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Texture changes during superplastic deformation
of mechanically alloyed aluminium IN90211

ZHE JIN, T. R. BIELER

Department of Materials Science and Mechanics, Michigan State University,

East Lansing, M| 48824, USA

Superplastic deformation of mechanically alloyed aluminium IN90211 was studied by texture
analysis. The textures in three deformed specimens were investigated as a function of strain using
the three-dimensional crystal orientation distribution functions (CODFs). The results for the two
superplastically deformed specimens (425 °C, strain rate of 1s7', stress near 50 MPa, and 475 °C,
initial strain rate of 77 s™', about 110 MPa) indicate that at strains below about 2.0, the specimen
deforms by grain-boundary sliding and single (or double) slip, and at larger strains the
deformation is dominated by grain-boundary sliding, multiple slip and some recrystallization. At
475°C, 330s', and stress near 160 MPa, the specimen was above the superplastic regime, and
the resulting texture changes with deformation were markedly different from superplastic results,

and quite unusual.

1. Introduction

Superplastic deformation at high strain rates has been
demonstrated in a number of materials, including
IN90211 mechanically alloyed aluminium [1]. Tex-~
ture evolution in superplasticity at low strain rates has
been investigated. These studies generally show that
texture decreases with increasing strain [2-6]. This
can be explained by the randomizing effect that grain-
boundary sliding has on grain orientations. Within
some of these studies, certain components of texture
associated with slip activity within the grains has been
identified [2-5], but a consensus about the role of slip
in superplasticity has not yet been reached.

Texture evolution at high strain rates was investig-
ated using three deformed IN90211 specimens: a low-
and a high-rate specimen within the superplastic
regime, and a third at a rate above the superplastic
regime. The implications of texture evolution on the
role of slip and other deformation mechanisms will be
discussed.

2. Experimental procedure

The material used in this study was IN90211; the
composition is shown in Table 1. The specimens were
machined from a processed sheet which was extruded,
forged and rolled at elevated temperature to a thick-
ness of 2.5 mm. The sheet was annealed at 492 °C for
1 h and water quenched. Tensile specimens had the
tensile axis parallel to the rolling direction. Details
of the tensile experiments are found in [1]. The follow-
ing specimens were studied: (1) true &=1s"1,
o =50MPa, T =425°C, superplastic; (2) initial
&£=77s"", 6 =110MPa, T =475°C, superplastic;
(3) initial £ = 33057 !, 6 = 160 MPa, T = 475°C, not
superplastic. The flow stress is high compared to other
superplastic aluminium alloys. The deformed speci-
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mens were tapered, exhibiting strains between the
maximum uniform true strain of about 1.0 to the
fracture strain. The strain was determined from reduc-
tion of area assuming constant volume (cavitation is
known to be less than 5% at the fracture surface [1]).
Specimens were mounted and polished parallel to the
rolling plane.

Texture measurements were carried out on a com-
puter-controlled four-axis goniometer system in
a Scintag diffractometer with a graphite mono-
chrometer. Incomplete (111), (200), and (220) pole
figures were made along the superplastically deformed
specimen. The reflection method was used, with 5°
azimuthal and 5° tilt increments up to a maximum tilt
of 70°. A 1 mm diameter mask was used to limit the
diffracted signal to the desired part of the specimen.
Experimental pole figures were corrected and sym-
metrized prior to the crystal orientation distribution
function (CODF) calculations using the preferred ori-
entation package from Los Alamos (popLA, Los
Alamos National Laboratory) [7].

3. Results

The CODF has the advantage of being a unique
description of texture compared to pole figures and
inverse pole figures. Changes in texture as a function
of strain are presented together for the two superplas-
tic specimens and briefly for the non-superplastic
Region II1 specimen.

3.1. Superplastic deformation (Region 1)

The complete experimental CODFs obtained from the
specimens deformed in Region II of superplastic de-
formation (€ =1s ' at T=425°Cand ¢ =775} at
T = 475°C) are shown at sections of constant ¢ in Figs
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TABLE I Composition (wt %) of IN90211

Mg Cu C O Al,Cu Al C; Al,O, Al
2.0 44 1.1 0.8 91.7
220 0.9 6.4 43 1.7 84.7
2 4.1vol % 4.1vol % 1.2vol % 90.6 vol %

* Assuming 80% Cu in Al,Cu, O and C in Al,O; and Al,C;, and Mg in solution.

1 and 2, respectively. We are mainly considering the
fibre-type texture in ¢ = 0° section of the CODF and
some specific peak type components in the sections
from the whole range of ¢.

The initial texture was not the same for each speci-
men (due to variations in the forging and rolling
history of the sheet). The initial texture in the unde-
formed shoulder mainly consists of three fibre tex-
tures: (1 0 1) [u v w] (a-fibre texture), (1 02) [u v w} and
(201) [uvw]. Because the latter two textures are
symmetric about 0 = 45° in the ¢ = 0° section, only
the components of (1 02) [u v w] texture will be con-
sidered below. In the specimen deformed at £ = 775!
there are also very high intensities at (203)[302] and
(311) [011]. But there are no (001) [100] cube
components in either initial texture.

For the specimen deformed at ¢ =1s"" and
T = 425°C, the intensity in the o-fibre decreases with
strain until € = 1.6 and increases thereafter, but the
overall texture decreases with respect to the initial
a-fibre texture (Fig. 3a). In the (1'0 2) [u v w] fibre, the
overall intensity remains constant even though indi-
vidual components change with strain (Fig. 3b). At
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€ = 3.0, near the fracture tip, a new fibre (20 1) [0 1 0]
developed and a strong cube texture emerged (Fig. 1f).

For the specimen deformed at £=77s~! and
T = 475°C, the intensity in the o-fibre remains un-
changed at low strain, but at ¢ > 2.13, the components
from (101) [0 10] to (10 1) [2 3 2] are sharpened and
the previous high-intensity components from (101)
[TT11] to (101) [T01] are weakened (Fig. 4a). The
overall intensity in the (1 02) [uvw] fibre decreases
(Fig. 4b). Several new texture components are noted at
high strain in this specimen. At & = 2.13, peak-type
components (312) [112], (321) [1411], (231)
[431], (123) [143] and (132) [134] and a cube
texture are developed (Fig. 2¢). At & = 2.36, the for-
merly developed (321) [1411] is shifted to (321)
[2312] and a new peak (321) [ 12 1] develops, while
the former peaks (312) [112], (231) [431], (123)
[143] and (132) [134] are weakened. It is also
noted that a new fibre texture (1 13) [uvw] is de-
veloped with a maximum intensity at (113) [03 1]
(Fig. 2d). At & = 2.86, a new orientation {02 3>||[RD
(the rolling direction), such as (1123) [032], (1232)

[023], (823) [032], (3211) [230] and (3212)
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Figure 1 Complete experimental CODF of specimen deformed at ¢ = 157! and T = 425°C. (a—f) Strain and contour levels: (a) ¢ =0
(1234),(b) e=11(12345),(c) e=16(123),(d) 6=23(123),(e) e=26(1234),(f) e=3.0(1234).
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Figure I Continued

[230], is strongly developed even though the peak 3.2, Non-superplastic deformation

(203) [30 2] reaches minimum intensity compared to (Region i1)
that at low strain. New strong peaks (611) [1612]  The complete experimental CODFs of this specimen
and (116) [612 1] are also created (Fig. 2e). are shown in Fig. 5. In this specimen, two fibre
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textures, which are different from those in other two  (Fig. 6a). But, the overall intensity of the fibre (20 3)
specimens, are found: one is (203) [uvw] and the  [uvw] decreases with increasing strain (Fig. 6b).
other is a skeleton line in which the [0 0 1] orientation

is tilted from ND towards TD by about 30°. The

results are plotted in Fig. 6. The overall intensity ofthe 4. Analysis and discussion

skeleton line remains constant until &€ = 1.38, where ~ 4.1. Superplastic deformation (Region II)
some parts of the skeleton line are sharpened slightly The textures of specimens deformed at € =1 and
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Figure 2 Complete experimental CODF of specimen deformed at & = 77s™! and 7 = 475°C. {a—¢) Strain and contour levels: (@) e=0
(12345,(b) 6=1.6{(1234),(c) e=213(05115225),(d) £=236(05115225),(c) £=286(12345).
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Figure 2 Continued

77 s~ ! are mainly composed of two fibre textures, with
(101> and <102 directions parallel to the rolling
plane normal, and some individual peaks. During the
superplastic deformation, two fibre textures dominate
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the texture components, even though the intensities of
individual components in these fibres change with
strain. The texture changes produced by superplastic
deformation can be described in terms of grain-
boundary sliding, slip and dynamic recrystal-
lization.

4.1.1. Grain-boundary sliding

In Fig. 7, some ideal components are plotted versus
strain. The overall texture intensity decreases with
strain up to ¢ = 2.6 in the first specimen and ¢ = 2.13
in the second specimen.

The texture decrease in superplastic deformation
cannot be explained in terms of slip or recrystal-
lization, because annealing is found to lead to only
a slight or no reduction in intensity and recrystalliza-
tion leads to the development of new and distinct
texture components. However, this overall reduction
can be easily accounted for in terms of grain-boundary
sliding (GBS) and grain rotation. The mechanism of
GBS for, this material is schematically shown in Fig.
8 [1]. Because the grain aspect ratio is about 1-10, the
sliding in the direction perpendicular to the plane of
the grain is difficult. The GBS and grain rotation take
place in the plane parallel to the roiling plane, and the
grains remain in the same plane as they started. Grain-
boundary sliding and grain rotation have a randomiz-
ing effect on any existing texture components [2-5].
However, the randomizing effect of GBS and grain
rotation in these specimens is restricted in the direc-
tion perpendicular to the rolling plane due to the plate
shape of the grains. Therefore, the sliding stresses on
the different types of boundaries are accommodated
by either grain rotation in the rolling plane or disloca-
tion slip in grain interiors, as shown in Fig. 8. The

(102) (102)
[211] 1 [010]
6.0 <102>// ND
=0 © 6=27°
5.0

Figure 3 Orientation density of (a) «-fibre and (b) (1 0 2) [u v w] fibre of specimen deformed at &€ = 15~ ! and T = 425 °C versus strain: ((J) 0,

(O) L1, (A) 1.6, (+) 2.3, (A) 2.6, () 3.0.
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Figure 4 Orientation density of (a) a-fibre and (b) (1 0 2) [uv w] fibre of specimen deformed at £ = 775~ ! and T = 475 °C versus strain: (1)

0, (0) 1.6, (A) 2.13, ( + ) 2.36, (A) 2.86.

relatively slow reduction of overall texture intensity
implies that the grain rotation rate is limited. But it is
difficult to make a quantitative assessment of the con-
tribution of the rotation rate to an individual orienta-
tion, because there are concurrent sharpening and
weakening of existing texture components due to the
occurrence of slip and recrystallization.

4.1.2. Slip

Investigation of the [2 1 1] orientation in Fig. 7 shows
the occurrence of single slip during superplastic de-
formation. In Fig. 7a, the intensity of [2 1 1] orienta-
tion is relatively high at low strain, and it drops with
increasing strain. However, in Fig. 7b for the higher
rate, the intensity of the [2 1 1] orientation continues
to increase after an initial drop of overall intensity due
to GBS and grain rotation. It is possible to treat
a grain as an isolated single crystal in uniaxial tension
in the case of diffusion-accommodated superplastic
deformation, so that the single slip allows the grain to
rotate to a {121) direction where the second slip
system operates and keeps the grain at {12 1). Fur-
thermore, {12 1) orientations have a relatively high
Schmid factor (0.41) and thus slip is probable in grains
at or near these orientations [6]. The sharpening of
the [2 1 1] orientation indicates that a large amount of
single slip has occurred. The reduction of the [211]
orientation with further strain may be attributed to an
increase in the number of grains with multiple slip and
the occurrence of dynamic recrystallization in the
lower strain-rate specimen. The increment of [21 1]
orientation with strain in Fig. 7b indicates more single
slip occurs at high strain. Such an orientation is stable
in the sense that any rotation away from it occasioned

2418

by GBS leads to a counteracting slip rotation back
towards {121>.

The gradual increase of a [11 1] orientation sug-
gests that multiple slip occurs in this specimen because
the (111) texture is commonly associated with mul-
tiple slip under uniaxial tension in polycrystalline
materials [8]. The (1 11) texture is stable during
multiple slip, because only five of the six active slip
systems in this orientation are required to maintain
grain compatibility and the remaining one degree of
freedom allows a rotation of the grains about the
tensile axis only [9]. :

There are strong (10 0> components in the starting
materials, compared to the other texture components,
but the {(100) texture gradually declines up to
£=26 at £=1s"" (see Fig 7a) and =213 at
& ="77s"" (see Fig. 7b). This is because the (100>
orientation has eight active slip systems, so that after
providing five slip systems for grain compatibility, the
grain still has three degrees of freedom and any rota-
tion is possible [9]. Close to the fracture surface in the
specimen deformed at £ = 1 s~ !, where neck forma-
tion and a rising local temperature take place [1], and
also at the higher strains in the specimen deformed at
& =77s"!, the dominant slip system shifts from
{111)to {100} directions. The {100) orientation
is apparently more likely to operate at larger strains in
this material. This may be related to the effect of
increasing temperature from adiabatic heating, and its
possible effect of decreasing boundary constraints due
to increased boundary diffusivity. In this case the
deformation in each grain is more like that of an
isolated single crystal in uniaxial tension [10]. Fur-
ther, the Schmid factors for the {100} and (111}
orientations are 0.408 and 0.272, respectively. This
leads to increasing intensity in the {1 00} orientation.
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Figure 5 Complete experimental CODF of specimen deformed at &€ = 330s™" and T = 475°C. (a—d) Strain and contour levels: (a) € =0
(12468),(b) e=045(12468),(c) £=073(12468),(d) e =138(12468).

4.1.3. Recrystallization crystallization occurs. The small amount of this com-
The appearance of cube texture at the highest strain in ponent is possibly due to the effects of the finely
the specimen deformed at 1 s™! and at a median strain  dispersed particles and fine substructures. The deforma-
in the specimen deformed at 77 s~ ! suggests that re- tion zone at large particles is a preferred nucleation
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Figure 6 Orientation density of (a) skeleton line and (b) (2 0 3) [u v w] of specimen deformed at &€ = 330s™! and T = 475°C versus strain:
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Figure 7 Some texture components versus true strain for the superplastically deformed specimens. {a) 1s7*, 425°C, (b) 77s™ ', 475°C. (0}
(102)[0T0],(A)Y(10)[O0T0],(O)A02)[2T1;{(@ (10D (1T11),(A)(203)[302].

site for recrystallization. Therefore, the contribution of
the particles to the overall texture is expected to be
a smearing out of the deformation texture by an
amount which depends on the volume fraction of
particles present [ 11-15]. However, for small particles
( < 0.1 um), some studies have shown that the texture
is strengthened, whereas in other cases a neutral or
a weakening effect has been observed [16-18]. In this
study, .because the particle size is - very: small
(10-35 nm) and the spacing between ‘the particles ‘is
40 nm, the particles have such a strong pinning effect
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on both substructures and grain boundaries that sub-
grains are very difficult to grow into a recrystallizing
nucleus. So a large strain is required to overcome this
barrier for recrystallization. This result may also be
related to an effect of particles on the formation of
dynamic recrystallization nuclei at the original grain
boundaries [19]. The nucleation process is retarded
by presence of small particles. This retarding effect
may be less pronounced at the original grain bound-
aries where nucleation may require less subgrain
growth than nucleation in the grain interiors. The
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Figure 8 Schematic diagram showing sliding of platelet-shaped grains during superplastic elongation.

preference for nucleation at the original grain bound-
aries may lead to an increased retention of the initial
texture [20, 21].

4.2. Non-superplastic deformation
(Region II1)

The specimen deformed at & = 330s™' mainly con-
sists of one skeleton fibre texture which runs from
(102)[010] to (011)[111]. Contrary to the overall
reduction of intensity in the superplastically deformed
specimen, the overall intensity in this specimen re-
mains constant. Therefore, there should be some
kind of balance between sharpening and weakening
effects due to slip, recrystallization, GBS and grain
rotation. In this specimen, components of (102)
[010] and (011) [111] decrease in intensity with
strain, while the intensities of (113) [1 10] and (112)
[110] components increase as strain increases. This
result is contrary to the traditional deformation mech-
anism which predicts an increment of {001} and
(111> orientations by tensile deformation. It in-
dicates that an unusual deformation mechanism is
occurring and the superplastic deformation mechan-
isms described above are no longer dominant.

-1

5. Conclusions

1. The superplastic deformation mechanism of
IN90211 consists of grain-boundary sliding, disloca-
tion slip (single slip and multiple slip), grain rotation
and recrystallization. '

2. Recrystallization components are weak and only
seen after a large amount of strain. At the highest
strain rate, where less strain occurred, there is no
evidence of recrystallization.

3. At the lower strain rates (1 s~* and 77 s~ 1), the
textures are dominated by two fibres, a-fibre ((101)
parallel to ND) and {102} <{uvw) ({102) parallel
to ND). At the highest strain rate (330s™ '), the tex-
tures are mainly composed of two fibres, {203}
{uvw) ({203 parallel to ND) and a skeleton line
(<00 1> orientation is tilted from ND towards TD by
about 30°).
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