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The deformation mechanisms ofa superplastic A1-Li 2090 alloy have been investigated by
means oftexture analysis. It has been found that both crystallographic slip (CS) and grain
boundary sliding (GBS) operate in response to the applied stress over a wide range of
deformation, conditions. This is in contrast to well-accepted creep models, which predict
that only one mechanism should operate and that the transition from one mechanism
to another is abrupt and takes place over a narrow range of deformation conditions.
Additionally, according to geometric (Taylor-type) models of uniaxial deformation
for CS, the (110), (111), or (001) fibers should appear when 4, 6, or 8 slip systems
operate. Here, however, CS contributes to stabilize orientations belonging to the a and
/3 fibers.
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1. INTRODUCTION

Much effort has been devoted to elucidate the microscopic deforma-
tion mechanisms underlying superplastic deformation of aluminum
alloys (Edington et al., 1976; Langdon, 1982; Sherby and Wadsworth,
1989; Kaibyshev, 1995; Nieh et al., 1996; Zelin and Mukherjee, 1996).
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Grain boundary sliding (GBS) has commonly been regarded as the
main deformation mechanism responsible for superplasticity. However,
several investigations based on texture analysis have emerged through-
out this decade in which a prominent role of slip during superplastic
deformation is reported (Melton et al., 1974; Bricknell and Edington,
1979; Tsuzaki et al., 1990; Qing et al., 1992; Blackwell and Bate, 1993;
Liu and Chakrabarti, 1996). A similar behavior has been recently
observed by the present authors in A1-5%Ca-5%Zn when tested along
the transverse direction (P6rez-Prado et al., 1996; 1998). It is therefore
likely that the significant role of slip during superplasticity is not an
isolated observation but a more general phenomenon.

Texture analysis has proved to be a very valuable tool for the study of
deformation mechanisms. GBS, involving random grain rotations, is
commonly associated to a decrease in texture intensity whereas crys-
tallographic slip (CS) leads to the stabilization and strengthening of
particular orientations (Edington et al., 1976).

In this work the texture changes that take place during deformation
ofthe superplastic alloy 2090 within and outside the superplastic regime
will be investigated with the aim of studying the operative deformation
mechanisms under the different testing conditions.

2. EXPERIMENTAL PROCEDURE

A well known fine-grained superplastic aluminum-lithium alloy was
used for this study: 2090. Its composition and microstructural char-
acteristics are described in detail elsewhere (Martin, 1988). This alloy
was thermomechanically processed in order to achieve a stable fine
grain size and, hence, superplastic response under appropriate testing
conditions.

Uniaxial testing along the rolling direction (RD) and transverse
direction (TD) was performed under three different combinations of
temperature and strain rate in order to study the evolution of the tex-
ture. The three different testing conditions chosen are: T=400C/
10-2 s-1, T= 550C/10--2 s-1, and T= 530C/10-3 s-1 (optimum super-
plastic conditions).

Texture measurements were carried out by means of the Schulz
reflection method in the as-received and deformed samples at the outer
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surfaces (zone I) and in the mid-layer (zone II). Sample preparation
consisted on grinding on successively finer silicon carbide papers and
final mechanical polishing with 1 lxm diamond paste. Details of the
diffractometer used and the analysis method are given elsewhere (P6rez-
Prado et al., 1997; 1998). The texture was represented by means ofdirect
(111) pole figures The intensity levels used to plot the pole figures were:
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0. Inverse stereographic
triangles where also used to show the location of the RD and the TD
corresponding to the main texture components. The RD and the TD are
parallel to the tensile axis during longitudinal and transverse tests,
respectively. Therefore, the rotation of these two directions during
longitudinal and transverse deformation gives valuable information
regarding the operative microscopic deformation mechanisms.

3. RESULTS

The texture of the as-received 2090 alloy is represented in Figure
by means of (111) pole figures. The locations of the RD and TD

011

b

TD

FIGURE Texture ((111) pole figures and inverse stereographic triangles showing the
location of the tensile axis) corresponding to the 2090 alloy in the as received state. (a)
zone (outer surface); (b) zone II (mid-layer).
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corresponding to the main texture components have been plotted in
inverse stereographic triangles. Figure l(a) shows the texture of the
outer surfaces of the sheet (from now on called zone I) and Figure 1 (b)
shows the texture of the mid-layer (from now on called zone Ii). It can
clearly be seen that there is a through-thickness texture gradient in the
rolled sheet: in zone I (Fig. l(a)) the main component is {113}(332)
(close to Copper, or C), whereas in zone II (Fig. (b)) the main texture
component is {011 } (211) (Brass or B). The RD in zone I is located along
the (011)- (111) boundary, 10 away from the (111) pole. The TD is
located at the (011/pole. In zone II, however, RD is located along the
(100)-(111) boundary, at the (211) pole. The TD is coincident with the
(111) direction.
The elongations to failure achieved after straining the 2090 alloy at

400C/10-2s-1, 550C/10-2s-1 and under optimum conditions for
superplasticity (530C/10-3 s-1) along RD and TD are summarized in
Table I. Already at 400C moderate strains to failure (150%) are
achieved. The strain to failure increases up to 250% at 550C/10-2 s-1

and it reaches 560% when tested under optimum conditions for
superplasticity. No significant differences in the elongations to failure
during longitudinal and transverse tests were found.
The texture evolution observed in zone I of the 2090 alloy after

deformation to failure at 400C/10-2s-1, 550C/10-2s-1 and under
optimum conditions for superplasticity along RD and TD is illustrated
in Figures 2(a)-(c) respectively. After longitudinal tests at 400C
and 550C, the main component is the Copper (or C) component,
{ 112} (111 ). In both cases the crystallites rotate so that tensile axis shifts
10 along the (011)-(111) boundary of the triangle, until it reaches the
stable orientation (111). After longitudinal tests under optimum con-
ditions for superplasticity, however, the main texture component is

TABLE Elongation (%) to failure corresponding to the
2090 alloy deformed along RD and TD under different
conditions of temperature and strain rate

RD TD

400C/10-2 -1 150 150
550C/10-2 -1 300 250
Optimum conditions 560 560
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{225} (554), only 5 apart from the Copper component. The rotation of
the crystallites, in this case, is equivalent to a shift of the tensile axis of
5 along the (011)-(111) boundary towards the (111) direction, but
without reaching it. In summary, small but distinctive changes in tex-
ture can be detected when testing along RD. The main component
present in the as-received material, already initially close to the Copper
component, rotates during deformation towards the exact Copper,
which seems to be stable after tensile straining along RD.

After testing along TD, however, rather large rotations of the crys-
tallites take place, leading to more dramatic texture changes. For the
purpose of this work, it is more interesting to analyze the magnitude of
the rotation than the specific texture components resulting after
deformation. The latter will, thus, not be mentioned here. The rotation
of the crystallites during deformation will be studied through the anal-
ysis of the corresponding rotation of the tensile axis in the inverse
stereographic triangle (TD). Upon deformation at 400C and 550C,
the tensile axis, initially parallel to the (011) pole, rotates along the
(011)-(111) boundary of the stereographic triangle towards the (111)
pole. After testing at 400C the axis is located 10 away from the (111)
direction, whereas at 550C the tensile axis is located 20 away from
(111). Upon deformation under highly superplastic conditions no
rotation of the tensile axis was detected, and it remains stable in the
(011) pole.
The results described above indicate that both CS and GBS are

deformation mechanisms that operate simultaneously in response to the
applied stress under all the testing conditions investigated. The pre-
dominance of one or the other depends on the particular testing con-
ditions. The rotation ofthe tensile axis during deformation indicates the
operation of CS. The amount of rotation may allow estimating the
relative importance of CS under the different deformation conditions.
On the other hand, the texture intensity gives a measure of the relative
contribution of GBS (random grain rotation) to deformation, since
GBS contributes to texture randomization. It can be seen that, after
testing at 400C, the rotation of the tensile axis is larger or equal than
that observed under the two other testing conditions. Simultaneously,
the texture intensity is high, even higher than that of the as-received
material. Therefore a predominance of CS under this deformation
conditions (400C/10-2 s-1) can be inferred. However, already at this
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temperature moderately high elongations to failure were obtained
(150%), that would not be achieved if CS were the only operative
deformation mechanism. Upon deformation at 550C the rotation of
the tensile axis is equal or smaller than at 400C and the intensity of the
texture decreases, although still clearly defined texture components can
be detected. This is consistent with the superplastic elongations to
failure (,,250-300%) achieved after testing at 550C. The present
results do not allow to determine whether CS or GBS predominates
under these testing conditions. Finally, under highly superplastic
deformation conditions, the texture intensity is weak and only slight
rotations of the tensile axis could be detected in the longitudinal tests.
Thus, GBS (random grain rotations) clearly predominates although CS
must occur to some small extent.

Figure 3 illustrates the texture evolution in zone II of the 2090 alloy
after testing at (a) 400C and 10-2S-1, (b) 550C and 10-2S-1 and
(c) optimum conditions for superplasticity along RD and TD. During
longitudinal tests at 400C and 550C, the tensile axis (RD) moves
along the (100)-(111) boundary of the triangle towards the (111) pole.
The rotation of the axis is larger after tests at the lowest temperature.
However, after transverse tests at these two temperatures, the initial
Brass texture remains stable during deformation. The tensile axis
remains parallel to the (111) direction. It can be clearly seen that the
texture is sharper after testing at the lowest temperature (400C), both
along RD and TD. Under highly superplastic testing conditions a very
weak texture was observed both after longitudinal and transverse tests.
The same arguments used to describe the deformation mechanisms

predominant in zone I can be applied here. A very similar deformation
behavior has been found in both zones. Again the results seem to
indicate that both CS and GBS contribute to deformation in response to
the applied stress. The rotation of the tensile axis is again larger after
testing at 400C than upon deformation under the other two testing
conditions. Simultaneously, the texture intensity is higher at this low
temperature. Therefore it can be concluded that CS predominates
during deformation at 400C/10-2 s-1. During straining at 550C the
rotations of the tensile axis are smaller and the texture intensity weaker
than at 400C, but the texture is still clearly defined. Finally, the pre-
dominance of GBS under optimum superplastic deformation condi-
tions is clearly evidenced by the dramatic decrease in texture intensity.
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4. DISCUSSION

The texture of this 2090 alloy, both in the outer surfaces and in the mid-
layer, is well defined and is formed by orientations belonging to the c
and fl fibers in Euler space. This is a typical deformation texture pre-
dicted by Taylor-type deformation models for low rolling degrees
(Hirsch and Lucke, 1988).
The present results suggest that there is a wide range of deformation

conditions under which both CS and GBS contribute directly to
deformation in this 2090 alloy. This is against well-accepted creep
models (Chokshi et al., 1993; Sherby and Wadsworth, 1989), according
to which, firstly, only one deformation mechanism should operate and
be rate-controlling during deformation at a given temperature and
strain rate, and secondly, the transition from one mechanism to another
should take place abruptly in a very narrow range of deformation
conditions.

Additionally, the operation of CS during deformation leads to the
stabilization of orientations belonging to the c and fl fibers (the C,
{112}(111), orientation during longitudinal deformation and the B,
{011 } (211), orientation during transverse deformation). This behavior
is not consistent with geometric (Taylor-type) models for uniaxial
deformation (Reid, 1973), according to which the operation of4, 6, and
8 slip systems should give rise to the stabilization of the (011), (111),
and (001) fibers, respectively. The deformation of this 2090 alloy is
characterized by the absence of fiber texture formation.
The deformation behavior of this A1-Li 2090 alloy, which does not

conform to well-accepted creep models, has also been recently found in
other similar superplastic alloys. Several investigators have reported the
stabilization of c and / texture components during superplastic
deformation (Melton et al., 1974; Bricknell and Edington, 1979;
Tsuzaki et al., 1990; Qing et al., 1992; Blackwell and Bate, 1993; Liu and
Chakrabarti, 1996; P6rez-Prado et al., 1996; 1997; 1998; P6rez-Prado
and Gonzfilez-Doncel, 1999) as well as the apparent simultaneous
operation ofboth CS and GBS during deformation (Melton et al., 1974;
Bricknell and Edington, 1979; P6rez-Prado et al., 1996; 1997; 1998;
P6rez-Prado and Gonzfilez-Doncel, 1999).

It is noteworthy that the superplastic materials in which this anoma-
lous behavior has been observed, have well-defined as-processed
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textures and undergo continuous recrystallization during the thermo-
mechanical processing (TMP) or post-TMP annealing treatments. The
process ofcontinuous recrystallization is still not well understood but it
is known that it takes place homogeneously in the microstructure and it
contributes to the retention and sharpening of the texture (Humphreys,
1997). The geometric models for uniaxial deformation, however,
usually assume a starting random texture. The presence of specific
local grain arrangements, which is not contemplated in the classical
deformation models, may thus deeply influence the deformation
behavior of these alloys. This has already been demonstrated for
rolling deformation by Hirsch (Hirsch, 1990), who showed that
adjacent grains oriented as symmetric variants of the main texture
components could undergo compatible plane strain deformation with
the operation of only two slip systems.

5. CONCLUSIONS

The texture changes that take place during deformation of the super-
plastic aluminum-lithium alloy 2090 at three different testing condi-
tions (T= 400C/10-2 s-1, T= 550C/10-2 s-1, and T= 530C/10-3 s-(optimum superplastic conditions)) have been investigated in order to
study the main microscopic deformation mechanisms responsible for
deformation. The main conclusions of this study are the following:

1. A through-thickness texture gradient is present in the as-received
material. The as-processed texture is well-defined. In zone I (outer
surfaces) the main component is { 113}(332) (close to Copper, or C),
whereas in zone II (mid-layer) the main texture component is

{011 }(211) (Brass or B). The main texture components belong to the
a and/ fibers.

2. Both CS and GBS contribute simultaneously and to different extents
to deformation depending on the testing conditions. CS predominates
at low temperatures, where only moderate elongations are achieved,
and GBS predominates under optimum superplastic conditions.

3. CS contributes to stabilize orientations belonging to the a and/
fibers. This is not consistent with current geometric models for
uniaxial deformation, which predict the formation of the (011),
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(111), and (001) fibers when 4, 6, and 8 slip systems operate,
respectively.

4. The pattern of behavior described above seems to be common to
several superplastic A1 alloys that have well-defined starting textures
and undergo continuous recrystallization during the TMP vand
during post-TMP annealings.
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