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Abstract Texture measurements of the as-received rolled
Al-6%Cu-0.4%Zr alloy revealed that a copper component,
{311} <233>, is developed at the surface and a S compo-
nent, {631} <113>, is formed at the middle of the sheet.
During early stages of superplastic deformation at 480 °C/
5x10™* s the intensity of the Cu component increases
slightly whereas the S component changes toward the brass
component Bs, {110} < 112>, by a slip process. For larger
strains, both components decrease by a grain boundary
sliding mechanism.

Introduction

Limiting the microstructural characterization, exclusively,
to the determination of size and shape of grain and second
phase particles, may result in an erroneous description and
interpretation of the nature of the mechanism controlling
deformation processes. The introduction of texture mea-
surements in the analysis of materials has permitted to
obtain further intrinsic microstructural aspects which are
not identified by common conventional techniques [1-6]
This analysis has allowed to clarify some ambiguities on
the nature of processes controlling the evolution of the
microstructure during annealing and/or deformation [7, 8].

Another gain obtained from the introduction of the
texture analysis is the determination of texture gradients
throughout a rolled sheet [9, 10]. These gradients, on the
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other hand, are known to influence the mechanisms
governing the high temperature deformation of some
materials [11-15].

It has been demonstrated that ultrafine-grained struc-
tures can be obtained in a series of aluminium alloys
containing Zr, Cr or Sc, and these alloys have attracted
considerable interest because of their superplastic forming
capability [16-18]. These based Al-alloys may be superp-
lastically deformed in one of two microstructural condi-
tions: a fully recrystallized condition and a cold or warm
rolled condition. In the second case, an interesting struc-
tural aspect of such alloys is that prior to superplastic
deformation (SPD) they can generally be classified as not
recrystallized. It was reported for an Al-6%Cu-0.5%Zr
alloy that a fine grained structure is obtained during early
stages of SPD as a result of strain induced continuous
recrystallization [19-21]. This mechanism occurs by con-
version of a subgrain structure to a high angle grain
structure.

In materials having a texture gradient it is expected that
various recrystallization and deformation mechanisms may
occur during deformation. The aim of this study is to
describe the global microstructural changes (grain structure
and texture) during SPD of an Al-6%Cu-0.4%Zr alloy.
Special attention will be paid to the texture gradients
effects on the superplastic behavior of such alloy.

Experimental procedure

The Al-6%Cu-0.4%Zr (nominal composition in wt.%)
alloy was provided in the form of a 3 mm thick sheet.
Tensile specimens were machined from the as-processed
rolled sheet such that the tensile axis was parallel to the
rolling direction.
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Texture measurements were carried out by measurement
of pole figures in the Schulz reflection method, using a Sie-
mens diffractometer equipped with a DS000 goniometer and
an open Eulerian cradle. Incomplete pole figures {111},
{200}, {220} and {113} were measured over a range of
azimuthal angles y from 0° to 75° in the step mode with
increments of Ay = A¢ = 5°. A textureless standard sample
of pure aluminium was used for defocusing correction.
Quantitative three-dimensional orientation distribution
functions (ODF) were obtained using the series expansion
method (/,.x = 22) [22]. The ODF were represented with
iso-intensity lines in equidistant sections, A¢, = 5°, through
the Euler’s space defined by ¢, ® and ¢, angles.

Texture measurements were carried out on the rolling
plane (RD/TD plane) at both the surface and the middle
plane of the samples, using the conventional reference
system R, (RD,TD,ND). In addition, texture measurements
were also carried out on the ND/TD plane employing the
reference system Rg (TD,ND,RD) as illustrated in Fig. 1.
The use of this reference system allows a complete
description of the global texture throughout the rolled sheet
[23]. In addition, only one measurement is sufficient to
describe the global texture using the system Ry whereas two
measurements are necessary in the conventional system.

The grain structure was revealed by both Keller and
Barker reagents. Optical microscopy was used to charac-
terize the microstructure in the rolled, annealed and
deformed state.

Results
As-processed material

Fig. 2a shows ¢, sections of the ODF of the as-processed
material obtained on the RD/TD plane (system reference

ND

R,:(RD,TD,ND)

TD

+
Rg:(TD,ND,RD)

RD ND

Fig. 1 Schematic illustration of the conventional reference system
R4 and the reference system Rg employed for texture measurements

R, in Fig. 1). The data recorded correspond to the surface
of the sheet. The texture can be described by orientations
constituting the p-fiber, i.e., copper {311}<233> (Cu),
{123} <523> (S) and brass {110} < 112> (Bs) components.
It is observed that the intensity maximum is located at the
Cu component. As an approach, the global texture of the
as-received material at the surface can be described by a
combination of Cu orientation and its symmetric respect to
the TD direction as shown in Fig. 4a.

Fig. 2b shows ¢, sections of the ODF corresponding to
the middle of the as-processed material obtained on the
RD/TD plane (R4 system in Fig. 1). It is observed that the
texture is different from that obtained at the surface. It
consists of a fiber texture, named x-fiber, that extends from
the orientation {021} < 123> (A) at ¢, =0° to the orien-
tation {321} <235> (S”) at ¢, = 20°. The maximum of the
intensity is located at the {631}<113> orientation at
¢» = 15° which is close to the {421} < 112> (S) orientation.
This orientation can also be detected at ¢, =35° and
¢> = 65°. Furthermore, for ¢, =45° it is evident that the
Cu component is not developed and the {110} <111> (P)
orientation, slightly rotated respect to the ND, is observed.
As an approximation, the texture at the middle of the
as-received material can be described by a combination of
the four variants of the S component as illustrated in
Fig. 4d.

Fig. 3 shows ¢, sections of the ODF of the as-processed
material obtained on the transverse plane (ND/TD plane) in
the system reference Rg (Fig. 1). In this case, the scanned
area may involve several layers through the thickness of
the sheet and the data recorded may correspond to both the
surface and the middle of the sheet thus providing more
information. It is important to note that the displayed ODF
was not corrected and corresponds to the reference system
Rg. However, the components displayed in the ODF were
corrected and correspond to the conventional system Rj.
The texture is composed, principally, of the Cu and the S
components as shown for ¢, = 45° section in the figure. It
can be demonstrated that a simple rotation of 90° around
TD and ND brings the two systems reference, R and Rg,
of Fig. 1 together.

Annealed material

Fig. 4 shows (111) pole figures on the RD/TD plane of the
Al-6%Cu-0.4%Zr alloy in the as-received and annealed
state (480 °C) at the surface and the centre of the rolled
sheet. At the surface the annealing treatment does not led to
a different texture and the main component (Cu) is main-
tained. However, the texture intensity first increases during
early stage of annealing (480 °C/10 min) (Fig. 4b) and
then decreases for further exposure time (480 °C/50 min)
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Fig. 2 Texture of the as-
received Al-6%Cu-0.4%Zr
alloy obtained on the rolling
plane (RD/TD plane): (a) ODF
at the surface of the sheet and
(b) at the middle
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as observed in Fig. 4c. At the middle of the sheet,
Fig. 4e, the intensity of the main component (S) during a
short annealing time, 480 °C/10 min, is maintained
unchanged with respect to the as-received state, Fig. 4d.
For larger annealing time, 480 °C/50 min, the (111) pole
intensity of the S component decreases and a tendency
towards the P and/or Bs (hereafter noted as P-Bs) ori-
entations is observed as shown in Fig. 4f. It is worth to
note the strong decrease of the (111) pole density,
indicated by an arrow, and located at ¢ = 30° from the
ND toward the RD.

@ Springer

Superplastic deformation

Tensile tests were carried out at 480 °C and 5x10~* s at
different true strains in order to show the evolution of the
microstructure and the texture with strain. A sequence of
strain rate jumps was performed at different strains during
a single test to evaluate the strain rate sensitivity parameter
(m). The results showed that the m value increased in the
strain range of € = 0-0.7 from 0.3 to 0.5. At the steady
state, extended between ¢ = (0.7-1.2, the m value was
constant at about 0.5. For larger strains (e > 1.2), it
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Fig. 2 continued

decreased to a low value of 0.3 [16, 24]. The variation of m
with strain may reflect that microstructural changes had
occurred during deformation.

Fig. 5 shows the ODF and the (111) pole figures obtained at
both the surface and middle plane of a sample deformed to
failure (e = 1.5) at 480 °C/5x10~* s™!. At the surface of the
deformed sample, Fig. 5a and b, the texture intensity of
the main component (Cu) decreases, compared to that of the

as-received state in Fig. 2a. However, the most relevant issue
arising from this analysis is that such component is maintained
even after large strains at high temperature. Furthermore,
orientation dispersion around the TD can also be observed.
The texture measured at the middle plane of the
deformed sample, displayed in Fig. 5c and d, reveals that
the x-fiber orientations observed in the as-received state,
and marked with a dashed line in the figure, disappears
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and a new fiber, called y-fiber and marked with a con-
tinue line, is developed. This fiber extends from the P-Bs
orientations at ¢, = 0° to the Cu orientation at ¢, = 20°.
This indicates that an orientation change had occurred
during deformation resulting in the formation of the Bs
component at the expenses of the disappearance of the S
component.

The microstructure of the Al-6%Cu-0.4%Zr alloy in
the as-received, annealed and deformed states are shown
in Fig. 6. Fig. 6a corresponds to the as-received material
obtained on the longitudinal plane (ND/RD plane). It is
shown that the microstructure is heavily deformed inside
the bands, 0.5-1 pm in thickness, along the ND on the
ND/RD plane, and aligned with the rolling direction.
After annealing at 480 °C/30 min, recrystallization is

Fig. 3 ODF of the as-received

observed as shown in Fig. 6b. Some coarse grains and
traces of the banded structure, containing small (sub)-
grains, are still evident. After straining at 480 °C/5x10~
*s7' to € = 0.4 some traces of the banded structure are
present but new (sub)grains are developed as shown in
Fig. 6¢c. In contrast, at larger strains (Fig. 6d) the
(sub)grains become equiaxic.

Discussion

It is well known that superplasticity requires small
recrystallized grains and high angle grain boundaries to
support grain boundary sliding (GBS), mechanism that
characterizes the SPD. It is evident that the microstructure
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obtained on the transverse plane
(TD/ND plane)
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of the as-received rolled Al-6%Cu-0.4%Zr alloy (Fig. 6a)
is not favorable for GBS since it is a deformed banded
grain structure containing (sub)grains [16, 24]. It was
recognized that some alloys, particularly the Al-alloys,
may be superplastically deformed in one of two micro-
structural conditions: a fully recrystallized condition and a
cold/warm rolled condition. The second condition corre-
sponds to the alloy investigated in this study. The unre-
crystallized microstructure transforms during early stages
of deformation (up to about a true strain of 0.7) into small
recrystallized (sub)grains [24]. The energy stored as a
heavily deformed substructure is the main driving force for
a recrystallized microstructure able to show SPD. This cold
rolled condition offers an important structural advantage

compared to the fully recrystallized condition since fine
(sub)grain size can be obtained.

The true stress versus true strain curve of the cold rolled
Al-6%Cu-0.4%Zr alloy tested at 480 °C/5x107*s™
exhibited three deformation stages, I, II and III, as
described elsewhere [24]. Work hardening occurred in
stages I and III where the strain rate sensitivity value, m,
was low (about 0.3) and a nearly steady state behavior was
observed in stage II where m took a constant value of 0.5.
This variation of m with strain during the tensile test
indicates that changes of the grain structure and the texture
occur in each of the three deformation stages. For texture
determination, measurements were carried out, separately,
on the RD/TD plane in the conventional system (Rp)

Fig. 4 (111) pole figures of the Surface

Al-6%Cu-0.4%Zr alloy
obtained on the rolling plane
(RD/TD plane): (a), (b) and (c)
at the surface in the as-received
state, annealed at 480 °C/

10 min and 480 °C/50 min,
respectively. (d), (e) and (f) at
the middle of the sheet in the
as-received state, annealed at
480 °C/10 min and 480 °C/

50 min, respectively. The
intensity levels given in (f)
correspond also to the other pole
figures

(d)
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(Fig. 2) and on the TD/ND in the system Rg (Fig. 3). It is
observed that the texture on the latter system (Rg), which is
not commonly used, is the same as in the conventional
system R,. It is worth noting that the use of the Rg system
(TD/ND plane in Fig. 3) for texture measurements is of
great importance since it allows determination of the
texture along the thickness of the sample. This helps to
elucidate the nature of the mechanisms responsible of the
global microstructural changes taking place during
annealing and/or deformation. It is observed in Fig. 2a that
the texture measured at the surface of the rolling plane
(RD/TD plane) can be described by the Cu component. In
contrast, at the middle of the sheet, the S component is
developed as observed in Fig. 2b. It is evident, therefore,
that a gradient of texture is formed through the thickness of
the as-received rolled sheet.

The development of different rolling textures at dif-
ferent through-thickness layers of the sheet has been
associated in the literature to various effects. Friction
between the roll and the sheet surface, temperature gra-
dient through the thickness during rolling pass, geomet-
rical changes during the rolling passes and the geometry

Fig. 5 Texture of the
Al-6%Cu-0.4%Zr deformed to
€= 1.4 at 480 °C/5x107* s7":
(a) and (b) ODF and (111) pole
figures, respectively,
corresponding to the surface of
the sample, (¢) and (d) ODF and

—
=

,,,—J
==

of the rolling gap have been considered to be the principal
parameters influencing the final microstructure [25-27].
Globally, it is expected that the texture gradient in the Al-
6%Cu-0.4%Zr alloy should be caused by the non-unifor-
mity of the penetration of the shear deformation through
the thickness of the material during rolling. In this study
we will not address the issue of the origin of the gradient
texture in this alloy because we are interested in the
texture evolution of such alloy having initially a texture
gradient.

In the annealed state (480 °C/10 min) the intensity of
the Cu component, at the surface, increases whereas that
of the S component, at the middle, is somewhat constant
as shown in Fig. 4. This change is accompanied by a
decrease in orientation dispersion observed along the fi-
bers in the ODF displayed in Figs. 2 and 3. The increase
in the intensity of the Cu component is ascribed to a
recovery process as discussed in a previous work [16, 24].
In other words, a reorientation of the microstructure, due
to slight rotation of low misoriented (sub)grains and/or
deformed cells with a Cu orientation, occurs at the surface
of the annealed sample. It is expected that this annealing

(111) pole figures, respectively,
corresponding to the middle of
the sample. The main
components are indicated
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Fig. 5 continued

process, or continuous recrystallization, may induce an
increase of the misorientation angle. For large exposure
annealing treatments at 480 °C/50 min, the typical
recrystallization textures, such as the cube, {100} <001>
and/or the Goss, {110} <001> textures, are not observed
neither at the surface nor at the center of the sheet. In-
stead, the intensity of the Cu component decreases at the
surface due to grain coarsening (Fig. 4c) whereas, the
intensity of the S component slightly decreases at the
middle of the sheet and the orientation density close to the
P-Bs orientations increases. This can be interpreted as the
disappearance of the S component at expenses of the P-Bs
orientations. An explanation of this behavior can be given
considering that at the middle of the as-received rolled
sheet the adjacent layers can be described mainly by a
coexistence of two kinds of (sub)grains, some oriented
close to the S orientation and others close to the P-Bs
orientations. This (sub)grain rearrangement could lead a
(sub)grain Bs to be in contact with at least a (sub)grain of
one variant of the S component. In such case, an orien-
tation relationship 6°< 110> should exist as illustrated in
Fig. 4e by means of pole figures of the variants of S and

Bs. It is shown that these two variants may be brought
into coincidence by a rotation of 6 = 25° around the
< 110> pole. On the basis of these assumptions, it is ex-
pected that the boundaries 6°<110> possess a high
mobility that allow them to swipe the adjacent S (sub)-
grains. Therefore, an oriented grain growth process may
explain the evolution of the microstructure and texture
during annealing of the Al-6%Cu-0.4%Zr alloy at the
middle of the sheet [28].

On the other hand, the recrystallized microstructure of
the annealed material shows the coexistence of small and
coarse grains as shown in Fig. 6b. It is observed that the
annealing treatment gives rise to an inhomogeneous
microstructure in grain size and shape which should be
deformation and orientation dependent. It is suggested that
the coarse grains are originated at the deformation zones
close to the Al,Cu particles which are potential sites for
recrystallization as well as at 6°<110> boundaries [8,
29-31]. Both contribute to abnormal grain growth, i.e.,
secondary recrystallization.

During SPD at 480 °C/5x10~* s™! no new components
are developed through the full thickness of the deformed
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samples. The intensity of the Cu component at the surface
of the sheet increases during the first stages of straining
which can be ascribed to extended dynamic recovery and
formation of small (sub)grains. With further deformation,
the intensity decreases continuously. This is attributed to
the operation of a GBS mechanism that generally leads to
texture weakening [32, 33]. At the middle of the sheet,
however, it is approached that the S component reorients
during deformation towards the P-Bs orientations by con-
tinuous rotation around the < 110> axis as illustrated in
Fig. 5d. This assumption is supported on the basis that the
S orientation is unstable under special conditions as pre-
viously reported [3]. Thus, the S orientation may rotate
along the f-fiber toward either the Cu or the Bs orientation.
Consequently, it is suggested that a slip process occurs
at the middle of the sample from the beginning of
deformation up to a strain where all the (sub)grains, ini-
tially with the S orientation, are transformed into the Bs
orientation. The orientation changes can be estimated
comparing the ODF of both the as-received material
(Fig. 2b) and the superplastically deformed material that
was deformed to € = 1.4 at 480 °C/5x10™* s™' (Fig. 5c¢). It
is observed that the x-fiber orientations, initially extended
from the orientation A at ¢», = 0° to near the S” orientation
at ¢, =20°, changes toward the y-fiber orientations, that
are extended from the P orientation at ¢, =0° to the Cu
orientation at ¢, =25° as shown in Fig. Sc. Furthermore,

Fig. 6 Microstructures on the
transverse plane of the
Al-6%Cu-0.4%Zr:

(a) As-received, (b) annealed at
480 °C/30 min, (c¢) deformed to
€ = 0.4 and (d) deformed to

€ = 1.2. The scale given in

(d) corresponds to the other
micrographs and the arrows
indicate the cavities
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the A component observed at the middle of the as-received
sheet disappears during deformation and an orientation
dispersion around the P-Bs orientation is noted in Fig. 5c at
¢> = 0° (compare Figs. 2b and 5c¢ for ¢, = 0°). On the other
hand, the presence of the 0°<110> misoriented bound-
aries, as mentioned before, let us expect that, in addition to
slip and GBS process, some grain boundaries migration
should take place during deformation. Therefore, it is
concluded that the superplastic behavior of this alloy, ini-
tially containing a gradient of texture, is not simple as
observed in other conventional superplastic alloys. In other
terms, the GBS is not the unique process in the entire
deformation range and slip and grain boundary migration
may operate simultaneously and/or successively during
deformation.

The microstructural changes at both the surface and the
middle of the deformed material can be interpreted in terms
of changes of m with strain. At the beginning of stage I the
m value is close to 0.3 indicating that slip controls defor-
mation. However, as the stage Il is approaching the m value
increases to 0.5 indicating that the contribution of GBS has
increased with strain. During stage II, the banded structure
is further fragmented (Fig. 6¢c and d) and the strain rate
sensitivity is maintained constant at about 0.5. Similar
trends were observed to occur in Al-Li alloy under SPD
conditions [19]. The intensity of the Cu component is
further decreasing by GBS at the surface. In turn, at the
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middle, it is proposed that part of the (sub)grains, which
still had S orientation, transforms toward the Bs orientation
by slip whereas the (sub)grains that have been rotated to Bs
deform by GBS. For strain larger than € = 0.7, (Fig. 6d) the
banded structure of the as-received state totally disappears
and the global texture intensity weakens which proves that
GBS controls deformation in the entire volume of the
sample.

It is worth noting that the microstructural changes dur-
ing SPD of the Al-6%Cu-0.4%Zr alloy are accompanied by
cavities formation indicated by arrows in Fig. 6¢ and d.
This damage process affects seriously the material prop-
erties and limits its ductility. Particularly, it was shown that
the formation of the cavities during deformation obstructs
the GBS mechanism in the superplastic materials [16, 34—
36]. The formation of these defects can be ascribed to
many factors but the most relevant is linked to the presence
of second phase particles located, principally, at the grain
boundaries and triple junctions. It was observed that dec-
ohesion at the interface between the particles and the ma-
trix was the origin of the cavities. In the current study, in
addition to the presence of Al,Cu particles, it is suggested
that the texture gradient present in this alloy may induce
the formation of cavities during SPD. It can be assumed
that the deformation behavior and/or the stress state man-
ifested by the grains with a Cu texture at the surface of the
sample may be different and independent from that
occurring at the middle. This difference in behavior may
induce microstructural heterogeneities resulting in the
formation of cavities.

Conclusions

1. The as-received Al-6%Cu-0.4%Zr alloy shows texture
gradients through the thickness of the rolled sheet, a
Cu component, {311} <233>, at the surface and a S,
{631} < 113>, component at the middle.

2. During annealing at 480 °C/50 min, the initial micro-
structure recrystallizes without formation of the cube
and the Goss textures, typical recrystallization textures
in Al-alloys. At the surface of the sheet, the intensity of
the Cu component decreases whereas, at the middle, the
S component decreases at the expense of the P-Bs ori-
entations. A 0° < 110> orientation relationship between
the S and the P-Bs orientations is proposed to explain the
change of the grain structure and the texture during
annealing at the middle of the sheet.

3. During the early stages of deformation (e < 0.7),
the initial banded structure fragments to form a
recrystallized microstructure. At the surface of the
sheet the Cu component increases slightly and then

decreases continuously. Simultaneously, the S com-
ponent changes towards the Bs component at the
middle of the sheet. It is suggested that, in this
deformation range, GBS controls deformation at the
surface of the sample whereas, at the middle both slip,
grain boundary migration and GBS are taking place.
For larger strains (e > 0.7), the intensity of both
components decreases indicating that GBS mechanism
controls deformation in the full thickness.

4. The cavities formed during SPD may be induced by
the texture gradients through the thickness of the alloy.
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