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Abstract

The grain structure and texture evolution during annealing a Al–0.13% Mg submicron-grained alloy, deformed by plane-strain com-
pression (PSC) at cryogenic temperatures, has been investigated by transmission electron microscopy and electron backscatter diffrac-
tion. After deformation the alloy contained a lamellar grain structure with a high-angle grain boundary (HAGB) spacing of 190 nm
and an area fraction of �80%. On annealing the grain structure coarsened and transformed from lamellar to equiaxed. Remarkably,
the fraction of low-angle grain boundaries (LAGBs) progressively increased during annealing, to �50% above 300 �C, leading to insta-
bility and discontinuous recrystallization at higher temperatures. This resulted in a ‘‘bimodal grain structure” comprised of bands of
coarser grains and fine subgrains, arising as a result of the increase in proportion of lower-mobility LAGBs. The surprisingly large
increase in LAGB fraction on annealing is shown to be related to orientation impingement, originating from the strong texture present
after PSC in liquid nitrogen.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There is currently considerable interest in the develop-
ment of ultrafine-grained (UFG) metals with submicron,
or nanograined, structures (e.g. [1–28]). The rationale for
this research stems from the Hall–Petch theory, which pre-
dicts that the strength of an alloy is inversely proportional
to the square root of its grain size [1–3]. However, there are
also benefits in certain applications from the increase in
fine-scale homogeneity and high-angle boundary area that
results from grain size reduction to the nanoscale.
Although various methods can be used to produce materi-
als with grain sizes in the range of 10–1000 nm, severe plas-
tic deformation (SPD) has the advantage of being a ‘‘top-
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down” approach, involving grain refinement from a bulk
billet by ultra-high-strain deformation [3–7]. SPD is thus
free from the problems of residual porosity and contamina-
tion that are frequently encountered in nanograined mate-
rials produced via bottom-up techniques, requiring, for
example, the consolidation of fine powders.

An important disadvantage of SPD is that the rate of
grain refinement becomes increasingly inefficient with
strain and ultimately a limit is approached at plastic strains
greater than �10 [8–11]. Recently, it has been confirmed
that the steady-state grain size at ultra-high strains is a
result of dynamic recovery operating at surprisingly low
homologous temperatures [10,12]. As recovery processes
are thermally activated, reducing the deformation temper-
ature is an effective way to suppress dynamic recovery
and decrease the attainable grain size. Many researchers
have attempted to use this strategy to develop nanograin
structures by SPD, using techniques like cryogenic rolling
rights reserved.
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at temperature as low as 77 K [12–15]. Work by the current
authors [12], has shown that plane-strain compression
(PSC) of submicron-grained aluminium in liquid nitrogen
can result in grain structures approaching 100 nm in thick-
ness, containing high fractions of high-angle grain bound-
ary (HAGB) area (>70%). However, the as-deformed
materials are anisotropic, have a strong texture, and typi-
cally contain lamellar HAGB structures, with many
retained low-angle grain boundaries (LAGBs). It was fur-
ther found that the cryogenically deformed materials were
unstable even at room temperature, slowly coarsening stat-
ically, but exhibiting rapid dynamic grain growth [12]. This
is not surprising, as with a 100 nm grain size the driving
pressure for grain coarsening due to surface tension is of
the order of 10 MPa [16].

Despite the high level of interest in nanograined metals,
a full understanding of their annealing behaviour is cur-
rently lacking in the literature. To date a range of phenom-
ena has been reported, including: extended recovery,
spheroidization, uniform coarsening, discontinuous coars-
ening (resulting in bimodal grain structures) and recrystal-
lization (e.g. [13,14,16–27]). In some cases materials exhibit
room temperature coarsening [26], or stability up to higher
temperatures [27]. A possible reason for the diverse phe-
nomena observed is the diverse nature of the materials
investigated and the different deformation structures
obtained by varying processing conditions. Of particular
interest are the mechanisms behind the formation of fine-
scale bimodal grain structures on annealing cryogenically
deformed metals, which have been claimed to result in
nanograined matrix materials with the attractive property
that they combine high strength with good ductility [14,15].

The aim of the present study was to clarify some of these
issues by investigating in detail the microstructure and tex-
ture evolution during annealing a single-phase model alu-
minium alloy, containing a nanoscale lamellar grain
structure, produced by cryogenic-SPD. The material was
first deformed by equal channel angular extrusion (ECAE)
at room temperature to obtain a submicron starting grain
structure, followed by PSC in liquid nitrogen. The micro-
structure and texture evolution during annealing were ana-
lyzed in detail by high-resolution electron backscatter
diffraction (EBSD) and transmission electron microscopy
(TEM).

2. Materials and methods

A direct-chill cast Al–0.13 wt.% Mg alloy, produced from
high-purity feed stock and containing no second-phase par-
ticles, was used for the present investigation. The alloy was
cold rolled 50% and recrystallized, giving a starting grain size
of �300 lm. Square cross-section billets (100 mm �
15 mm2) were machined in the rolling direction and prepro-
cessed by ECAE, using route A [28], with a 120� die at 298 K,
to a total effective strain of �10 (15 passes; �e = 0.3 s�1)
resulting in a submicron grain size of �0.9 lm. PSC speci-
mens were cut from the ECAE billets and deformed in a
channel die at liquid nitrogen temperatures to a true strain
of etr = 1.5 (�e = 10�2 s�1). During PSC the specimen normal
direction (ND), transverse (TD) and rolling direction (RD)
were aligned parallel to ND, TD and the extrusion direction
(ED) in the ECAE billet, respectively. Channel die PSC was
chosen to simulate rolling under more controllable condi-
tions of constant temperature and strain rate. The PSC rig
and samples were immersed in liquid nitrogen at a tempera-
ture of 77 ± 2 K. Molybdenum disulphide was used to min-
imize friction during compression.

To investigate their thermal stability, the deformed sam-
ples were annealed at a range of temperatures, from 100 to
400 �C for 1 h, as well as isothermally at 250 �C. Micro-
structural and hardness changes were recorded for each
temperature. The deformed samples were sectioned in
two orientations through their centre, parallel to the
ND–RD and ND–TD planes, before metallographic prep-
aration and electropolishing. Their microstructures and
textures were characterized by high-resolution EBS imag-
ing and EBSD orientation mapping in an FEI Sirion FEG-
SEM, fitted with an HKL-EBSD system. The spatial and
angular resolution of the EBSD system was �10 nm and
�1�, respectively [29]. In the EBSD maps presented, HAG-
Bs are shown by black lines and have misorientations
P15�, while LAGBs are depicted by light grey lines and
have misorientations <15�. To avoid misorientation noise,
boundaries were cut-off at less than 1.5�. Average linear
intercept measurements of the HAGB and LAGB spacing
were made in ND (kND), RD (kRD) and TD (kTD). Where
the structure was highly elongated in RD (i.e. at low tem-
peratures), kRD was measured manually to improve accu-
racy. The average fraction of HAGB area, boundary
misorientation distributions and texture were obtained
from the EBSD data from the ND–RD and ND–TD
planes. All statistical boundary data was averaged over at
least three maps and 2000 grains, with the step size set to
less than 10% of the map minimum cell size. Texture mea-
surements were made on large area, bigger step size maps.
Volume fractions (fV) of the main texture components were
obtained allowing an angular spread of 15� from the ideal
orientations. Thin foils for TEM examination were pre-
pared using conventional jet polishing in the ND–RD
plane. Vickers microhardness measurements were made
with an applied load of 30 g.

2.1. Definition of terms

Because of the high fraction of HAGBs in severely
deformed alloys, there is often some confusion in the litera-
ture as to the distinction between ‘‘grains” and substructure.
Although we will be initially talking about microstructures,
where the HAGBs present were formed by deformation pro-
cesses, after severe deformation the HAGB spacing is typi-
cally considerably less than the LAGB spacing [5,11]. We
will thus refer to volumes within the deformed state having
a HAGB perimeter greater than 15� in misorientation as
‘‘grains”. The grain dimensions referred to are the HAGB
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linear intercept distance in ND (thickness), RD (length) and
TD (width). Similarly, subgrains will refer to volumes with a
LAGB perimeter and cells the minimum scale microstruc-
tural unit enclosed by a boundary irrespective of its misori-
entation. The cell size is therefore the minimum boundary
spacing given by the linear intercept across all boundaries.

3. Results

3.1. Grain structure of the as-deformed starting material

The ultrafine grain structures formed after ECAE pro-
cessing the Al–0.1% Mg alloy at room temperature have
been previously reported [5,11,30]. Processing by route A,
to this strain level, leads to a fibrous deformation structure
aligned close to ED, containing a mixture of elongated thin
ribbon grains and lower-aspect-ratio submicron grains.
Fig. 1. Backscattered electron images, with magnified inserts, and EBSD maps
(a) after plane-strain compression (PSC) in liquid nitrogen and (b and c) follow
grey lines depict high- and low-angle boundaries, respectively. Note the differe
The deformation structure had an average grain thickness
kND of �0.6 lm, aspect ratio of �2.3, and a HAGB area
fraction of �75%. The texture after ECAE is relatively
weak and was comprised of rotated cube ({0 0 1} h1 1 0i)
and {1 1 2} h1 1 0i components [11,12]. It has previously
been shown that little further grain subdivision occurs
when the ECAE preprocessed submicron-grained material
is deformed in PSC at 77 K. The HAGB spacings in RD
and ND simply followed the geometrically expected behav-
iour, from the imposed strain tensor, until a new steady-
state grain width was approached limited by dynamic
recovery [12]. The corresponding compression in kND and
extension in kRD resulted in a high-aspect-ratio, extremely
fine lamellar HAGB structure.

Figs. 1a and 2a show the deformation structure of the
Al–0.13% Mg alloy after PSC at 77 K to a strain of
etrue = 1.5 by scanning electron microscopy, EBSD and
of the grain structure of the Al–0.13% Mg alloy, from the RD–ND plane:
ing annealing for 1 h at 130 and 150 �C. In the EBSD maps black and light
nt scales necessary because of the large range of grain sizes.



Fig. 2. Typical TEM mages of the Al–0.13% Mg alloy (RD–ND plane): (a and b) low and higher magnification, after plane-strain compression in liquid
nitrogen and (b and c) following annealing for 1 h at 130 and 150 �C.
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TEM. The microstructure consists of lamellar grains
aligned in the rolling direction. The average boundary
spacing in ND (including both LAGBs and HAGBs) was
140 nm and is close to the nanoscale (<100 nm). However,
the ND HAGB spacing for boundaries P15� in misorien-
tation, or grain thickness, was �190 nm. In comparison
the average HAGB spacing in RD, or grain length, was
considerably larger and estimated to be �1.5 lm, giving
an aspect ratio of kRD/kND � 8, with some ribbon grains
extending for up to 10 lm. A small fraction of finer, low-
aspect-ratio grains was observed along the lamellar bound-
aries and at the ends of the lamellar grains (see Fig. 1a).
The deformation structure also contained some larger
grain fragments, or strongly textured bands, containing
primarily low-angle boundaries, including internal low-
angle lamellar boundaries (Fig. 1a). In extreme cases these
bands were up to 2 lm wide.

TEM images (Fig. 2) showed that the lamellar grains
contained a low density of statistically stored dislocations,
but more transverse LAGBs than could be identified in the
EBSD maps, due to the presence of boundaries lower in
misorientation than the orientation noise cut-off employed
(1.5�). Nevertheless, it was still evident from the backscat-
tered electron and TEM images that the transverse LA
boundary spacing was greater than the lamellar thickness
(190 nm), being on average �300 nm. Furthermore, some
of the thinnest ribbon grains contained very few transverse
boundaries (arrowed in BS image Fig. 1a). The fraction of
HAGB area measured by EBSD after cryogenic deforma-
tion was �83%. However, if the undetected <1.5� misorien-
tation boundaries are taken into account, this figure would
fall to �70%. When viewed in the ND–TD plane (Fig. 3a),
the lamellar grains were also elongated in TD following
PSC, with an average width of 330 nm and a kTD/kND

aspect ratio of �2. After cryogenic deformation the lamel-
lar deformation structure could, therefore, be described as
comprised of grains with a ribbon-, or lath-like,
morphology.

3.2. Microstructure evolution during annealing

The effect of 1 h isochronal annealing treatments on the
microstructure evolution of the cryogenically deformed
samples was studied up to 400 �C. In Fig. 4 a hardness
curve for the samples after annealing is plotted as a func-
tion of temperature. Two regimes can be seen: at low tem-
peratures up to 150 �C there is a gradual decrease, whereas
above 150 �C a more dramatic reduction occurs. Without
any knowledge of the mechanisms involved, this data could
be interpreted as being characteristic of recovery at low
temperatures, followed by more rapid softening at higher
temperatures due to grain coarsening, or recrystallization,
involving HAGB migration.

3.2.1. Low-temperature annealing
After annealing at 100 �C the microstructure was similar

to that seen for the deformed condition, although there was
already a significant increase in the HAGB spacing in kND

from 190 to 240 nm (Fig. 2b, etc.). Coarsening of the grain
structure rapidly accelerated above 100 �C. On annealing



Fig. 4. Change in microhardness with annealing temperature, for 1 h
isochronal treatments following plane-strain compression.

Fig. 3. EBSD maps of the grain structure from the TD–ND plane: (a)
after plane-strain compression in liquid nitrogen and (b) following
annealing for 1 h at 130 �C.
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at 130 �C the grain thickness, kND, increased to 390 nm
(Fig. 1b) but, although the HAGB spacing had more than
doubled, the microstructure still largely retained its lamel-
lar structure. Spheroidization of some of the smaller,
lower-aspect-ratio grain fragments had, however, already
started to take place (arrows in Fig. 1b and c). It was fur-
ther evident from the BSE images in Fig. 1b that the lamel-
lar boundaries were no longer as planar in appearance and
some short-range HAGB migration had occurred, driven
by the desire to locally equilibrate surface tensions at triple
points. EBSD maps obtained from the ND–TD plane
(Fig. 3) revealed that the thin lamellar grains started to
spheroidize more rapidly in the transverse section, where
they had a much lower initial aspect ratio (kTD/kND = 2),
and moved from the original lath form towards a more
cigar-like morphology.

The results thus indicate that at low temperatures
mainly two-dimensional coarsening and spheroidization
of the structure first starts to occur in the transverse plane.
There was little evidence of break up of the lamellar grains
at this stage, i.e. there has been competitive growth
between the ribbon without a significant reduction in their
length, and a lamellar boundary structure is still main-
tained when viewed in the ND–RD plane. It was also evi-
dent, from inspection of the EBSD maps in Fig. 1, that the
fraction of LAGBs simultaneously increased as coarsening
of the structure occurred. This trend is confirmed below,
where statistical data from the EBSD maps will be pre-
sented (see Section 3.3). On increasing the temperature to
150 �C, the HAGB boundary spacing further increased in
ND (Fig. 1c), but now some of the lamellar grains started
to break up, contributing to the reduction in overall grain
aspect ratio. Break up of lamellar grain structures on
annealing is driven by local imbalances in surface tension
from the transverse LAGBs, causing the lamellar HAGBs
to pinch-off, and subdividing the ribbon grains into shorter
segments [18]. Examples of this behaviour can be seen in
Figs. 1 and 2 (arrows). After annealing at 150 �C most of
the grains were dislocation free and the grain boundaries
appeared well defined and free of defects (Fig. 2c).

3.2.2. Higher annealing temperatures

Raising the annealing temperature above 170 �C
resulted in an accelerating increase in the average grain
thickness (Fig. 5) and the grain aspect ratio progressively
reduced. At higher temperatures the microstructure started
to evolve discontinuously into bands of coarser, more equi-
axed grains, mixed with surviving finer, elongated lamellar
grains, and regions dominated by locally high densities of
more finely spaced LAGBs and predominantly containing
subgrains. Bands of concentrated LAGBs of such a coarse
scale were not present in the starting deformation structure
and evolved during coarsening of the initial lamellar struc-
tures. On annealing at progressively higher temperatures
up to 220 �C, the bands of larger, low-aspect-ratio grains
coarsened at a higher rate than the bands of subgrains,
as well as expanding in width. Until, at 250 �C, the bands
containing high concentrations of LAGBs were consumed
and almost all the grains became equiaxed (Fig. 5c). This
resulted in the appearance of a more homogeneous ‘‘recrys-
tallized” grain structure. However, it should be noted that,
even though the microstructure appeared ‘‘recrystallized”,
the larger equiaxed grains within the distribution contained
many subgrains. Furthermore, coarsening continued to be
accompanied by an increase in the relative area fraction of
low-angle boundaries (Fig. 6b).



Fig. 5. EBSD maps of the grain structure of the Al–0.13% Mg alloy, from the RD–ND plane, following annealing for 1 h at higher temperatures: (a)
170 �C, (b) 190 �C, (c) 220 �C and (d) 250 �C. Note the different scales.
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3.3. Statistical boundary data

Fig. 6 shows plots of the mean grain thickness (kND) and
aspect ratio in the RD–ND and TD–ND planes, as well as
the relative fraction of HAGB area, as a function of
annealing temperature. In agreement with the hardness
curves, it can be seen that there is a gradual increase in
the HAGB spacing up to about 150 �C and then the grain
size rises very rapidly. The average grain aspect ratio in the
ND–RD plane decreases quickly, but does not approach 1
until all the surviving lamellar grains and unrecrystallized
bands are consumed, which only occurs after a relatively
high annealing temperature is reached (�250 �C).

An interesting observation was that the LAGB fraction
progressively increased with annealing temperature, rather
than decreased as would normally be expected during dis-
continuous recrystallization [17,31]. In Fig. 6b it can be
seen that the relative HAGB area, measured from the
EBSD data, decreased from 83% in the deformed state to
59% at 200 �C and further declined to below 50% above
300 �C. The relative fraction of LAGBs thus continued to
grow at high temperatures, suggesting that a strong recrys-
tallization texture is developed. Furthermore, in Fig. 7 a
clear systematic shift in the boundary misorientation distri-
butions can be seen with increasing temperature. In the as-
deformed condition (Fig. 7a) a uniform spread of LAGB
misorientations is seen, with a relatively low frequency,
combined with a distribution of HAGBs increasing in fre-
quency towards high misorientations. This misorientation
distribution changes greatly on annealing with a progres-
sive build up in misorientations below 15�, as the annealing
temperature increases.

3.4. Kinetics

The grain coarsening kinetics were analyzed using the
conventional grain growth law, given by:

dn
t � dn

0 ¼ Kt ð1Þ
where d0 and dt are the average grain size initially and after
time t, and K is the temperature-dependent rate constant
[32]. From isothermal annealing at 250 �C, using the kND

HAGB spacing, a reasonable fit could be obtained with a
growth exponent of 1/n = 0.5 (Fig. 8a) despite the fibrous
lamellar starting structure. However, when the isochronal
data was used to determine the activation energy from a
(ln d2

t � d2
0) vs. 1/T plot (Fig. 8b), it was found that the slope

(Q/R) changed with temperature. In Fig. 8b the data sug-
gests an apparent activation energy of �80 kJ mol�1 at
low temperatures and a slope of Q � 140 kJ mol�1/R above
200 �C, which is close to that normally expected for grain
coarsening in aluminium alloys [33]. In SPD-processed
materials a change in Q with temperature has been previ-
ously attributed to enhanced coarsening at low temperatures,



Fig. 6. Statistical data obtained from the EBSD maps showing: (a) the
mean grain thickness (kND) and aspect ratio in the RD–ND and TD–ND
planes and (b) the relative fractions of high- and low-angle boundary area,
as a function of annealing temperature.
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caused by grain boundary diffusion associated with the pres-
ence of ‘‘non-equilibrium” grain boundaries in the deformed
state [20]. The lower slope measured, of 80 kJ mol�1/R, is
consistent with that expected for grain boundary diffusion
[34]. However, given the dramatic microstructural changes
that occur in the temperature range studied, including a mas-
sive reduction in grain aspect ratio, increase in LAGB den-
sity and discontinuous coarsening, this appears an
oversimplistic interpretation, and it is difficult to draw any
unambiguous physical meaning from a diminished activa-
tion energy at low temperatures.

3.5. Texture evolution

{1 1 1} pole figures depicting the texture evolution as a
function of annealing temperature are presented in Fig. 9.
It has been shown previously that cryogenic PSC, of the
same submicron-grained alloy, leads to the development of
a conventional rolling texture with the overall texture inten-
sity increasing with decreasing temperature and strain [12].
Here, peak intensities of up to 12� random were seen in
the PSC sample deformed at 77 K to etrue = 1.5 (Fig. 9a).
Rolling textures in aluminium alloys typically consist of a
spread along the b fibre between the Brass, {0 1 1} h2 1 1i,
and Cu, {2 2 5} h5 4 4}, orientations (e.g. [35]). At higher
strains in PSC it was previously found that lowering the tem-
perature favoured the development of a stronger Brass com-
ponent at the expense of Cu and S [12]. However, at the lower
PSC strain level used in this paper S, {1 2 3} h6 3 4i, was the
most dominant component (fV = 46%), followed by Cu
(fV = 32%) and Brass (fV = 0.17%). As can be seen from
Fig. 9, the texture does not initially change greatly on anneal-
ing, but as the temperature increases there is a reduction in
Brass intensity and weak Cube, {0 0 1} h1 0 0i, and Goss,
{0 1 1} h1 0 0i, components can be seen to emerge
(Fig. 9d). These changes become more apparent when the
main component volume fractions are plotted against
annealing temperature. In Fig. 10 it can be seen that with
increasing annealing temperature the Brass component
reduces greatly in intensity from�20% to 5%, while Cu rises
slightly and there is a small loss of S. Other minor compo-
nents also increase in intensity on annealing. The Goss and
the Cube components rise at higher temperatures, above
130 �C, when significant grain coarsening initiates, from
very low initial levels of fV < 3%, to fV � 10% at 300 �C.

The texture component maps in Fig. 11 illustrate some
further interesting observations, in addition to the average
trends plotted in Fig. 10. In the as-deformed condition
(Fig. 11a) it can be seen that the main components present
are Cu and S, with a few Brass orientation grains. The
lamellar grain fragments within a given region are most
commonly comprised of only a limited number of texture
components, either arranged alternately (e.g. Cu and S),
or interspersed with lamellar of random orientations. The
texture bands are also frequently wider than the lamellar
HAGB spacing, where they are arranged in layers of more
than one texture variant of the same component, e.g. S.
The smaller, low-aspect-ratio grain fragments present in
the as-deformed material tend either to have random orien-
tations, or to be from minor texture components (e.g.
Goss). Furthermore, in the larger-area, lower-resolution
map in Fig. 9e it can be seen that the main rolling orienta-
tions S and Cu can be locally concentrated on a coarse
scale, with bands comprised predominantly of a high vol-
ume fraction of one texture component extending to widths
of up to 20 lm. On annealing, the Brass lamellar grains
progressively reduce in volume fraction (as noted above),
but it is interesting that they do not appear to coarsen or
spheroidize as readily as the S and Cu grains (arrows in
Fig. 11c) and retain their high-aspect-ratio lamellar mor-
phology to higher temperatures as they gradually disap-
pear. It can also be seen that the small grain fragments
of isolated Cube and Goss spheroidize early on and appear
to gain a growth advantage as coarsening progresses,
increasing in volume fraction with annealing temperature
(arrows in Fig. 9b).

By averaging data from grains within the main texture
components, small statistical differences also emerge from
the general trends. In Fig. 12a it can be seen that in the
starting material, grains of Brass orientation initially have
the highest aspect ratio, whereas S have the least. The high-
aspect-ratio of the Brass grains is also retained to greater



Fig. 7. Misorientation distributions averaged from several EBSD maps for: (a) the as-deformed material; and with increasing annealing temperature (b)
100 �C, (c) 200 �C and (d) 300 �C.
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temperatures than other components. This behaviour lar-
gely reflects the narrow nature of the Brass bands within
the original deformation structure, which were generally
only one lamellar HAGB spacing thick, and their higher
stability on annealing. In comparison, the average data
for all the grains, including the random and minor compo-
nents, has a lower-aspect-ratio than for any of the main
rolling components and reduces more rapidly, confirming
a higher rate of spheroidization for the smaller, lower-
aspect-grain fragments. In Fig. 12b we have further
attempted to infer information, regarding the mobility of
the boundaries surrounding particular texture components,
by measuring their misorientation with their neighbours. It
can be seen from this data that average misorientations all
reduce on annealing and that the Copper component sys-
tematically has the highest misorientation boundaries,
and Brass the lowest.

4. Discussion

In a recent review Gottstein et al. [36] have defined
recovery, primary recrystallization and grain growth in
terms of the underlying physics, i.e. recovery, involving
the interaction and reorganization of dislocations and
LAGBs, primary recrystallization on the basis of a mobile
HAGB consuming the stored energy in the surrounding
deformation structure, and grain growth involving curva-
ture-driven migration of grain boundaries, constrained by
the connected grain boundary system. However, in severely
deformed alloys it is not always straightforward to apply
these definitions. For example, because of the large density
of high-angle boundaries already present in the deformed
state, recrystallization does not generally occur by the
growth of isolated nuclei into a surrounding deformed
matrix. Furthermore, in dilute aluminium alloys, ultra-high
deformation structures are typically cellular and contain
relatively low levels of energy stored in the form of free dis-
locations (0.1 MPa; for q � 1014 m�2 [3]) compared to the
average surface energy (c) stored in the high density of
high-angle boundaries (2–10 MPa for a 500–100 nm grain
size [16]). Following ultra-high strain deformation, it has
frequently been observed that the microstructure evolves
uniformly with no discernible nuclei and this behaviour
has been termed continuous recrystallization by a number
of authors (e.g. [31,37]). Indeed, Humphreys has shown
that a cellular structure will undergo uniform growth once
�65% of all the boundaries are high angle in character [38].
In contrast, on annealing the cryogenically deformed sub-
micron-grained SPD material studied, several overlapping
stages of microstructure evolution were observed, which
are summarized below.

(I) <150 �C: recovery involving the sharpening of low-
angle boundaries and a reduction in dislocation density.



Fig. 8. Grain structure coarsening kinetics, based on the kND HAGB
linear intercept measurement, showing: (a) good agreement with a grain
growth exponent of 0.5, on isothermal annealing at 250 �C and (b) a
change in activation energy with annealing temperature.

Fig. 9. Selected {1 1 1} pole figures illustrating the texture evolution with
increasing annealing temperature: (a) after plane-strain compression in
liquid nitrogen and following 1 h heat treatments at (b) 150 �C, (c) 190 �C
and (d) 250 �C.

Fig. 10. Volume fractions of the main texture components plotted against
annealing temperature.
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(II) 100–150 �C: coarsening and spheroidization of the
low-aspect-ratio grain fragments and ribbon grains in the
transverse ND–TD plane, while largely maintaining the
lamellar boundary structure.

(III) 150–200 �C: break up and spheroidization of the
lamellar grains in the ND–RD plane, with the Brass orien-
tation lamellar grains resisting spheroidization to higher
temperatures, but diminishing in volume fraction as coars-
ening progresses.

(IV) 190–220 �C: rapid grain coarsening in bands con-
taining high densities of mobile HAGBs and slow growth
in bands of subgrains with low-mobility LAGBs, plus pref-
erential growth of low-aspect-ratio Cube and Goss grains.

(V) 220–300 �C: spread of the bands of HAGB-domi-
nated coarse grains to consume the bands predominantly
containing small subgrains, resulting in a fully recrystal-
lized structure, but with a continuous increase in the rela-
tive fraction of LAGBs and the evolution of texture
clusters.

During grain coarsening (stages II–V) it is interesting that
a progressive increase in LAGB area fraction takes place,
rather than the rapid decrease normally expected during dis-
continuous recrystallization. This behaviour is important as
a build up of bands of high LAGB density within the micro-
structure leads to discontinuous coarsening, or primary
recrystallization, at higher temperatures. This heteroge-
neous coarsening behaviour is clearly linked to the strong
rolling texture in the starting material and produces a bimo-
dal banded structure, at intermediate annealing tempera-
tures. A similar phenomenon may explain the origin of the
‘‘bimodal grain structures” reported in the literature found
in other cryogenically rolled alloys (e.g. [13,14,39]). How-
ever, measurement of the boundary misorientations shows
that the bimodal structure seen here is better described as
partially recrystallized and contains a mixture of regions of
coarse grains and a fine subgrains (e.g. Fig. 5a).



Fig. 11. Distributions of the main texture components within the EBSD maps: (a) the as-deformed material and with increasing annealing temperature (b)
150 �C, (c) 190 �C, (d) 300 �C and (e) a large-area map (annealed at 150 �C) showing the texture concentrated in coarse scale bands.
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4.1. Low-temperature ‘‘2-D” coarsening and spheroidization

of the lamellar structure

The low-temperature stability of lamellar grain structures
formed after high-strain ECAE processing has previously
been studied and simulated by three-dimensional (3-D)
Monte Carlo–Potts and 2-D vertex network models [18].
In this work the Al–3% Mg alloy deformed at room temper-
ature had a similar microstructure to that seen in the cryo-
genically deformed Al–0.1% Mg alloy used here. In the
early stages of annealing the modelling results showed that
the relative density and misorientation of the transverse
LAGBs played an important role in determining whether
the ribbon grains broke up by ‘‘necking” along their length,
leading to the collapse of the lamellar boundaries [31], or just
slowly spheroidized during grain growth. In simulations this
transition occurred for an initial grain aspect ratio of greater
than 3, but was sensitive to the spacing of the transverse
boundaries and their misorientation [18,40].

After cryogenic plane strain deformation the material
studied had a very high-aspect-ratio lamellar grain struc-
ture. However, the spacing of the transverse boundaries,
many of which had very low misorientations, was wider
than the lamellar HAGB spacing. In agreement with the
simulations reported previously [18], such a structure
would be more resistant to break up by necking-off of
transverse boundaries, and, as observed, would tend to first
coarsen significantly by 2-D growth in the transverse (ND–
TD) plane, where the HAGB spacing had a lower-aspect-
ratio (�2). Some necking-off of the high-aspect-ratio lamel-



Fig. 12. Measurements from individual texture components showing: (a)
the average grain aspect ratio for each component and (b) the mean
misorientation of boundaries surrounding a particular component, with
increasing annealing temperature.
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lar grains was observed to occur locally as coarsening pro-
gressed, driven by imbalances of surface tension from
higher misorientation transverse boundaries (e.g. arrows
in Figs. 1 and 2c). However, considerable grain growth
was first required before the lamellar grains spheroidized.
In comparison, the smaller, lower-aspect-ratio grain frag-
ments spheroidized relatively rapidly.

The early-stage 2-D coarsening of the HAGB lamellar
structure will be influenced by imbalances in stored energy
between neighbouring lamellar grains of different texture
orientations, largely in the form of the energy density of
the transverse LAGBs, but there will also be a more minor
contribution from different dislocation densities within
each band. During early-stage coarsening, ribbon grains
of texture orientations containing higher levels of stored
energy from LAGBs (i.e. with a greater ratio of c=k) should
thus tend to disappear. However, the process is compli-
cated by anisotropy in the mobility of the lamellar bound-
aries, which is sensitive to their misorientation. For
example, the low-angle lamellar boundaries within the
coarser fibrous grains retained in the deformation structure
would be expected to have low mobilities. Such regions
might be expected to grow out as annealing proceeds, but
in fact the overall relative fraction of LAGBs was found
to increase with annealing time and temperature
(Fig. 6b); the reasons why this occurred will be examined
further below.

4.2. Texture evolution and discontinuous coarsening

Research into the development of recrystallization tex-
tures, on annealing conventionally rolled (at room temper-
ature) dilute fcc-Al alloys, deformed to moderate strains,
has generally found that the rolling components (Brass,
Cu, S and Goss) reduce in strength, and there is an increase
in the intensity of the Cube component and random orien-
tations as recrystallization progresses [32,41]. The recrystal-
lized grains typically grow from nuclei formed by recovery
within the rolling components, at prior grain, or deforma-
tion band boundaries, as well as from random orientations
within shear bands and by particle-stimulated nucleation
[32,41], whereas cube nuclei predominantly grow from
transition, or cube, bands [42,43]. In contrast to discontin-
uous recrystallization, where the relative proportion of
HAGB area rapidly rises [19,31], during continuous recrys-
tallization the deformation texture is normally retained and
there is usually little change in the HAGB area fraction
[31,44]. However, in the results reported here, after cryo-
genic PSC of a severely deformed submicron-grained alloy,
as well as a large progressive increase in the fraction of
LAGBs (Fig. 6b), it has further been found that there were
significant changes in texture on annealing. This included
the near complete loss of the Brass component and a mod-
est rise in Cube and Goss at high temperatures (Fig. 10),
combined with a small reduction in S and increase in Cu
strength as annealing progresses.

4.2.1. The effect of texture clustering

A number of investigations have predicted changes in
the distribution of boundary misorientations during grain
coarsening, and an increase in the density of LAGBs asso-
ciated with a strong texture present in the starting material
[45–47]. In a randomly textured polycrystal, when two
grains meet during growth, the resulting boundary will be
near the mean misorientation and any low-angle boundary
that does form is likely to be surrounded by high-angle
boundaries, which can sweep past less mobile boundaries.
In the case of an idealized two-component texture, the pos-
sibility exists for the development of very low-angle, or
very high-angle, boundaries. However, on average a minor
component ‘‘A” embedded in a matrix of the major com-
ponent ‘‘B” will have more A–B high-mobility boundaries
per unit volume, resulting in it growing more rapidly and
leading to oscillations in the volume fractions of the two
components [45,46]. Ma et al. have shown that if a single
texture component is embedded in a random matrix the
results depend on the anisotropy of boundary energy and
mobility, with misorientation, as well as the initial disper-
sion of the textured grains [46]. In their simulations it
was found that texture clustering inevitably occurs during
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coarsening, with the volume fraction of the embedded tex-
ture component increasing, or decreasing, depending on its
energy density relative to that of the matrix. More impor-
tantly, in the current context, texture clustering was found
to result in an increase in the density of LAGBs. A similar
behaviour has been predicted by Holm et al. in a strong sin-
gle-component texture system, where the formation and
growth of clusters of low-misorientation boundaries caused
the misorientation distribution to shift to lower angles [47].

Following cryogenic PSC, the deformation structures
were dominated by bands of a limited number of texture
components (Fig. 11a). In addition, the texture compo-
nents were concentrated heterogeneously on a scale coarser
than the ribbon grain structure present in the deformed
material (Fig. 11e). Because of the limited number of tex-
ture components, and their variant orientations present in
the deformed state, during annealing lamellar grains with
a growth advantage over their neighbours will expand side-
ways and eventually encounter a grain of a similar orienta-
tion, forming a new LAGB by orientation impingement.
As many grains of similar texture were in close proximity
(e.g. Fig. 11a) the frequency of encounter will be great
and bands will develop with a high density of low-angle
boundaries, within a given region of the microstructure.
Furthermore, the mobility of boundaries with misorienta-
tions below 15� falls off rapidly and, after impingement
with bands of similar orientation, migrating lamellar
boundaries will lose their mobility due to ‘‘orientation pin-
ning” [48]. This will result in the net progressive increase in
LAGB area fraction, observed as annealing progresses
(Fig. 10). The bands that consequently develop containing
mainly LAGBs will also coarsen more slowly and the
boundary structure in such regions will gradually spheroi-
dize to form subgrains. In comparison, local volumes that
contain grains of a mixture of texture components and a
higher fraction of HAGBs will coarsen more rapidly, lead-
ing to discontinuous coarsening and the development of an
apparent bimodal ‘‘grain structure”. The HAGB regions
will then expand, consuming the bands containing mainly
LAGBs, because a disparity will develop in stored energy,
due to the increasing differential in cell size between the two
regions [46]. Although at higher temperatures the texture
bands appear to break up as spheroidization and grain
growth becomes more advanced, the texture clusters will
dynamically evolve as more rapidly growing grains will con-
tinuously encounter volumes of similar orientation forming
new LAGBs, which then inhibit their growth. On average
the grain growth kinetics would be expected to be slower
than for a randomly textured system and it is normally
expected that this will lead to a reduction in the grain
growth exponent [46,47]. However, this was not observed.

4.2.2. Increase in the Cube and Goss components

At higher annealing temperatures the results in Figs. 9–
11 show a significant progressive increase in the volume
fraction of Cube- and Goss-orientated grains as micro-
structural coarsening progresses. Studies on conventionally
deformed aluminium alloys have shown that after recovery
the Cube and Goss components tend to contain lower lev-
els of stored energy than the rolling components [41,49],
which would normally be expected to give them a growth
advantage relative to their neighbours. Here, Cube- and
Goss-orientated grains originated from isolated, low-
aspect-ratio smaller grain fragments, within the starting
deformation structure, and contained few internal LAGBs
(e.g. Fig. 11a). In addition, the Cube and Goss grains were
mainly imbedded in an S- and Cu-orientated matrix. This
could theoretically result in the Cube grains having greater
boundary mobility, owing to the potential for forming spe-
cial 40� h1 1 1i

P
7 boundaries with S [50]. However, more

significant is the fact that, because grains of these orienta-
tions were from isolated minor texture components, they
exemplify the scenario disused above for a dilute idealized
two-component texture [45], i.e. during growth they rarely
encounter neighbouring grains of a similar orientation and
thus do not become orientation pinned by forming texture
clusters comprised of low-mobility LAGBs.

4.2.3. Loss of the Brass component
The Brass texture component was found to progressively

diminish during annealing the cryogenically deformed sam-
ples (Fig. 10). Furthermore, the Brass grains tended to retain
their lamellar character (Fig. 11) and high-aspect-ratio to
greater temperatures than grains of other orientations
(Fig. 12a). The reduction in the volume fraction of the Brass
component during annealing severely deformed aluminium
alloys has also been reported in several other studies (e.g.
[51,52]). Quadir et al. have related this effect to Gottstein
et al.’s ReNuc model [36,41], developed for conventional
coarse-grained materials. This model predicts that the Brass
orientation recovers more slowly than other texture compo-
nents, reducing the likelihood of viable Brass nuclei, and the
Brass component is then consumed by other orientations.
This argument is based on the lower number of active slip
systems for the Brass orientation, contributing to the gener-
ation of well-defined cell bands within large deformed grains
at moderate strains. However, it seems unlikely that this the-
ory is applicable to the nanolamellar HAGB grain structures
seen in the alloy investigated here. Overall, most research
concludes that the Brass orientation has lower stored energy
than the other rolling components [41,53], which would be
expected to give the lamellar Brass grains a growth advan-
tage during coarsening. Furthermore, due its lower volume
fraction and more dispersed nature, Brass-oriented lamellar
grains would be less likely to have their growth inhibited by
texture clustering. In Fig. 12b the Brass ribbon grains were
found to have the lowest average boundary misorientation
with their neighbours (25�) of all the rolling components.
However, in this range there would not be a great effect on
boundary mobility [32,40]. Currently the high stability and
disappearance of the Brass-orientated grains cannot, thus,
be easily explained, and requires a more accurate investiga-
tion of the statistical substructural parameters within the
Brass ribbon grains, relative to the other orientations.
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5. Conclusions

The grain structure and texture evolution during anneal-
ing an Al–0.13% Mg submicron-grained alloy, preprocessed
by ECAE and subsequently deformed by PSC at cryogenic
temperatures to obtain a nanoscale lamellar grain structure,
has been investigated by TEM and EBSD. Despite the high
initial fraction of HAGBs present after deformation, the
fraction of LAGBs progressively increased during anneal-
ing, to greater than 50% above 300 �C, leading to instability
and discontinuous coarsening/recrystallization. At interme-
diate temperatures this resulted in a similar microstructure
to the ‘‘bimodal grain structure” reported in other annealed,
cryogenically rolled nanograined metals. However, here it
was found to be better described as a partially recrystallized
structure comprised of bands of coarser grains and fine
subgrains.

The surprisingly large increase in LAGB area fraction
on annealing, and associated evolution of an apparent
bimodal ‘‘grain” structure, has been shown to be caused
by orientation clustering during grain growth, resulting in
‘‘orientation pinning”, by the formation of new low-angle
boundaries. This behaviour is related to the strong defor-
mation texture induced in the starting material by PSC in
liquid nitrogen.

After PSC the material had a strong conventional rolling
texture, which evolved to give a large reduction in the Brass
component and a rise in Cube and Goss at higher tempera-
tures. The increase in intensity of the Cube and Goss compo-
nents occurred because they originated from minor isolated
grains in the deformed state. During growth, they thus rarely
encountered neighbouring grains of a similar orientation
and their growth rate was not inhibited by forming texture
clusters comprised of low-mobility LAGBs. The observed
reduction in the Brass component could not be reconciled
with the existing consensus on its relative stored energy
and theories of the evolution of different texture components
in conventional rolling.
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