectiveness of generation  HABs is
essentially in the order of A > Bc > C.
The systematic and quantitative use of the
Kikuchi bands approach is able to measure
with an accuracy of within 0.2° the
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misorientation across all type of
boundaries. The quantitative use of this
technique is rather unique in literature since
much easier and time-saving other
techniques, such as the FEG-SEM Electron
Back Scattering, have more diffusion in the
scientific community.
Nevertheless, the Kikuchi bands
misorientation measurements by TEM have
the remarkable advantage of the lowest
possible resolution. The present paper aims
at presenting to the scientific community an
alternative and attractive different method
for the characterization of the boundary
evolution during severe plastic
deformation.
The TEM inspections revealed that in route
A, at low strains (ε < 2.16) the original
grains distort in proportion to the strain and
start to subdivide by the formation of
deformation bands. As the strain increases
(2.16 < ε < 8.64), the previous and newly
formed HABs tend to rotate towards the
pressing direction and a fibrous structure,
predominantly constituted of lamellae of
HABs, developed. At the same time, the
lateral spacing of the HAB lamellae
steadily decreases, producing very thin
ribbon-like grains starting from a strain of 
ε = 5.40. At higher strain levels, the
microstructure further refines by the closer
approaching of the lamellae boundaries
and the progressive break up into lower
aspect ratio grains, until the average grain
size is submicron in all directions (Fig. 3
(d)). In route Bc the material is deformed in
one plane, the PN plane, but the shear
strain is reversed every alternate pressing,
giving a redundant strain every even
numbered passes.
Despite being subjected to a total effective
strain of ε = 8.64, Fig. 3(f) showed
evidence of presence of few larger grains,
few microns in size; LABs were identified
within the grains and the material
contained large regions in which cells were
quite abundant. The processing route Bc
involves billet shear deformation on two
mutually orthogonal planes. It is important
to specify that the level of homogeneity of
the refined microstructure was markedly
less than for the sample deformed via route
C, but it was far better than route A.
Fig. 5 shows the plot of cumulative fraction
of boundaries as a function of the
misorientation angles. The Mackenzie
distribution is also reported to show how
the misorientation distributions for all the

three routes, irrespective of the strain level,
are far from being randomly distributed.
Route C (Fig.5b) appears to be the one
involving the faster unit increment of
cumulative fraction with misorientation,

respect to the route A (Fig.5a) and route Bc
(Fig.5c). The cumulative fraction plot versus
the misorientation angles reveal a step-like
trend for all the three routes. Route A shows
steps at 2°, 14-16°, 18°, 38° and 45° only

Fig. 5: Cumulative fraction of boundary as a function of the misorientation angles. Route A (a), route C (b),
route Bc (c). Numbers refer to the ECAP passes. The dotted lower line is the Mackenzie (random)
distribution.
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for the earlier strains, these eventually tend
to dissolve with the accumulative straining
and consequently the angular evolution
proceeds with no relevant steps at the
maximum strain levels. Similar arguments
hold for route C where the steps are
located at 2°, 18°, 36°, 45°, actually
starting to dissolve at ε = 6.48. On the
contrary, the steps characterize the
cumulative frequency plot in route Bc,
virtually up to ε = 8.64. In this case, steps

are at 2°, 14-16°, 28-30°, 43-46°. This
step-like behaviour is certainly ascribable
to a texture evolution of the microstructure
under severe plastic deformation, and the
fact that, in some cases, different angles
are involved in the angular distribution and
the step-like trend almost dissolve with
strain in route A and C, reflects a different
textural component evolution with strain
from route to route.
Comparison between the microstructures

produced by the three different routes can
be summarized as follows: in terms of
generation of HABs, the route efficiency is
A > Bc > C (Fig. 4a); in terms of reducing
grain size, the route efficiency is Bc > A > C
(Fig. 4b); in terms of generating equiaxed
grains, the route efficiency is on the order
of Bc > C > A (Fig. 3); in terms of
misorientation unit increment, the route
efficiency is Bc ≥ A > C (Fig. 5).
In other studies (i.e. [6]) the efficiency of
generation of HAB was reported to be as
Bc > C > A, which would mean a much
larger fraction F(HAB) in favour of the
route A, respect of the present findings. This
discrepancy, is believed to be attributed to
a quite different evaluation method for
identifying the HAB fraction out of the
whole bunch of boundaries formed during
ECAP. In the present study, a systematic
TEM study was carried out using a
quantitative method through the Kikuchi
bands misorientation measurement which is
far more reliable than other semi-
quantitative, or even qualitative, methods.
After ECAP step straining of ε = 1.08, up to
8.64, samples were heat treated at three
temperatures: 0.5TM (600K), 0.6TM

(660K) and 0.7TM (720K) for 2 h. Fig. 6
shows representative polarized optical
microscopy (POM) images, for the routes
A, C and Bc, at ε = 4.32 (a) and ε = 8.64
(b). At the strain level of ε = 4.32 (4 ECAP
passes) a submicrometre scale of grains is
essentially maintained only in the material
deformed through route C, while in the
other two cases, route A and Bc, grain size
starts to coarsen. The small mean grain
size, in route C, is virtually maintained up to
the maximum temperature of 0.7TM

(720K). At the strain level of ε = 8.64 (8
ECAP passes) the material deformed
through routes A and Bc shows clear
evidence of generation of new fine grains
at the boundary of coarsened grains,
already at the lowest temperature of 0.5TM

(600K). On the other hand a grain
coarsening occurs in route C starting from
0.6TM (660K).
The results on thermal stability regarding
the three routes A, Bc and C, clearly show
that the upon reheating, after ECAP, the
ultrafine grained structure is essentially
maintained only under route C. For all the
three routes, the temperature up to which
the grain size is maintained sub-micrometric
strongly depends on the strain level andFig. 6: Representative POM images: a) Â = 4.32 (4 passes); b) Â = 8.64 (8 passes).

A

C

Bc

A

C

Bc

0.5 0.6 0.7



38 Metallurgical Science and Technology Vol. 27-1  -  Ed. 2009

reduces as the strain rises. Literature results
on thermal stability of the severely
deformed aluminium alloys under ECAP
[8,15,21,22] are limited and they are
eventually focused on the superplasticity
behaviour of specific aluminium alloys.
With this respect, Malek and colleague
[21] in a thermal stability study of an Al-Zn-
Mg-Cu alloy found the sub-micrometer
structure to be stable up to 600K and that
at higher temperatures a fast grain
coarsening occurs. On the other hand,

up to 800K and at this temperature the
alloy has a superplastic behaviour [22].
With this respect, the originality of the
present paper results is based on linking the
thermal stability threshold limit with the
shear deformation induced by three
different routes: A, Bc and C. This threshold
limit was found to be improved from 600K,
in route Bc and A (as also found in [21] and
[22]), up to 660K using route C.

Langdon and co-workers [22] found
superplasticity behaviour, that is fine
grained size microstructure, up to 500K in
commercially pure aluminium and in an Al-
3%Mg alloy. The only suitable way for
maintaining sub-micrometer the grain
structure obtained by ECAP is by adding
grain refiners particles such Al3Sc or
Al3(Sc,Zr) and thus adding small fraction
of Sc, Zr or both to the alloy [15,22,23].
These particles were documented
increasing the grain size stability virtually

SUMMARY
In this paper, a TEM study through the
Kikuchi bands approach was carried out to
quantitatively evaluate the evolution of
both low- (LAB) and high-angle boundaries
(HAB) in a commercially pure AA1200
subjected to ECAP routes A, C , and Bc. It
was thus possible to determine a hierarchy
of efficiency in the generation of HAB: A >
Bc > C. In terms of grain size reduction, the
route efficiency is Bc > A > C and the
misorientation unit increment efficiency
hierarchy is as: Bc ≥ A > C.
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Thermal stability studies, after ECAP, were
carried out for temperatures: 0.5, 0.6, and
0.7TM. It was found that the material
deformed via route C and Bc at ε = 4.32
essentially maintains a submicrometre scale
of grains within 0.7TM and 0.5TM,
respectively. For the highest strain levels (ε
= 8.64) grain coarsening in route C occurs
only at 0.7TM. Thermal stability of the three
routes A, Bc and C, is essentially
maintained only under route C up to 0.7TM

for within ε = 4.32, and up to 0.6TM at the
maximum strain of ε = 8.64.
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