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Strain-Path Effects on the Evolution of Microstructure and
Texture during the Severe-Plastic Deformation of Aluminum

A.A. SALEM, T.G. LANGDON, T.R. McNELLEY, S.R. KALIDINDI, and S.L. SEMIATIN

Microstructure and texture evolution during the severe-plastic deformation (SPD) of unalloyed
aluminum were investigated to establish the effect of processing route and purity level on grain
refinement and subgrain formation. Two lots of aluminum with different purity levels (99.998 pct
Al and 99 pct Al) were subjected to large plastic strains at room temperature via four different
deformation processes: equal-channel angular extrusion (ECAE), sheet rolling, conventional coni-
cal-die extrusion, and uniaxial compression. Following deformation, microstructures and textures
were determined using orientation-imaging microscopy. In commercial-purity aluminum, the various
deformation routes yielded an ultrafine microstructure with a ;1.5-mm grain size, deduced to have
been formed via a dynamic-recovery mechanism. For high-purity aluminum, on the other hand, the
minimum grain size produced after the various routes was ;20 mm; the high fraction of high-angle
grain boundaries (HAGBs) and the absence of subgrains/deformation bands in the final microstruc-
ture suggested the occurrence of discontinuous static recrystallization following the large plastic
deformation at room temperature. The microstructure differences were underscored by the mechanical
properties following four ECAE passes. The yield strength of commercial-purity aluminum quadrupled,
whereas the high-purity aluminum showed only a minor increase relative to the annealed condition.

I. INTRODUCTION

THE high strength and enhanced superplastic properties
associated with ultrafine microstructures in metallic alloys
provide substantial benefits for a wide range of aerospace
applications. Typically, grain refinement is achieved via
large plastic strains in conventional metal-forming pro-
cesses (e.g., extrusion and rolling). The products of such
techniques have limited structural applications, however,
due to the substantial change in billet dimensions associ-
ated with the processes. On the other hand, the production
of ultrafine grain structures in bulk materials has recently
been facilitated by the development of novel deformation
techniques such as equal-channel angular extrusion (ECAE)
in which ultra-high plastic strains (i.e., e . 5) are imposed
without a change in workpiece dimensions.[1–5]

A fine-grain microstructure can be produced via one of
two means. So-called discontinuous recrystallization
involves the nucleation and growth of strain-free grains, a
process driven by stored dislocations acting on high mobi-
lity boundaries. The misorientations across the new grain
boundaries are usually high. This process may occur during
hot deformation (i.e., dynamic recrystallization) or during
heat treatment following cold or hot deformation (i.e., clas-
sical static recrystallization). On the other hand, a micro-

structure containing high-angle grain boundaries (HAGBs)
may evolve continuously during large plastic deformation
under cold- or warm-working conditions producing an
ultra-fine-grained material via a process sometimes known
as continuous recrystallization.[6,7]

The effectiveness of different deformation processes on
grain refinement and subsequent mechanical behavior has
been the focus of many investigations. Even for a given
process (e.g., ECAE), the effect of deformation route on
microstructure evolution is still not totally clear. For exam-
ple, the experimental studies on the ECAE of pure Al using
a 90 deg die revealed that route Bc (90 deg rotation in the
same sense between passes) was more effective than route
C (180 deg rotation between passes) and route A (no rota-
tion). By contrast, experiments using a 120 deg die showed
that route A was most effective with regard to grain refine-
ment.[10] This controversy has been carefully reviewed by
Zhu et al.[11] and investigated by Furukawa et al.[12] Never-
theless, Hansen, et al.[13] have surmized that the underlying
mechanism for structure refinement is not strongly affected
by the deformation process. This latter work used TEM
techniques to compare microstructure evolution during both
severe-plastic and conventional deformation processes,
namely, accumulative roll bonding, high-pressure torsion,
rolling, and torsion. However, the data that were analyzed
were extracted from different materials (aluminum, nickel,
and copper) that had been processed under different defor-
mation conditions, thereby making the interpretation of the
results more difficult.
The present work was undertaken to establish the effect

of straining mode on grain subdivision and texture evolu-
tion during the severe-plastic deformation of carefully
controlled lots of well-characterized starting materials
(commercial-purity aluminum and high-purity aluminum).
To ensure a reliable comparison, the program materials
were deformed via various means using nearly identical
process variables (i.e., deformation temperature, effective
strain, and effective strain rate). The deformed microstructures
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were characterized by orientation-imaging microscopy
(OIM) using a high-resolution electron-backscatter diffrac-
tion (EBSD) technique integrated with a field-emission
gun–scanning electron microscope (FEGSEM). Compared
to transmission electron microscopy (TEM) techniques, the
high-resolution EBSD has the advantage of rapidly gather-
ing large amounts of quantitative data over larger areas
while maintaining the ability to characterize cell and sub-
grain boundaries except those cases characterized by very
low misorientation.[14]

II. MATERIALS AND PROCEDURES

A. Materials

The effect of deformation mode on grain subdivision was
revealed via the large-strain deformation of aluminum of
two purity levels: (1) high-purity (99.998 pct Al) and (2)
commercial-purity AA1100-H112 (99 pct Al). The chem-
ical composition (in wt ppm) for the high-purity aluminum
was ,1 Fe, 3.5 Si, and ,1 Cu and for the commercial-
purity was 5800 Fe, 2000 Si, and 600 Cu.

The high-purity aluminum was received as a cast ingot
with a coarse columnar microstructure that was broken
down via sequential room-temperature forging along three
orthogonal directions and intermediate and final annealing
at 400 °C, thus yielding an equiaxed structure with an aver-
age grain size of 90 mm. The commercial-purity aluminum,
received as 50-mm-thick cold-rolled plate, was annealed at
345 °C for 1 hour and then water quenched, thus yielding a
microstructure with an average grain size of 290 mm. Ori-
entation-imaging microscopy showed that both materials
exhibited a cubelike texture with a high fraction of HAGBs
(Figure 1).

B. Thermomechanical Processes

Preforms machined from the annealed materials were
deformed using four different deformation methods:
ECAE, sheet rolling, conical-die extrusion, and uniaxial
compression. Each of the processes was conducted at room
temperature using deformation speeds chosen to impart an
effective strain rate of 2 s�1. Samples were water quenched
after each deformation (or each increment of deformation
as in ECAE and rolling). Immediately after the last defor-

mation pass, each sample was stored at –70 °C to minimize
static recovery and recrystallization prior to metallographic
and texture examination.

1. Equal-channel angular extrusion
The ECAE trials used multipart tooling with a fixed

housing and several sliding components to reduce frictional
effects.[15] The equal cross-section square channels (50.8 3
50.8 mm) had an inclined angle of 90 deg. To conserve
the high-purity aluminum program material, square pre-
forms (measuring 19 3 19 mm and 108-mm length) were
machined and assembled into rectangular cans (50.8 3
50.8 mm and 203-mm length) that were machined from
the annealed commercial-purity aluminum plate without
any parting agent between the can and the preform. Billets
were given four passes through the ECAE die at a constant
ram speed of 50.8 mm/s. Surface grinding was used after
each pass to reduce the cross section slightly in order to
facilitate subsequent insertion in the die. Each sample was
rotated either 90 or 180 deg about its axis between passes;
i.e., route Bc or route C was used. After the fourth pass,
samples were sectioned longitudinally along the midplane
containing the extrusion direction (ED), which was aligned
with the exit channel, and the transverse direction (TD),
which was aligned with the inlet channel (Figure 2). All
microstructural observations were reported in the flow
plane (defined by the ED and TD directions). The direction
perpendicular to the flow plane is referred to as the normal
direction (ND) (1Y in the previous work of Iwahashi
et al.[16,17]).

2. Rolling
Rectangular billets measuring 12.7-mm thick 3 75-mm

wide 3 54-mm long were employed for rolling trials. Sam-
ples were rolled at a speed of 4.76 m/min to a total reduction
of 69 pct (von Mises effective strain eVM 5 1.35) or 95 pct
(eVM 5 3.45) in 11 or 29 passes, respectively. Microstructure
and OIM observations were taken on longitudinal sections
that were contained the rolling direction (RD) and ND.

3. Conventional conical-die extrusion
A 700-ton press was used to conduct conventional con-

ical-die extrusion trials on cylindrical billets measuring
31.8-mm diameter3 55.6-mm length. To obtain the desired
strain rate, ram speeds of 9.7 and 3 mm/s were used for

Fig. 1—Pole figures and misorientation distributions for annealed program materials: (a) and (b) high-purity aluminum and (c) and (d) commercial-purity
aluminum.
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extrusion ratios of 3:1 (eVM 5 1.1) and 30:1 (eVM 5 3.4),
respectively. Metallographic observations were taken along
the longitudinal midplane containing the ED.

4. Uniaxial compression
Isothermal, constant-strain-rate, uniaxial-compression

tests were conducted on cylindrical samples (10-mm diam-
eter 3 15-mm length) to an average height strain of 1.65.
Molydisulfide (MoS2) was used as a lubricant to reduce
frictional effects. Load-displacement data were corrected
for the compliance of the testing machine and reduced to
true stress–true strain curves using standard procedures.
The maximum scatter in the flow stress data from duplicate
tests was less than 5 pct at any given strain. Deformed
samples were sectioned axially (i.e., parallel to the com-
pression direction) for microstructure examination.

To establish the effect of SPD processing on subsequent
mechanical behavior, additional compression tests were
conducted on cylindrical specimens that had been cut from
ECA-extruded workpieces after four passes via routes Bc

and C. The compression axes of these samples were aligned
with either the ED or ND directions of the extrudates
(Figure 2).

C. Metallography

To quantify the evolution of microstructure and texture,
deformed samples were sectioned and prepared for OIM
via EBSD. During the sectioning and grinding operations,
each sample was cooled with chilled water (at ;0 °C) to
minimize static recovery and recrystallization. Following
grinding (using silicon carbide papers down to 1200 grit),
electropolishing was performed using a potential of 25 V
DC in a solution of 60 mL perchloric acid and 590 mL
methanol at –20 °C. The OIM was conducted on a Leica
(Bannockburn, IL) FEG/SEM using an accelerating voltage
of 20 kV and a beam current of 10 nA. Kikuchi patterns
were indexed using computer-based EBSD software from
TexSEM Laboratories (Provo, UT). The use of FEGSEM/
EBSD techniques enabled the simultaneous, detailed
description of microstructure and texture evolution over
large areas of each sample and thus a degree of character-
ization heretofore impossible during early research into
large-strain deformation.[18,19]

III. RESULTS AND DISCUSSION

The principal results of this work pertained to the evo-
lution of microstructure and texture in aluminum during
SPD via various means and the interpretation of these
results based on flow-curve measurements and crystal-
plasticity analysis. The microstructures and textures were
described using inverse-pole-figure maps in which bounda-
ries were defined using a criterion based on a minimum
misorientation u of 2 deg. This minimum misorientation
arose from the angular resolution of the OIM technique.
In the figures presented subsequently, black boundaries
represent HAGBs (u . 15 deg), while white boundaries
represent low-angle grain boundaries (LAGBs, u , 15 deg).
The results were interpreted in the context of previous work
on fcc metals.[20–22]

A. Equal-Channel Angular Extrusion

Microstructure and texture evolution in high- and com-
mercial-purity aluminum after four ECAE passes using
routes Bc and C was quantified by inverse-pole-figure maps,
pole figures, and misorientation distributions (Figures 2
through 5). For ECAE, the inverse-pole-figure maps
denoted the crystallographic direction corresponding to
the ED (�X in the previous work of Iwahashi
et al.[16,17]). The average textures were calculated from
the OIM data and represented by (001), (101), and (111)
pole figures.

1. ECAE—Route Bc

After four passes of ECAE via route Bc, inverse-pole-
figure maps for the high-purity aluminum revealed a
highly irregular microstructure with an average grain size
estimated as approximately 20 mm (Figure 2(a)) and pole
figures showing a cube texture (Figure 3(a)). The misor-
ientation distribution exhibited a large fraction of
HAGBs and a low fraction of LAGBs (Figure 3(b)). A
more detailed examination revealed the absence of sub-
grains or deformation bands in most of the grains, thus
suggesting that the high-purity material had recrystal-
lized via a discontinuous mechanism; this conclusion
was also supported by the observed cube texture and
the large fraction of HAGBs. The bulging of the bounda-
ries of some grains and the observation of small grains
along the boundaries of deformed grains or within grains
(Figure 2(a)) offered further support to the discontinuous-
recrystallization hypothesis.
An important question is whether the high-purity alumi-

num underwent discontinuous recrystallization during or
following the imposed deformation. It has been long
believed[23,24] that the high-stacking-fault energy of alumi-
num results in high rates of dynamic recovery that reduce
the reservoir of stored energy required to drive discontin-
uous dynamic recrystallization, particularly for materials
whose boundary mobility may be low at room temperature.
The observations of Yamagata[25–29] and Ponge et al.[30]

(e.g., flow curves that exhibited oscillations and microstruc-
tures comprising grains with various degrees of dislocation
substructure) suggested otherwise, however. On the other
hand, Gourdet and Montheillet[7] argued that the absence of
subgrains in portions of the microstructure could indicate
that some new grains grew after deformation.
In the present work, the high purity level would favor

discontinuous dynamic recrystallization by increasing
grain-boundary mobility.[7,31] Furthermore, a few grains
did show small intensity variations in the inverse-pole-
figure maps, indicative of residual cold work. However,
the negligible misorientation between adjacent points
within most of the recrystallized grains suggested that the
material did indeed undergo discontinuous static recrystal-
lization. Despite this apparent uncertainty, the flow curves
for the high-purity aluminum (discussed subsequently) did
not suggest that discontinuous dynamic recrystallization
had occurred, thus supporting the occurrence of classical
static recrystallization that had not gone to full completion.
With regard to discontinuous dynamic recrystallization,

it may also be conjectured that the temperature increase
during ECAE may enhance the tendency for such a process.
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In this regard, Yamaguchi et al.[32] measured an increase in
temperature of 40 °C due to deformation heating during a
single ECAE pass of pure aluminum (99.99 pct Al) under

ambient conditions. However, Hasegawa et al.[33] demon-
strated that the grain size of 1.3 mm developed after four
ECAE passes (route Bc) of high-purity aluminum (99.99 pct)

Fig. 3—Pole figures and misorientation distributions for (a) and (b) high-purity aluminum and (c) and (d) commercial-purity aluminum after four ECAE
passes via route Bc.

Fig. 4—Inverse-pole-figure maps for the ED after four ECAE passes (effective strain � 4.6) via route C for (a) high-purity aluminum and (b) commercial-
purity aluminum. In (c), the (001) pole figure for commercial-purity aluminum highlights the texture of regions with large grains (green) or small grains (red).

Fig. 2—Inverse-pole-figure maps for the ED after four ECAE passes (effective strain � 4.6) via route Bc for (a) high-purity aluminum and (b) commercial-
purity aluminum. The ND is perpendicular to the plane of the paper.
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did not change significantly during annealing at 150 °C for
1 hour.

Microstructure and texture observations for the commer-
cial-purity aluminum ( Figures 2(b), 3(c), and (d)) sug-
gested that microstructure evolution for this material was
controlled primarily by dynamic recovery. In contrast to the
high-purity material, the commercial-purity aluminum sub-
jected to the same deformation history (route Bc) showed
an average grain size of 1.3 mm after four-pass ECAE
(Figure 2(b)). Moreover, it had a smaller volume fraction
of HAGBs compared to the high-purity aluminum ( Figure
3(c)). These results for commercial-purity aluminum are
very similar to the observations of Iwahashi et al.,[17] for
the ECAE of high-purity aluminum (99.99 pct). In this
former work, a grain size of 1.3 mm was most readily
obtained using route Bc in tooling with a 90 deg angle at
room temperature, supposedly by a dynamic recovery pro-
cess. The different behaviors between the present and for-
mer lots of high-purity aluminum also suggest that rather
subtle differences in purity level in the range between 99.99
and 99.998 pct may have a pronounced, but previously
unrecognized, effect on boundary mobility and thus the
occurrence of discontinuous recrystallization.[31]

2. ECAE—Route C
Four-pass ECAE via route C resulted in qualitatively

similar microstructural features compared to those for
each material processed via route Bc. However, the aver-
age grain sizes were larger in route C than route Bc, and
the textures were stronger (Figures 4, 5(a), and (d)). In
addition, the fraction of HAGBs was noticeably higher for
route Bc than for route C (Figures 3(b) and (c)vs 5(b) and
(c) ). In addition, the inverse-pole-figure maps for the
commercial-purity aluminum (Figure 4(b)) showed two
populations of grains: large grains with similar shades of
(red) color that were surrounded by small grains with
another shade of color (blue). The large grains engulfed
small subgrains and had the ED direction closer to ,100.
than the small grains, which had the ED direction closer to
,111.. Parts of each large grain were separated from the
rest of the grain by HAGBs that surrounded subgrains with
new orientations (blue) closer to,111. (circled in Figure
4(b)). These large grains most likely evolved from the

same original grain, which was divided by subgrains that
were subsequently rotated producing HAGBs. The orien-
tations of all the big grains were separated from the rest of
the grains and then plotted on a {001} pole figure (Figure
4(c)). It is clear that all the big grains belonged to one
orientation (in green), and all the small grains belonged to
another orientation (in red). This hypothesis supported the
notion of continuous recrystallization proposed by Gour-
det and Montheillet.[7]

Overall, the present results demonstrated that route Bc

was more effective than route C with regard to the refine-
ment of grain size and the development of a large fraction
of HAGBs.

B. Rolling

The effect of thickness reduction on microstructure evo-
lution during rolling was also well delineated in the inverse-
pole-figure maps for the ND of deformed samples (Figures
6(a) through (c) and 7(a) and (d)). Misorientation measure-
ments along different paths parallel to the RD (Figures 6(d)
through (f)) quantified the heterogeneity of deformation
within individual grains; black lines denote the misorienta-
tion of each grid point relative to the starting point (u0), and
gray lines indicate the misorientation between adjacent
points on the line (urel).
For high-purity aluminum rolled to an effective strain of

1.35, the grains were elongated along the RD ( Figures 6(a)
and (b)). Orientation gradients were found in some grains
(grains 1 and 2 in Figure 6(c)). However, other grains exhib-
ited homogenous orientations (grain 3 in Figure 6(c)). After
a reduction corresponding to an effective strain of 3.4, how-
ever, most of the elongated-grain structure had disappeared
in the high-purity aluminum, being replaced by smaller
equiaxed grains having no apparent substructure within
them (Figure 7(a)).
The intensity variations within the grains in Figure 6

indicate a heterogeneity of orientation and, hence, suggest
the development of subgrains in high-purity aluminum after
an effective strain of 1.35. The misorientation distribution
(Figure 6(g)) showed a large fraction (0.82) of low-angle
boundaries and a small fraction (0.18) of HAGBs. Detailed
misorientation measurements along different paths parallel

Fig. 5—Pole figures and misorientation distributions for (a) and (b) high-purity aluminum and (c) and (d) commercial-purity aluminum after four ECAE
passes via route C.
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Fig. 6—(a) through (c) Inverse-pole-figure maps for the ND, (d) through (f) misorientation traverses, and (g) misorientation distribution for high-purity
aluminum after rolling to an effective strain of 1.35. On the inverse-pole-figure maps, low-angle boundaries are white and high-angle boundaries are black.
On misorientation distribution charts, black lines denote the misorientation of each grid point relative to the starting point (u0), and gray lines indicate the
misorientation between adjacent points on the line (urel).

Fig. 7—Inverse-pole-figure maps for the ND, pole figures, and misorientation distributions for (a) through (c) high-purity aluminum and (d) through (g)
commercial-purity aluminum after rolling to an effective strain of 3.4. On the inverse-pole-figure maps, low-angle boundaries are white, and high-angle
boundaries are black: (e) as deformed and (f) after –60 deg rotation about ND followed by –20 deg rotation about RD.
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to RD provided further insight into the heterogeneity of
deformation ( Figures 6(d) through (f)). Along path A, a
sudden increase in u0 was observed for the right half of the
grain (u0 . 10 deg with an average value of 19.8 deg and a
maximum of 29 deg) compared to the left half (u0 , 10 deg
with an average value of 4 deg and a maximum of 9.7 deg)
(Figure 6(d)). This increase underscored the transition from
one band (S1) to another (S2) with an average urel of 1.2
deg within the lower band (S1) and 2.6 deg within the upper
band (S2). In grain 2, similar measurements along path B
showed a noticeable variation in both u0 and urel along the
entire length with maximum values of 12 and 9 deg and
average values of 6 and 3 deg, respectively (Figure 6(e)).
On the other hand, misorientation measurements along path
C inside grain 3, with no apparent orientation gradients,
showed changes in urel and u0 less than the resolution of
the EBSD system (Figure 6(f)).

Changes in intensity (from light green in the bottom to
dark blue in the top) within grain 1 of the high-purity
aluminum sample rolled to the lower reduction (Figure
6(a)) suggested grain subdivision by the formation of
high-angle boundaries and the development of bandlike
regions within elongated prior grains. The grayscale map
of EBSD image quality shown in Figure 6(c) revealed the
deformation substructure in more detail. In such maps, dark
areas represent poor image quality, which may result from
the interaction of the electron beam with dense arrays of
dislocations. These maps revealed planar structures lying at
an angle of 40 deg to the RD, as indicated by the dashed
white lines in Figure 6(c). These observations are consistent
with previous studies of cold-rolled commercial-purity alu-
minum using TEM[34] and OIM.[35]

At the higher reduction, corresponding to an effective
strain of 3.4, high-purity aluminum exhibited a structure
consisting primarily of slightly elongated grains with an
average grain size of 40 mm and a strong cube texture
(Figures 7(a) through (c)). No deformation bands were
observed. The misorientation distribution (Figure 7(c))
showed a large fraction (0.70) of HAGBs and a small frac-
tion (0.3) of LAGBs. Detailed measurements of misorien-
tation profiles showed that most of the grains had negligible
values of u0 and urel, i.e., values less than the resolution of
the EBSD/FEGSEM system. Thus, as for four-pass ECAE
involving a comparable strain level, it may be concluded
that the high-purity aluminum underwent discontinuous
static recrystallization.

The microstructure of the commercial-purity aluminum
cold rolled to an effective strain of 3.4 showed an average
grain size of 1 mm with a high number fraction (0.80) of
LAGBs (Figures 7(d) and (g)) and a rotated cube texture
with an S component (Figures 7(e) and (f)). These micro-
structure results (i.e., grain size) are similar in nature to
those for four-pass ECAE of this material (Figures 2(b)
and 4(b)). The high fraction of LAGBs is similar to the
observations for ECAE via route C (Figure 5(c)), but is
in contrast to the large fraction of HAGBs for ECAE via
route Bc (Figure 3(c)).

C. Conventional Conical-Die Extrusion

The evolution of microstructure in high-purity aluminum
during cold extrusion to area reductions corresponding to

an effective strain of 1.1 or 3.4 was also well described by
inverse-pole-figure maps. At an effective strain of 1.1, the
original grains (defined by high-angle boundaries) were
elongated parallel to the ED and appeared to have been
subdivided into subgrains and bandlike regions, as indi-
cated by intensity variations (Figure 8(a)). Specifically,
HAGBs were observed within the middle grain separating
the area on the top from the rest of the grain. The mis-
orientation profile across this region revealed a sudden
change in u0 (from 6 to 30 deg) at the boundary between
the bandlike area on the top and the rest of the grain (Figure
8(b)). In addition, the misorientation distribution confirmed
that a high fraction (0.77) of LAGBs (Figures 8(a) and (c))
developed within the microstructure.
Intensity variations within the grains almost disappeared

upon further deformation of the high-purity aluminum via
conical-die extrusion to an effective strain of 3.4 (Figure
8(d)), similar to the observations in both ECAE and rolling
to comparable strain levels. At this deformation level, an
equiaxed microstructure with an average grain size of;20 mm
(Figure 8(d)) and a cubelike texture (Figure 8(e)) similar
to the initial texture of the starting (annealed) material were
developed. Furthermore, the misorientation distribution
(Figure 8(f)) revealed a high fraction (0.75) of HAGBs.
Similar to the observations in rolling, the commercial-

purity aluminum showed elongated grains along the ED
direction with intense substructure formation within the
grains at a strain of 1.1. In quantitative terms, the micro-
structure comprised a large fraction of LAGBs (0.6).
Unfortunately, extrusion of the commercial-purity alumi-
num to an effective strain of 3.4 was not possible because
of press limitations.

D. Uniaxial Compression

The microstructures developed after a true strain of 1.65
in uniaxial compression were very similar to those previ-
ously described for ECAE, rolling, and conical-die extru-
sion. Inverse-pole-figure maps for the compression
direction for both high-purity and commercial-purity alu-
minum revealed the subdivision of grains into subgrains
(Figures 9(a) and (c)). Almost all of the initial grains were
elongated in the direction perpendicular to the loading
direction. Misorientation distributions showed a high frac-
tion of LAGBs in both materials (Figures 9(b) and (d)),
which were also evident in the inverse-pole-figure maps
as white boundaries (Figures 9(a) and (c)).
A noticeable heterogeneity of deformation on a large

scale was also noted for the high-purity aluminum
deformed to a strain of 1.65. Grains with a ,101. direc-
tion close to the compression axis showed the most notice-
able grain subdivision, as indicated by the LAGBs. In
contrast, grains with a ,001. direction close to the load-
ing direction showed a very small number of subgrains and
in many cases no subgrains at all (Figure 9(a)). Evidence of
the incidence of boundary migration and discontinuous
recrystallization was also found in parts of the microstruc-
ture of the high-purity aluminum sample (e.g., the middle
grain in Figure 9(a)).
The average grain sizes developed during compression to

a true strain of 1.65 were very similar to those developed via
the other deformation modes, i.e., ;40 mm in high-purity
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Fig. 8—Inverse-pole-figure maps for the radial direction, misorientation distributions, and pole figures for high-purity aluminum deformed via conical-die
extrusion to an effective strain of (a) through (c) 1.1 or (d) through (f) 3.3. On the inverse-pole-figure maps, low-angle boundaries are white, and high-angle
boundaries are black.

Fig. 9—Inverse-pole-figure maps for the compression-axis direction and misorientation distributions for (a) and (b) high-purity aluminum and (c) and (d)
commercial-purity aluminum after an effective strain of 1.65 in simple compression. On the inverse-pole-figure maps, low-angle boundaries are white, and
high-angle boundaries are black.
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aluminum and 1.2 mm in the commercial-purity aluminum.
Such an effect of purity level on microstructure develop-
ment is even more striking in light of the fact that the initial
grain size of the commercial-purity aluminum was almost 3
times the initial grain size of the high-purity aluminum
prior to SPD.

E. Flow Behavior

The flow behavior of the program materials both prior to
SPD and following ECAE provided additional insight into
the mechanisms of deformation and microstructure evolu-
tion of the high-purity- and commercial-purity-aluminum
program materials.

3. Flow behavior prior to SPD
The flow behavior of the two different lots of aluminum

prior to SPD showed a number of similarities and some
differences. Following yielding, both materials exhibited
strain hardening to the maximum strains used in the com-
pression tests (i.e., ;1.65) (Figure 10). Such stress-strain
curves are indicative of flow controlled by the competition
between dislocation multiplication and the annihilation of
dislocations by dynamic recovery processes. Hence, it may
be concluded that discontinuous dynamic recrystallization,
for which a flow stress maximum is usually observed, did
not occur, at least for the strain levels imposed in the
present compression tests. A comparison of the flow curves
for the two lots of material also revealed a lower yield
strength and a lower strain-hardening rate in the high-purity
aluminum compared to the commercial-purity aluminum
(Figure 10). Furthermore, the starting texture did not appear
to have a significant impact on the stress-strain behavior of
the commercial-purity aluminum, procured as a rolled plate
material, as shown by the similarity in the flow behavior
along three orthogonal directions (RD, TD, and ND).

The dislocation multiplication and dynamic recovery
processes controlling the shape of the flow curves were
quantified using a state-variable model. Such models are
usually based on a single state variable (e.g., the overall
dislocation density)[36–39] or several state variables related
to the density and type of dislocations.[40–47] In the present
work, the one-parameter model based on dislocation den-
sity developed by Yoshie et al.[48] and expanded upon by

Laasraoui and Jonas[49] was employed. The model is based
on the assumption that dynamic recovery is the only soft-
ening mechanism, for reasons mentioned previously. The
evolution of dislocation density (r) with strain e is assumed
to depend on the competition between strain hardening and
dynamic recovery as follows:

dr=de ¼ dr=destorage � dr=derecovery ¼ U �Vr [1]

in which U denotes the rate of dislocation generation due to
strain hardening and V is the rate of dynamic recovery.
Assuming that U is independent of strain, it may be shown
that the flow stress s and the steady-state (saturation) stress
sss are given as follows:

s ¼ ½s2
ss 1 ðs2

o � s2
ssÞe�Ve�0:5 [2a]

sss ¼ aGbðU=VÞ0:5 [2b]

Equation [2] was fit to the stress-strain data for both the
high- and commercial-purity aluminum materials over the
range of experimental conditions; U and V were deter-
mined using a least-squares best-fit method[50] (Figure
11). The values of U so determined were 7.3 3 1016/m2

and 4.6 3 1016/m2 for commercial- and high-purity alumi-
num, respectively. Furthermore, V was found to be 1.33 for
commercial-purity aluminum and 1.58 for high-purity alu-
minum. A comparison of these material coefficients indi-
cates not unexpectedly that impurities led to higher rates of
dislocation multiplication and lower rates of recovery due
to more barriers to dislocation motion and the increased
difficulty of climb/cross-slip, respectively. However, the
overall differences in the material coefficients are not large.
A more important conclusion can be reached based on an
extrapolation of the stress-strain behavior to strain levels
comparable to those used in the SPD processes (i.e., e ; 3
to 3.5), as shown in Figure 11. This extrapolation reveals
that the flow stress did not saturate at the strain levels used
in this work, and thus dynamic recovery most likely con-
trolled deformation and microstructure evolution at high
strains as well. The predictions of the current work (i.e.,
stress saturation of 123 MPa at e . 3.5) are in excellent

Fig. 10—Comparison of the compression flow curves for high-purity alu-
minum (4N) and commercial-purity aluminum (2N), the latter tested along
three orthogonal directions.

Fig. 11—Comparison of measured and fitted stress-strain curves for high-
and commercial-purity aluminum (4N and 2N, respectively).
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agreement with the observations of flow stress saturation by
Chinh et al.,[51] during ECAE of high-purity aluminum.
Particularly, they documented that the 0.2 pct proof stress
saturated at ;120 MPa upon applying strains higher than
four.

4. Flow behavior after SPD
The significant difference in microstructure observed fol-

lowing SPD of high-purity and commercial-purity alumi-
num was also mirrored in the post-SPD room-temperature
flow curves measured on compression samples extracted
from four-pass ECAE workpieces (Figures 12 and 13).
For the high-purity aluminum, four-pass ECAE did not
have a major impact on the stress-strain behavior compared
to the annealed material (Figure 12); only a minor increase
in yield strength was found. This comparison confirmed
that the majority of the dislocation substructure had been
eliminated due to discontinuous recrystallization.

In contrast to the behavior for the high-purity material,
ECAE processing had a very large effect on both the yield
strength and the strain-hardening behavior of commercial-
purity aluminum (Figure 13). The material exhibited a four-

fold increase in the yield strength and a rapid saturation in
strain hardening that led to a pronounced peak at small
strains (less than 0.1). Moreover, the flow curves showed
a greater dependence on test direction (ED vs ND) after
route C compared to route Bc (Figures 13(a) vs (b)). How-
ever, such directionality was still relatively small (;10.6
pct maximum difference in the peak strength) and dissi-
pated by modest strain levels.

The observation of a marked peak stress at low strains
has been noted previously in materials with ultrafine grains,
as in the recent reports by Wang and Ma.[51] These authors
suggested that such peaks in stress-strain curves were due
to discontinuous dynamic recrystallization. Although their
suggestion may be true for a very high-purity material, it is
unlikely for the present commercial-purity aluminum,
which exhibited no signs of new, strain-free grains even
after four passes of ECAE (Figure 4(b)). Rather, the
observed flow-stress saturation and subsequent softening
can be hypothesized to be a result of a substructure insta-
bility or texture softening associated with the change in the
deformation path (simple shear to uniaxial compression).
Such a change in deformation path was proven to have a

Fig. 12—Comparison of the stress-strain behavior of high-purity aluminum (4N Al) in the annealed condition and after four-pass ECAE via (a) route Bc or
(b) route C.

Fig. 13—Comparison of the stress-strain behavior of commercial-purity aluminum (2N Al) in the annealed condition and after four-pass ECAE via (a) route
Bc or (b) route C.
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significant impact on the flow stress as well as the strain
hardening behavior of other cubic metals.[53]

F. Slip-System Activity

The quantitative microstructure information discussed in
Sections A through D and particularly the measured misor-
ientation distributions suggest a considerable influence of
deformation mode on the evolution of HAGBs. For a given
imposed strain, different slip systems, each with varying
amounts of shear, may be activated within grains of differ-
ent orientations. The rate of dislocation multiplication and
dynamic recovery may also vary depending on crystallo-
graphic orientation. Therefore, quantifying the activity of
different slip systems might be expected to provide insight
into the significant difference between the microstructure
development via the various methods of deformation.

As a first step in the development of a complete crystal-
plasticity-based model for substructure evolution during
SPD, the relative activity of various slip systems was esti-
mated for the deformation processes used in the present
work. Specifically, a Taylor-type (isostrain) model[53] was
used to deduce the shear strains developed for each of the
12 slip systems in fcc crystals during (a) four-pass ECAE
via routes BC or C and (b) deformation to an effective strain
of four in uniaxial compression and plane-strain compres-
sion. The details of the model can be found else-
where.[55,56,57] The main assumptions in this approach are
that the local deformation gradient in each grain is the same
as the macroscopic deformation gradient F, and that all
grains have equal volume. Hence, the macroscopic Cauchy
stress in the polycrystal, �T , can be expressed as

T ¼ 1

N
+
N

k51

TðkÞ [3]

in which T(k) denotes the Cauchy stress in the kth crystal,
and N is the total number of grains in the polycrystalline
material. The constitutive equation for the elastic response
in each grain is taken as

T� ¼ C½E�� 5 F��1fðdetF�ÞTgF��T , E� ¼ 1

2
fF�TF� � 1g

[4]

in which C denotes the fourth-order elasticity tensor,
T* and E* are the ‘‘work-conjugate’’ stress and strain mea-
sures, and T is the Cauchy stress. The term F* is the local
elastic deformation gradient due to both elastic stretches
and lattice rotation, which is determined by multiplicative
decomposition of the local deformation gradient F (equal to
the macroscopic deformation gradient), viz.

F 5 F�Fp [5]

Here, Fp represents the local plastic deformation gradient
due to slip such that det Fp 5 1 (due to plastic incompres-
sibility). The term Fp is given by the flow rule

_F ¼ LpFp, Lp ¼ +a _g
aSao , and Sao ¼ ma

o � nao [6]

Here, _g denotes the plastic shearing rate on the a-slip sys-
tem, and ma

o and nao denote the slip direction and the slip
plane, respectively, in the initial unload configuration. The
plastic shearing rate _ga on a slip system can be expressed
by the power-law relationship as

_ga ¼ _go
ta

sa

�
�
�
�

�
�
�
�

1=m

signðtaÞ, ta � T� � Sao [7]

in which ta and sa denote the resolved shear stress on the
a-slip system and the slip resistance (evolving critical
resolved shear stress) of that slip system, respectively.
The reference slip rate, _go, was arbitrarily set as 0.001 s�1,
and the strain rate sensitivity parameter, m, was taken as 0.01.
Per the measured starting textures of both program mate-

rials (Figure 1), attention was focused on the deformation
of an fcc single crystal with an initial cube orientation.
Furthermore, it was assumed that all of the deformation
was accommodated by dislocation glide/shear on
{111},110. systems; dynamic recovery (and recrystalli-
zation) and associated processes such as climb were
neglected as was the latent hardening of individual slip
systems. Each slip system was assigned a number from 1
to 12 to track its activity during the different deformation
routes (Table I). For the ECAE simulations, a shear strain
of 2.0 was imposed followed by a 90 or 180 deg rotation
about the ED between passes to simulate routes Bc and C,
respectively.
The results of the crystal-plasticity simulations are sum-

marized in Figure 14 in terms of the accumulative (alge-
braic) sum of the shear strains for each slip system. For
ECAE via route C, the billet is rotated 180 deg between
passes and, thus, the shear on each system is reversed dur-
ing alternate cycles. Therefore, the accumulated shear
strain is zero after an even number of passes. This result
supports the observation in Section A–2 of a low fraction of
HAGBs due to the cyclic nature of straining and also is in
agreement with the findings of Prangnell et al.[58] On the
other hand, ECAE deformation via route Bc comprised the
activation of all 12 slip systems (Figure 14), a feature which
suggests why this route readily produced a high fraction
of HAGBs (Section A–1). Similarly, Furukawa et al.[12]

proved the effectiveness of route Bc by comparing con-
structed shear patterns of ECAE via routes, A, Bc, and C.

Table I. Definition of Slip Systems Used in Crystal-Plasticity
Simulations

System Number Slip Plane Slip Direction

1 (111) [1�10]
2 [10�1]
3 [01�1]
4 (�1�11) [1�10]
5 [101]
6 [011]
7 (�111) [101]
8 [110]
9 [01�1]
10 (1�11) [10�1]
11 [011]
12 [110]
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The current simulations also revealed that monotonic defor-
mation in uniaxial compression and plane-strain compres-
sion leads to the activation of fewer slip systems (albeit
larger shear per system) compared to ECAE via route Bc.
In light of the observations that primarily LAGBs are
formed during plane-strain deformation via rolling (Section
B) or axisymmetric deformation via conical-die extrusion
(Section C), it appears that a large number of activated slip
systems are desirable for the formation of HAGBs.

IV. CONCLUSIONS

1. Microstructure evolution in high-purity (99.99 pct Al)
and commercial-purity (99 pct Al) aluminum during
severe-plastic deformation was characterized by
EBSD/FEGSEM following equal-channel angular extru-
sion, sheet rolling, conventional (conical-die) extrusion,
and simple compression. For a given deformation mode
and level of imposed strain, the final grain size was
much larger in the high-purity aluminum than in the
commercial-purity aluminum.

2. Ultrafine grain structures were developed only in the
commercial-purity aluminum; irrespective of deforma-
tion route, an average grain size of ;1.5 mm was devel-
oped in this material, apparently via a continuous
dynamic-recrystallization process.

3. Large deformation of the high-purity aluminum yielded
a minimum grain size of;20 mm with a high fraction of
HAGBs and cubelike textures indicating discontinuous
recrystallization at effective strains larger than 3.

4. The flow curves of both types of aluminum suggested
that deformation in both cases was controlled by
dynamic recovery. Thus, the discontinuous recrystalliza-
tion found for high-purity aluminum occurred most
likely following, not during, deformation.

5. Because of the differences in the nature of the recrystal-
lization process, the post-ECAE flow response was very
different for high- and commercial-purity aluminum.
The stress-strain behavior of the former material was

almost identical to that of its undeformed counterpart,
whereas ECAE of commercial-purity aluminum led to
significant increases in flow stress due the development
of a refined microstructure with a high level of retained
dislocations.

6. Crystal-plasticity analysis suggested that the activation
of a large number of slip systems may be beneficial with
respect to the evolution of fine microstructures with a
large fraction of HAGBs.
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