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Abstract—Sheets from the aluminum alloy 1421 with an ultrafine-grained (UFG) structure and a weak crys-
tallographic texture were prepared by the method of equal-channel angular pressing (ECAP) through a die with
channels of a rectangular cross section and by subsequent isothermal rolling. Both operations were carried out
at a temperature of 325°C. It is shown that severe plastic deformation (SPD) leads to the formation of a com-
pletely recrystallized uniform microstructure with an average grain size of 1.6 pum in the alloy. At room temper-
ature the alloy 1421 demonstrates high static strength (6, = 545 MPa, 6, = 370 MPa) in the absence of a sig-
nificant anisotropy. At temperatures of hot deformation, the alloy showed ultrahigh elongations under super-
plasticity (SP) conditions. At a temperature of 450°C and initial deformation rate of 1.4 x 1072 s! the maximum
elongation at fracture was ~2700%. At static annealing at a temperature of SP deformation, the UFG structure
formed in the process of SPD remains stable. The SP deformation is accompanied by an insignificant grain

growth and pore formation.

INTRODUCTION

The weldable Al-Li-Mg alloys are promising for
the application in aircraft constructions, since they pos-
sess low density, acceptable strength, and high resis-
tance to crack propagation [1, 2]. However, in the
coarse-grained state the Al-Li-Mg alloys demonstrate
a limited technological plasticity and low service prop-
erties, which is connected with the localization of
deformation. In addition, there takes place a clearly
pronounced anisotropy of mechanical properties,
which makes impossible obtaining a whole series of
aircraft parts of required quality. The formation of a
recrystallized UFG structure in these alloys makes it
possible to obtain high strength and plastic characteris-
tics and, which is most important, the isotropy of
mechanical properties [1]. Another consequence of the
formation of a UFG structure in semifinished products
made of Al-Li-Mg alloys is an extraordinary increase
in the technological plasticity, which makes it possible
to roll these materials into thin sheets and to produce
different parts from them using the method of pneu-
matic forming in the SP state [1, 3, 4]. For these rea-
sons, the development of an industrial technology of
production of thin sheets from Al-Li-Mg with a UFG
structure is of great practical interest. However, the
works performed in the last 30 years clearly showed
that this problem does not have satisfactory solution
within the framework of the existing technological pro-
cesses. The traditional thermomechanical treatment
(TMT), which consists of cold or hot rolling and recrys-
tallization annealing, is not applicable to Al-Li-Mg

alloys because of their low technological plasticity and
crack sensitivity at low temperatures. Consequently, the
creation of a technology of producing sheets of Al-Li—
Mg of alloys with a completely recrystallized UFG
structure is possible only on the base of nontraditional
technological processes.

It has been shown in recently published works that
the UFG structure in Al-Li-Mg alloys is formed in the
process of ECA pressing at elevated temperatures [3-5].
This offers possibility for the creation of the technology
of obtaining thin sheets from these alloys which con-
sists of two operations. The first operation is ECA
pressing, whose aim is formation of a UFG structure.
The second operation is sheet rolling, which provides
obtaining parts in the form of sheets. By adjusting opti-
mum values of temperature and the degree and speed of
rolling, the rolling can be used for increasing the uni-
formity of microstructure and, even, for decreasing its
anisotropy. However, up to now the technology of ECA
pressing made it possible to obtain only samples in the
form of bars with a square or round cross section [6, 7],
which can be rolled into thin and wide sheets only by
using special methods of rolling. It is well known that
the classical sheet rolling makes it possible to make thin
sheets from plates which have a rectangular cross sec-
tion; moreover, the width of the plates and sheets must
be almost identical. Therefore, in order to create an
industrial technology of the production of sheets from
Al-Li-Mg alloys with a UFG structure it is necessary
to develop such a scheme of ECA pressing which
would make it possible to obtain workpieces in the






of optical metallography (OM), transmission electron
microscopy (TEM), studying pore formation, and the
method of electron back-scatter diffraction (EBSD
analysis) are described in detail in the foregoing works
[4, 5, 9]. The misorientation of (sub)grain boundaries
was determined in a scanning electron microscope
(JEOL JSM-840 SEM) equipped with an EBSD attach-
ment (INCA Crystal). The thick and thin lines in the
EBSD maps indicate high-angle boundaries (HABs,
215°) and low-angle boundaries (LABs, 3°-15°),
respectively. The electron-microscopic studies of the
structure were conducted on a transmission electron
microscope (JEOL-2000EX) at an accelerating voltage
of 160 kV.

EXPERIMENTAL RESULTS
Microstructure prior to ECA Pressing

The metallographic examination showed that the
initial microstructure of the deformed bar of the alumi-
num alloy 1421 is characterized by a strong inhomoge-
neity. The structure consists of coarse grains elongated
along the direction of extrusion; in their near-boundary
regions, pileups of small recrystallized grains are
located. The average size of small equiaxed grains is
approximately 5 um (see Fig. 1). The size of the coarse
elongated grains is 171 pm in the longitudinal direction
and 21 ym in the transverse direction (see Fig. 1).

Microstructure after ECA pressing

After ECA pressing at a temperature of 325°C to a
true degree of deformation of ~8 there is formed an
almost completely recrystallized structure (Fig. 2).
Most grain boundaries show clear extinction contours
(Fig. 2a), which makes it possible to draw a conclusion
about the formation of an equilibrium recrystallized
structure. The average dislocation density in the bulk of
grains is not great (p = 6 x 10!* m~2), The volume frac-
tion of recrystallized grains with an average grain size
of 1.7 pm is ~85% (Figs. 2b, 2¢). Crystallites sur-
rounded by both LABs and HABs are formed (see
Fig. 2¢). The fraction of recrystallized grains sur-
rounded completely by HABs is ~43% (Fig. 2d). The
volume fraction of HABs is equal to ~80%, which is
characteristic of traditional grain structures [11]. The
grain size after ECA pressing through a channel with a
rectangular cross section is practically equal to the
grain size after traditional ECA pressing [3-5]. The
average angle of misorientation at grain boundaries,
equal to 33.5¢0, after the ECA pressing through chan-
nels with a rectangular shape of the cross section is
nearly the same as after traditional ECA pressing [5].
Note that in [5] the authors considered boundaries with
a misorientation of more than 3° as LABs.

Microstructure and the Superplastic Behavior
of the 1421 Alloy after ECA Pressing with Subsequent
Isothermal Rolling

It is seen from Fig. 3 that the ECA pressing with
subsequent isothermal rolling increases the uniformity
of the deformed microstructure and the density of lat-
tice dislocations (to p = 6 x 103 m2). The average grain
size is equal to 1.6 pum. The diffraction patterns
(Fig. 3a) represent reflections located on concentric
rings, which indicates the presence of predominantly
HABs of deformation origin. The fraction of grains
completely surrounded by HABs reaches 51%
(Fig. 3c). The average angle of misorientation at grain
boundaries reaches 35.7°; the volume fraction of HABs
is 85% (Fig. 3d). Note that the fraction of HABs in the
aluminum alloy 1421 subjected to isothermal rolling
after ECA pressing to a true degree of deformation e = 8
is the same as in the alloy deformed by traditional ECA
pressing to a true degree of deformation ¢ = 16 at the
same temperature [5]. At the same time, it should be
noted that in the alloy 1421 subjected to ECA pressing
through channels with a rectangular cross section and
to subsequent isothermal rolling the average grain size
is greater than that in the alloy 1421 subjected to clas-
sical ECA pressing [3, 4].

The pole figures after ECA extrusion with subse-
quent isothermal rolling are shown in Fig. 4. It is seen
that the ECA pressing with subsequent isothermal roll-
ing leads to a smearing of the texture (Fig. 4).

Typical true-stress—true-strain (c—) curves of the
alloy 1421 subjected to ECA pressing with subsequent
isothermal rolling are displayed in Fig. 5a. The alloy
1421 was deformed by tension at the initial rate of
deformation of1.4 x 102 s7! in the temperature range of
250-450°C. Figures 5b and 5S¢ depict the 6—¢€ curves of
the alloy deformed at deformation rates from 1.4 x 10
to 1.4 x 107! s7! at temperatures of 300 and 400°C. At T2
300°C and € £ 1.4 x 102 s (Fig. 5b), the deformation
is accompanied by a steady-state plastic flow, which
begins at small degrees of deformation and occurs up to
failure, whose nature can be described in the terms of
pseudo-brittle fracture. Note that no stage of steady-
state flow was observed in either the alloy subjected to
traditional ECA pressing [3, 4] or that subjected to
ECA pressing with a rectangular channel cross section
(Fig. 5d). At low temperatures and high deformation
rates after the achievement of maximum the flow stress
decreases continuously up to the moment of fracture.
The fracture of these samples occurs because of the
unsteady plastic flow. An increase in the temperature or
a decrease in the rate of deformation leads to a contrac-
tion of the stage of the steady-state plastic flow. Note
that the flow stresses on the stage of the steady-state
deformation of the alloy 1421 subjected to ECA press-
ing with subsequent isothermal rolling are close to the
maximum flow stresses of the alloy 1421 subjected to
traditional ECA pressing at 7= 325°C [3, 4].
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Fig. 5. Dependence of true stresses on true strains for the alloy 1421 obtained at (a) a constant strain rate and (b, ¢) at a constant
temperature of the deformation ((b) 7= 300°C; (¢) T = 400°C); (d) effect of temperature on the true-stress—true strain curve.

shown that there is no substantial difference in the frac-
tion of HABs that are formed at the equal degree of
deformation performed by ECA pressing at room tem-
perature and by cold rolling. The cold rolling following
ECA pressing leads to a gradual formation of additional
HABs [19]. The formation of a relatively equiaxed fine-
grained structure in these materials occurs under the
conditions of superplastic deformation as a result of the

Table 2. Effect of the direction of the sample orientation
with respect to the axis of tension on the ultimate strength G,
yield stress G ,, and relative elongation at fracture &

Angle to the axis
of tension, deg Gy, MPa Cpo, MPa 3, %
0 517 380 14.7
45 538 360 222
90 545 370 12.5

development of the process of recrystallization
[15, 17].

The enhanced fraction of HABs formed during cold
deformation ensures the formation of a more uniform
recrystallized structure during subsequent static
annecaling [20]. As a result, the subsequent rolling of
aluminum alloys leads to an improvement of the super-
plastic properties of alloys processed by ECA pressing
[15, 17], or at least the superplastic properties remain
actually unchanged [16]. In a given alloy 1421 at a tem-
perature of 325°C the UFG structure with a smeared
crystallographic texture (see Fig. 4) is developed
directly during SPD. The isothermal rolling after ECA
pressing at elevated temperatures accelerates the for-
mation of new HABs. In addition, the smearing of the
crystallographic texture in the process of isothermal
rolling ensures isotropic mechanical properties at room
temperature. Of special importance is the suppression
of secondary recrystallization due to growth of elon-
gated unrecrystallized regions. In a homogenous struc-
ture with a weak texture and a high fraction of HABs,
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Fig. 6. Effect of the deformation rate on (a) the flow stress, (b) the coefficient of strain-rate sensitivity, and (c¢) elongation at fracture;
and (d) the effect of the degree of deformation on the coefficient of strain-rate sensitivity.
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Fig. 7. Elongation at fracture and coefficient of strain-rate sensitivity as functions of the deformation temperature.

only normal static grain growth is possible [21, 22]. As
aresult, the alloy 1421 with such a structure can be sub-
jected to standard heat treatment including quenching
from the temperature of 460°C and subsequent aging
without significant grain growth. Consequently, sheets
of the alloy 1421 can be used in industry for SP form-

ing, and the parts prepared from them can be subjected
to strengthening heat treatments.

The sheets from the alloy 1421 show high mechani-
cal properties at room temperature; their most impor-
tant feature is the isotropic strength and sufficiently
high plasticity. The strength of this alloy 1421 is higher
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