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The effect of prior recovery on the evolution of cube texture ({001}h100i) in severely
warm-rolled and annealed Al-2.5 wt pctMg alloy was studied. The Al-2.5 wt pctMg alloy was
warm rolled to 97 pct reduction in thickness at 473 K (200 �C). The warm-rolled sheets were
isochronally annealed for 1 hour at temperatures ranging from 523 K to 673 K (250 �C to
400 �C) without and with prior recovery treatments. In case of prior recovery, the sheets were
pre-treated at 473 K (200 �C) for different time intervals ranging from 3.6 9 103 seconds
(1 hour) to 8.64 9 104 seconds (24 hours) before the annealing. The warm-rolled alloy showed
finely subdivided lamellar structure and strong presence of pure metal type texture. The
annealed materials without any prior recovery treatment showed strong cube texture after
annealing which could be attributed to the oriented nucleation of cube grains resulting from the
preferentially recovered structure of cube regions in the warm-rolled state. In contrast, the cube
texture was significantly weakened in materials subjected to different prior recovery treatments.
The prior recovery treatments resulted in homogenous recovery which was confirmed by
microstructural, textural, and conductivity measurements. Homogenous recovery eliminated the
nucleation advantage of cube regions originating from the preferentially recovered structure and
weakened the cube texture significantly. The present results indicated that prior recovery
treatment could be effectively used to control recrystallization cube texture in severely
warm-rolled aluminum alloys.
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I. INTRODUCTION

THERMO-MECHANICAL processing of materials
leads to the development of prominent crystallographic
textures in different metals and alloys. The development
of sharp crystallographic texture can greatly affect the
anisotropic mechanical behavior. As a result, extensive
studies have been carried out on the evolution of
microstructure and texture in face-centered cubic
(FCC) materials during thermo-mechanical process-
ing.[1,2] It has been clarified that stacking fault energy
(SFE) of materials greatly affects the evolution of
deformation texture, such that high-to-medium SFE
materials develop pure metal or copper-type texture
characterized by strong Cu ({112}h111i), S ({123}h634i),
and brass or BS ({110}h112i) components, whereas in
low SFE materials, brass type texture dominated by the
BS component is observed.[3]

The process of annealing following heavy deforma-
tion in medium-to-high SFE materials frequently results
in the formation of strong cube texture ({001}h100i)
although the cube has a negligible presence in the

deformed structure. It might be pointed out that the
annealing texture of heavily deformed aluminum alloys
may be quite complex, often revealing the presence
of cube ({001}h100i), ND-rotated cube (or Q)
({013}h231i),[4,5] R ({124}h211i) originating from the
deformation texture component (S),[6–9] and {011}h455i
(or P) orientations.[10–13] The different annealing texture
may be obtained in the same aluminum alloy by varying
homogenization and annealing conditions.[14]

The origin of the cube texture has been explained on
the basis of oriented nucleation (ON) or oriented growth
(OG).[15] In the ON theory, development of strong cube
texture is attributed to preferential nucleation of cube
grains from the thin cube-oriented regions pre-existing
in the deformed matrix in the transition bands[16] or as
fragments (cube bands) of the original cube-oriented
grains.[17] Careful experimental studies[17–20] have
revealed orientation dependent preferential recovery in
cube-oriented regions due to the unique dislocation
interaction involving orthogonal burgers vectors.[21] In
contrast, in the OG model, the origin of the sharp cube
texture is explained on the basis of preferential growth
of cube grains due to the favorable high-mobility
misorientation relationship between the cube grains
and surrounding deformed matrix.
The control of cube texture is particularly important

for achieving enhanced formability in aluminum alloys
for different applications. As a result, the control of the
cube texture remains a topic of much interest during
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thermo-mechanical processing of aluminum alloys. In
precipitation strengthened alloys, the deformation zones
around the sufficiently large second-phase particles can
result in particle-stimulated nucleation (PSN) weaken-
ing the strength of the recrystallization cube texture.[22]

In addition, the annealing texture of aluminum alloys
can also be significantly influenced and controlled by
microchemistry and precipitation states,[23] tempera-
ture,[24] strain path,[25] and prior recovery.[26]

Among different parameters, the effect of prior
recovery has been studied only to a limited extent. It
has been reported that prior recovery treatment can
weaken the strength of recrystallization cube texture in
heavily cold-rolled Al-Mg alloy although the detailed
mechanism of this has not been reported.[26] However,
from the point of view of controlling recrystallization
texture, this effect evidently remains quite interesting.
Recent investigation on heat-treatable cold-rolled alu-
minum alloys reports that prior recovery annealing can
significantly modify the relative strength of the recrys-
tallization texture components.[27]

In the present work, we investigate the effect of prior
recovery treatment over wide time intervals on the
evolution of cube texture in severely warm-rolled and
annealed Al-2.5 wt pctMg alloy. Thermo-mechanical
processing by warm rolling of aluminum alloys has been
investigated previously and most of the times with an
objective to control texture by the formation of shear
texture components.[28–31] On the other hand, the effect
of prior recovery treatment on the evolution of recrys-
tallization texture has been investigated mostly in
cold-rolled alloys.[26,27]

II. EXPERIMENTAL

A. Processing

Al-Mg blocks having dimensions 150 mm
(length) 9 60 mm (width) 9 10 mm (thickness) having
a chemical composition shown in Table I were obtained
from Testbourne Ltd., UK. The as-received blocks were
initially cold rolled to ~50 pct reduction in thickness
using a laboratory scale rolling mill having roll diameter
of 140 mm. The cold-rolled materials were subsequently
annealed at 673 K (400 �C) for 4 hours. The annealed
materials were further cold rolled to ~80 pct reduction in
thickness to a thickness of ~1 mm and annealed at 573 K
(300 �C) for 3 hours. The annealed sheets were used as
the starting materials for subsequent warm rolling.

The warm-rolling was carried out by a novel combi-
nation of accumulative roll bonding (ARB) which is a
well-known severe plastic deformation technique for
sheet metal processing[32] and conventional rolling (i.e.,
typical cold rolling during which the thickness of the
sheet continuously decreases with increasing

deformation as opposed to ARB). For this purpose,
two sheets of Al-Mg alloy with thickness of 1 mm were
subjected to typical ARB processing comprising of
surface cleaning (i.e., degreasing with acetone), wire
brushing, stacking of the sheets, and roll bonding by
imparting ~50 pct reduction (equivalent strain
(eeq) ~ 0.8) in a single pass. In the next ARB cycle, the
roll-bonded sheets were again cut into halves, and the
above steps were repeated. In the present work, the
ARB process was carried up to three cycles (eeq ~ 2.4,
equivalent to a thickness reduction of ~87.5 pct in terms
of conventional rolling) during which the sheet thickness
was maintained at ~1 mm. The ARB processing was
followed by conventional rolling to 75 pct reduction in
thickness (eeq ~ 4, equivalent to a total thickness reduc-
tion of ~97 pct) to a final thickness of ~250 lm. The
warm-rolling was carried out at 473 K (200 �C). The
sheets were isothermally held at 473 K (200 �C) in a
muffle furnace for 600 seconds (10 min) before every
warm-rolling pass. The rolls were pre-heated to 473 K
(200 �C) to minimize the heat loss during warm rolling.
The sheets were quenched in cold water after every
warm-rolling pass.
The 97 pct warm-rolled materials were annealed with

and without prior recovery treatments. In case of
annealing without prior recovery, warm-rolled coupons
were isochronally annealed for 1 hour in a salt bath
furnace at temperatures ranging from 473 K to 673 K
(200 �C to 400 �C). In case of prior recovery treatment,
the warm-rolled coupons were first isothermally
annealed at 473 K (200 �C) for different annealing times
ranging from 1 hour to 24 hours. These pre-recov-
ery-treated samples were further isochronally annealed
for 1 hour at 523 K, 548 K, and 673 K (250 �C, 275 �C,
and 400 �C). The annealed materials were immediately
quenched in cold water following the annealing
treatments.

B. Characterization

The microstructures and texture of the materials were
investigated using an electron backscatter diffraction
(EBSD) system (Oxford Instruments, UK) attached to a
scanning electron microscope (SEM) having a field
emission gun (FEG) source (Carl-Zeiss, Germany,
Model: Supra 40). Samples for EBSD measurement
were prepared by careful mechanical polishing followed
by electropolishing (electrolyte: 10 pct perchloric acid+
90 pct methanol, temperature: �30 �C, voltage: 20 V).
The scan step size for the deformed (i.e., as warm-rolled
materials) and partially recrystallized materials was
0.04 lm (40 nm). For each annealed sample, several
EBSD scans having areas varying from 600 9 600 lm2

to 900 9 900 lm2 were acquired to obtain statistically
reliable texture results. For the annealed samples, the
scan step size varied from 1.0 to 1.5 lm. The fraction of
indexed points in case of the different fully annealed
samples was more than 85 pct. For the recovery-treated
samples, the fraction of indexed points varied from 50 to
70 pct. The acquired EBSD data were exported to the
TSL-OIM� software (EDAX Inc., USA) for analysis
purpose. EBSD dataset were cleaned up using the

Table I. Chemical Composition of the As-Received Alloy

Fe Si Ca Cu Mg Al

15.0 ppm 5.0 ppm 5.0 ppm 20.0 ppm 2.51 wt pct bal
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standard grain dilation procedure imposing the criteria
of grain tolerance angle 5 deg, grain size with minimum
five scan points, and multiple scan rows. The pole
figures (PFs) and orientation distribution functions
(ODFs) were calculated from merged EBSD dataset
using the series expansion method with series rank 22.
Orientations of at least 3000 recrystallized were consid-
ered for calculating the PFs and ODFs. The volume
fraction of different texture components was determined
using a tolerance angle of 15 deg. In case of an overlap,
the orientation which is closest to the indexed point is
assigned that orientation.

The electrical conductivity of the different pre-recov-
ery-treated samples was determined by the standard
4-probe method (Keithley, Germany; Model: 2611B). A
consistent current value 0.01 A was used for this
purpose.

III. RESULTS

Figure 1 shows the microstructure and texture of the
starting and heavily warm-rolled materials. Figure 1(a)
reveals the fully recrystallized microstructure of the
starting material having an average grain size of
~15 lm. The spatial distribution of different texture
components is also shown in Figure 1(a) which also
confirms the strong presence of cube (highlighted in
blue) and RD-rotated cube component (CRD;
{013}h100i; highlighted in purple). The orientation
map also reveals only minor presence of the ND-rotated
cube component (Q; {031}h213i; highlighted in cyan) as
compared to S ({123}h634i, highlighted in yellow), BS

({110}h112i, highlighted in green), copper (or Cu)
({111}h112i, highlighted in red), and Goss (or G)
({011}h100i, highlighted in orange). The ODF sections

of the starting material (Figure 2(a)) calculated from the
merged dataset also confirm the presence of strong cube
and CRD components.
The orientation map of the 97 pct warm-rolled

material (Figure 1(b)) shows the development of an
ultrafine lamellar microstructure extended parallel to the
RD. The orientation map shows profuse Cu-, S-, and
R-oriented grains but negligible presence of the cube
orientation. The u2 = 0 deg, 45 deg, and 65 deg sec-
tions of the ODF of 97 pct warm-rolled are shown in
Figure 2(b). The relevant ODF sections suggest signif-
icant strengthening of the S and Cu components. This is
also clearly understood from Figure 2(c) which summa-
rizes the textural changes quantitatively. The develop-
ment of stronger S and Cu components as compared to
the BS component may easily be noticed. The develop-
ment of a pure metal (or copper type) texture after
severe warm-rolling is thus quite evident.
Figure 3 shows the microstructures of the warm-

rolled material after different pre-recovery treatments.
The large area raw (i.e. as acquired) inverse pole figure
(IPF) maps with respect to the ND after pre-recovery
treatment at 473 K (200 �C) for 3.6 9 103 seconds
(1 hour) (Figure 3(a)), 21.6 9 103 seconds (6 hours)
(Figure 3(b)), and 86.4 9 103 seconds (24 hours)
(Figure 3(c)) are shown. Figures 3(d) through (f) show
the corresponding IQ maps with overlaid grain bound-
aries cropped from the original IPF maps and subjected
to suitable data clean-up procedure. The microstruc-
tures reveal the clear presence of low-angle grain
boundary (LAGB) network (highlighted in magenta)
and absence of any visible recrystallized regions. The
HAGB fractions after annealing for 3.6 9 103 seconds
(1 hour), 21.6 9 103 seconds (6 hours), and 86.4 9
103 seconds (24 hours) are found to be ~64, 59, and 58
pct, respectively. It might be noted that similar
microstructural evolution and coarsening during pro-
longed recovery have been extensively investigated in
different severely deformed aluminum alloys based
on the motion of triple junctions as a possible
mechanism.[33,34]

The u2 = 0 deg, 45 deg, and 65 deg sections of the
ODFs of different pre-recovered samples are shown in
Figure 4. The ODF sections of different pre-recov-
ery-treated materials clearly reveal the strong presence
of the deformation texture components. In order to
further corroborate the microstructural and textural
observations, the electrical conductivities of different
pre-recovery-treated samples are shown in Table II. The
electrical conductivity of the starting recrystallized
material (24 9 104 Siemens cm�1) is very similar to the
value reported elsewhere.[35] The electrical conductivity
shows drastic decrease after severe warm rolling
(3.67 9 104 Siemens cm�1) as compared to that of the
starting fully recrystallized material. The electrical
conductivity is, however, dramatically increased after
different pre-recovery treatments.
In order to understand the effect of prior recovery on

the evolution of recrystallization texture, the pre-re-
covered materials are subsequently annealed for 1 hour
at 548 K and 673 K (275 �C and 400 �C). Figure 5
shows the orientation maps of 97 pct warm-rolled and

Fig. 1—Orientation maps of the (a) starting recrystallized and (b) 97
pct warm-rolled materials (Color figure online).
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annealed materials with and without prior recovery
treatments. The material without any pre-recovery
treatment (Figure 5(a)) shows a fully recrystallized
microstructure after annealing at 548 K (275 �C). The
cube component is remarkably strengthened having an

average volume fraction ~65 pct. The volume fraction
of the cube component is increased further (~72 pct)
after annealing at 673 K (400 �C) (Figure 5(b)). The
strong presence of cube texture is amply corroborated
from the u2 = 0 deg section of the ODFs of the

Fig. 2—The relevant ODF sections of (a) starting recrystallized and (b) 97 pct warm-rolled materials; (c) the volume fractions of different texture
components in starting and 97 pct warm-rolled Al-2.5 pctMg alloy.
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materials annealed at 548 K (275 �C) (Figure 6(a)) and
673 K (400 �C) (Figure 6(b)). Other components are
present only in minor proportions which is quite
evident from the u2 = 0 deg and 65 deg sections of
the ODFs (the u2 = 45 deg section is not shown as
copper component is rather weak in the recrystalliza-
tion texture) and the orientation maps. In sharp
contrast, the material pre-recovery treated at 473 K
(200 �C) for 3.6 9 103 seconds (1 hour) shows fully
recrystallized microstructure, but a remarkably lower
volume fraction of the cube component (~30 pct) after
annealing at 548 K (275 �C) (Figure 5(c)). This is also
clearly understood from the u2 = 0 deg section of the
ODF shown in Figure 6(c). The orientation map
(Figure 5(c)) and the u2 = 65 deg section of the ODF
(Figure 6(c)) also reveal strong retention of deforma-
tion texture-related component, namely R (tan) which
has been extensively reported in other aluminum
alloys.[6,8,9,36] The cube volume fraction is increased
after annealing at 673 K (400 �C) (Figure 5(d)), yet
found to be significantly lower (~47 pct) than the
material annealed at the same temperature without any
prior recovery treatment (~72 pct).

The orientation maps of the material recovery treated
for 21.6 9 103 seconds (6 hours) (Figures 5(e) and (f)) and
86.4 9 103 seconds (24 hours) (Figures 5(g) and (h)) con-
sistently show significantly lower cube volume fraction
after different annealing treatments as compared to the
material annealed without any prior recovery treatment
(Figures 5(a) and (b)). This is also understood by compar-
ing the intensity distribution around the cube location in
the relevant ODF sections of these materials (Figures 6(e)
through (h))with that of thematerial annealedwithout any
pre-recovery treatment (Figures 6(a) and (b)).
The evolution of major recrystallization texture com-

ponents, namely cube, CRD, and R in materials annealed
at 548 K (275 �C) (Figure 5(a)) and 673 K (400 �C)
(Figure 5(b)) with and without prior recovery treat-
ments is summarized quantitatively in Figure 7. It is
clearly observed that prior recovery treatment reduces
the strength of the cube texture, but increases the
fraction of the R component. The strength of the cube
texture is increased with increasing annealing tempera-
tures (compare Figures 5(a) and (b)) in material without
and with prior recovery treatments. The cube and CRD

components are strengthened after annealing at 548 K

Fig. 3—ND-IPF maps of the 97 pct warm-rolled Al-2.5 wt pctMg alloy recovery treated at 473 K (200 �C) for (a) 3.6 9 103 s (1 h), (b)
21.6 9 103 s (6 h), and (c) 86.4 9 103 s (24 h) (the white dots are unindexed points); (d) to (f) shows the corresponding IQ maps cropped from
IPF maps and subjected to suitable data clean-up.
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(275 �C) in material prior recovery treated for 24 hours
as compared to those in the material prior recovery
treated for 6 hours. However, the individual volume
fraction of C and CRD and the sum of these components
remain substantially lower than the material annealed
without prior recovery. It may be further noticed that
the cube volume fraction is lower in the material
recovery treated for 6 hours as compared to the material
recovery treated for 24 hours after annealing at 673 K
(400 �C), although the total volume fraction of the cube
and CRD remains unchanged (~60 pct).

Table II. Electrical Conductivities of the 97 pct Warm-
Rolled and Prior Recovery-Treated Materials

Heat-Treated Condition
Conductivity (9104)

Siemens/cm

Starting fully recrystallized material 24.0
97 pct warm rolled 3.67
Recovery treated at 473 K (200 �C)
3.6 9 103 s 13.50
2.16 9 104 s 13.20
8.64 9 104 s 13.20

Fig. 4—The u2 = 0 deg, 45 deg, and 65 deg sections of the ODFs of 97 pct warm-rolled Al-2.5 wt pctMg alloy recovery treated at 473 K
(200 �C) for (a) 3.6 9 103 s (1 h), (b) 21.6 9 103 s (6 h), and (c) 86.4 9 103 s (24 h).
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Fig. 5—Orientation maps of warm-rolled sheets annealed (a, b) without and (c through h) with different prior recovery treatments.
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Table III shows the variation in the average cube and
non-cube grain size in materials annealed at 548 K and
673 K (275 �C and 400 �C) with and without prior
recovery treatments. The average grain size of the cube
is evidently higher than the average size of the non-cube
grains (>15 deg misorientation with the exact cube
location).

IV. DISCUSSION

The most important observation in the present work
is that different pre-recovery treatments greatly reduce
the strength of the cube texture of severely warm-rolled
Al-2.5 pctMg alloy after annealing. In the light of the

two contrasting theories of the formation of recrystal-
lization texture already introduced, it may be interesting
to reveal the relative importance of nucleation and
growth of cube grains in order to explain the effect of
prior recovery treatments on the formation of cube
texture.
In order to understand the mechanism of formation

of cube texture, the warm-rolled material without any
pre-recovery treatment is annealed at 523 K (250 �C) for
300 seconds. The material which has been pre-recovered
at 200 �C (473 K) for 3.6 9 103 seconds (1 hour) is
annealed at 523 K (250 �C) for 3.6 9 103 seconds
(1 hour). As will be shown, these heat treatments result
in similar average recrystallized volume fraction in the
two materials.

Fig. 6—Relevant ODF sections of warm-rolled sheets annealed (a, b) without and (c through h) with different prior recovery treatments.
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The internal misorientation distribution maps (kernel
average misorientation or KAM) of the partially recrys-
tallized materials without any pre-recovery treatment
(Figure 8(a)) reveal early recrystallized grains sur-
rounded by deformed regions. The deformed regions
are clearly distinguished from the recrystallized grains
by higher KAM and the presence of LAGB network. It
is thus clearly understood that the recrystallized regions
should have lower internal misorientation as compared
to the deformed regions. Accordingly, the recrystallized
regions are defined as those regions having KAM £1 deg
and grain size (area) ‡4 lm2. The KAM values are
determined up to three nearest neighbors using a
maximum tolerance of 5 deg. Similar criteria have been
used by other authors to isolate recrystallized regions in
partially recrystallized materials[37,38] which yield quite
satisfactory results. In addition, it is further confirmed
that the recrystallized grains are separated from the
surrounding matrix by HAGBs over large parts of their
circumference. The average recrystallized volume frac-
tion is found to be similar ~10 pct. The orientation map
of the recrystallized regions (the deformed regions are

masked) is shown in Figure 8(b). The orientation map
shows (Figure 8(b)) profuse cube-oriented grains. The
orientation data of more than 500 early recrystallized
grains obtained from different regions of the partially
recrystallized material are examined which reveal that
the number fraction of cube-oriented grains is ~0.30.
Figure 8(c) shows the u2 = 0 deg section of the ODF
calculated from the recrystallized fraction using the
average orientation of each individual grain but disre-
garding the area of the grains. The ODFs calculated in
this manner are thus affected only by the frequency of
each orientation. Strong intensities could be easily be
observed at the vicinity of the cube orientation, which
clearly indicates the strong presence of cube orientation
at an early stage of recrystallization or strong preference
for ON of cube grains.
The KAM distribution map of the pre-recov-

ery-treated material in the partially recrystallized con-
dition (Figure 8(d)) also reveals clear recrystallized
grains surrounded by deformed regions. Applying the
same set of criteria, the recrystallized regions are
separated from the deformed regions. The average
recrystallized volume fraction is ~12 pct, which is similar
to the material which is partially recrystallized without
any pre-treatment (Figure 8(a)). In sharp contrast to the
material without pre-recovery treatment (Figure 8(b)),
the orientation map of the recrystallized fraction in the
pre-recovery-treated specimen shows the presence of
very few cube-oriented grains (Figure 8(e)). The average
number fraction of cube-oriented grains is only ~0.1
which is much lower than the number fraction of cube
grains in the partially recrystallized material without any
pre-recovery treatment (Figure 8(b)). The ODF is cal-
culated from the recrystallized fraction considering the
average orientation of each recrystallized grain. The
u2 = 0 deg section (Figure 8(f)) of the ODF shows the
presence of weak cube texture in the recovery-treated
material as compared to the material without pre-re-
covery at early stages of recrystallization. This clearly
indicates diminished preference for ON of cube grains in
the prior recovery-treated material. Thus, the signifi-
cantly weakened cube texture in different pre-recov-
ery-treated materials as compared to the material
without any prior recovery treatment could be convinc-
ingly attributed to the starkly different nucleation
behavior of cube grains in the two cases. It may be
noted that prior recovery treatment has also been
reported to be detrimental to the development of the
cube texture.[26,27] However, as compared to the
cold-rolled Al-Mg alloy,[26] the weakening of the cube
texture due to prior recovery treatments is much
stronger in warm-rolled alloys.
The preferential nucleation of cube grains in the ON

model is explained by the lower stored energy or more
recovered structure of cube regions in deformed matrix
resulting from the interaction of dislocation with
orthogonal burgers vectors.[21] The more recovered
structure of the cube regions ensures localized differ-
ences in the stored energy[39] resulting in preferential
nucleation of cube grains. However, in Al-Mg alloys, the
dislocations are strongly pinned by Mg atoms due to
which dynamic recovery is strongly inhibited during

Fig. 7—Variation in the volume fractions of important texture com-
ponents during annealing of 97 pct warm-rolled Al-2.5 wt pctMg al-
loy at (a) 548 K (275 �C) and (b) 673 K (400 �C) without
(corresponding to zero prior recovery time as shown in the plot) and
with prior recovery treatment.
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deformation at ambient temperatures.[22] As a result, the
strength of the cube texture in cold-rolled and annealed
Al-Mg alloys is rather weak. However, during warm-
rolling at elevated temperature, the pinning force will be
reduced. Since the holding time at the warm-rolling
temperature is short, the cube regions may undergo
preferential dynamic recovery due to their tendency for
accumulating lower stored energy. In other words, the
warm-rolled material exhibits strong orientation depen-
dent recovery. This results in the preferential nucleation
of cube grains (i.e., strong ON behavior) leading to the
formation of strong cube texture in warm-rolled and
annealed Al-Mg alloy.

As already explained, due to the strong pinning effect
of Mg atoms, both dynamic and static recovery will be
significantly inhibited in Al-Mg alloys. As a result,
stored energy of warm-rolled Al-Mg will be rather high,
which in turn will provide high driving force for
recovery during the prior recovery treatment. In Al-Mg

alloy, these conflicting factors exert a net effect on the
recovery behavior, such that the recovery in cold-rolled
Al-Mg alloy can be surprisingly fast.[22,40,41] The
homogenous recovery process during different prior
recovery treatments is amply supported by the
microstructural (Figure 3), textural (Figure 4), and
conductivity measurements (Table III). Homogenous
recovery results in reduced driving force for recrystal-
lization so that in order to obtain a similar recrystallized
volume fraction, the pre-recovery-treated sample has to
be annealed for a longer time (1 hour) as compared to
the material without any prior recovery treatment
(300 seconds) (Figure 8). The diminished tendency for
the preferential nucleation of cube grains in the pre-re-
covery-treated material can be convincingly attributed
to the homogenous recovery process during the pre-re-
covery treatment. Homogenous recovery in Al-Mg alloy
greatly reduces the stored energy difference of the cube
and surrounding regions. This effectively diminishes the

Table III. Variation in Cube and Non-cube Grain Size in Annealed Materials Without and with Different Prior Recovery
Treatments

Recovery Time at 473 K (200 �C)

Annealing Temperature

548 K (275 �C) 673 K (400 �C)

Cube (lm) Non-cube (lm) Cube (lm) Non-cube (lm)

0 s (without recovery) 15 10 18 15
3.6 9 103 s (1 h) 12 8 18 14
2.16 9 104 s (6 h) 18 11 21 17
8.64 9 104 s (24 h) 18 10 19 16

Fig. 8—(a, d) KAM maps, (b, e) orientation maps of recrystallized regions, and (c, f) u2 = 0 deg section of the ODFs of warm-rolled material
without (a through c) and (d through f) with prior recovery treatments after annealing at 523 K (250 �C) for 300 s and 3.6 9 103 s (1 h), respec-
tively.
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nucleation advantage of cube regions originating from
their preferentially recovered structure. This evidently
leads to significant weakening of the cube texture after
annealing in different pre-recovery-treated materials.

The average size of the cube grains is found to be
much larger than the average size of the non-cube grains
in different materials (Table III). This indicates a
preferential growth behavior of cube grains. However,
the strength of the cube texture after annealing is starkly
different in materials without and with different pre-re-
covery treatments which further proves that ON behav-
ior of cube grains determines the strength of the cube
texture upon annealing. It must be pointed out that
while a general preferential growth behavior of cube
grains can be understood; however, this also involves
significant post-recrystallization grain growth at the two
annealing temperatures. The strengthening of the cube
texture during grain growth is explained on the basis of
the total reduction of grain boundary energy. Stronger
cube texture can result in a microstructure dominated by
R1 or LAGB network, reducing the total energy of the
grain boundaries.[42] However, with regard to the prior
recovery time, some differences could still be observed.
Particularly for the material prior recovery treated for
6 hours, the cube volume is lower after different
annealing treatments as compared to those in the
materials prior recovery treated for 1 and 24 hours.
The orientation maps (Figure 5) and analysis in
Figure 7 clearly indicate that these differences originate
from the relative strength of the CRD component. It may
be presumed that microtexture differences can result in
such differences.

In summary, prior recovery treatment greatly dimin-
ishes the strength of the cube texture in severely
warm-rolled and annealed Al-Mg alloy. It is quite
apparent that introducing suitable prior recovery treat-
ments in the thermo-mechanical processing cycle can be
a novel way for controlling cube texture and tailoring
the anisotropic mechanical behavior.

V. CONCLUSIONS

From the present study, the following conclusions
may be drawn:

� Development of lamellar deformation structure and
strong pure metal type texture could be observed
after severe warm rolling of Al-2.5 wt pctMg alloy.

� The warm-rolled material without any pre-recovery
treatment develops strong cube texture after anneal-
ing. However, different pre-recovery treatments
greatly diminish the strength of the cube texture
upon annealing.

� The formation of strong cube texture in warm-rolled
materials without any pre-recovery treatment is
attributed to the preferential nucleation of cube
grains.

� Prior recovery treatments lead to homogenous
recovery, which greatly diminish the nucleation
advantage of cube grains in terms of their preferen-
tially recovered structure. This results in a dimin-

ished tendency for the preferential nucleation of
cube grains and leads to the weakening of the cube
texture upon annealing.

� The cube texture is strengthened with increasing
annealing temperature due to the growth of the cube
grains.

� The present results indicate that prior recovery
treatment can be effectively used to control recrys-
tallization cube texture in severely warm-rolled
aluminum alloys.
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