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Abstract: Transmission electron microscopy (TEM), electron backscattered diffraction imaging (EBSD) and X-ray diffractometry
were used to analyze the microstructure and texture characteristics of AI-9.8Mg—1.5Li—0.4Mn alloy cross-rolled and extruded plates,
and the tensile properties and deep drawing performance were measured. The results show that the occurrence of dynamic
recrystallization was promoted, the grains were refined and the preferred orientation of the recrystallized grains was improved by
large strain cross rolling. Compared with CBA and CCB rolling methods, CBB rolling method significantly reduced the orientation
density of the typical Brass texture {110}(112) in the extruded plates. The orientation densities of Copper texture {112}(111) and
Brass texture {110}(112) on the f orientation line in the CBB rolled plates were the lowest, and there were no typical texture features
in the plates. Meanwhile, better deep drawing could be gained in the CBB rolled plates, and the mechanical properties of the 0°, 45°
and 90° directions were basically the same. The tensile strength, yield strength and elongation at room temperature for the CBB
rolled plates were 617 MPa, 523 MPa and over 20.1%, respectively. The deviation of the mechanical properties at different directions

was less than 3%.
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1 Introduction

Al-Mg-Li alloy has low density, high specific
strength, high specific stiffness, high elastic modulus,
good weldability and corrosion resistance, and is the
most potential structural material in the field of
aeronautics and astronautics [1,2]. Compared with the
Al-Cu—Li alloy, although the developed Al-Mg—Li
alloy with low magnesium content has lower density, its
application is limited by the bottleneck problem of
anisotropy of mechanical properties and low strength and
toughness [3]. It is an important way to improve alloy
strength and toughness by increasing magnesium content
and refining grain. Inhibition of texture formation is an
important means to improve the anisotropy of the alloy.
Aluminum alloy with high magnesium content is
prepared by conventional casting method, which is easy
to form coarse eutectic microstructure (a(Al) phase
and Al;Mg, phase), decreases the solid solubility of

magnesium and weakens the solution strengthening of
magnesium [4]. Because of its fast cooling rate,
remarkable improvement of alloy solid solubility, grain
refinement and elimination of macrosegregation, the
spray forming and rapid solidification technology is an
ideal way to prepare Al-Li alloy materials with high
magnesium content [5—9]. In recent years, some scholars
have investigated the microstructure and texture
characteristics of the deformation process of AlI-Mg—Li
alloy [10—14]. OLAF [10] studied the microstructure and
texture evolution of Al-Mg alloy under different cold
rolling and annealing conditions, and explored the
relationship between recrystallization texture and
anisotropy of cold rolled plates. CHEN et al [12] studied
the texture characteristics of AlI-Mg—Li alloy during hot
rolling and found that the change of grain orientation
during recrystallization is the main reason leading to the
transformation of part Brass texture {110}(112) into S
texture {123}(634). HOGG et al [12] also studied the
mechanism of static recrystallization annealing on the
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grain structure and texture formation of rolled AI-Mg—Li
alloy, and found that the texture strength decreased with
the increase of recrystallization temperature. It can be
seen that the existing research is mainly focused on
the microstructure and characteristics of
conventionally rolled Al-Mg—Li alloy plates. Little
attention has been paid to the effect of large strain cross
rolling on the microstructure, texture and anisotropy of
spray formed Al-Li alloy plates with high magnesium
content.

The spray formed Al-9.8Mg—1.5Li alloy plates
through extruding were investigated in this work. The
microstructure and texture characteristics of the cross
rolled and extruded alloy plates studied
comparatively, and the effects of different deformation
modes on the anisotropy of mechanical properties and
deep drawing of the alloy plates were discussed, in order
to lay the theoretical foundation for the preparation of
Al-Mg-Li alloy plates with high toughness and low
anisotropy.

texture

were

2 Experimental

2.1 Materials

Al-Li alloy cylindrical billet with high magnesium
content by spray forming was prepared on the
self-developed spray forming device SD380. The
chemical composition of the alloy was Al-9.8Mg—
1.5Li—0.4Mn (mass faction, %). Through the 1250 t
extruding machine, the cylindrical billet was extruded
into the billet with the section size of 20 mm x 100 mm,
the extrusion temperature was 450 °C, and the extrusion
ratio was 15:1. After extrusion, the billet was sprayed
immediately and cooled by water. The piece was cut
from the billet, and its length, width and thickness were
100, 80 and 20 mm, respectively. Each piece was rolled
three passes on the mill with a roll diameter of 350 mm,
and the single pass reduction was not less than 50%. The
intermediate annealing temperature was 380 °C, and the
piece was immediately immersed into the room
temperature water after the completion of each pass
rolling. Rolling process parameters are shown in Table 1.
Let A represent the extrusion direction of the plate (0°),
B represent 45° angle with the direction of extrusion and
C represent 90° angle with the direction of extrusion. In
this experiment, CBB, CCB and CBA three kinds of

Table 1 Rolling process parameters

cross rolling methods were used to roll the extruded
pieces under large deformation.

2.2 Microstructural observation

Plate samples were ground, polished, etched by
mixed acid solution (2 mL HF+3 mL HCI+5 mL HNO;+
250 mL H,0), and then dried. The microstructure of the
alloy plate was observed on the MN6 optical microscopy,
Titan G2 60-300 transmission electron microscope
(TEM) and electron backscattered diffraction (EBSD) of
Helios Nanolab 600i scanning electron microscopy
(SEM). The TEM samples were mechanically thinned to
about 80 pum, and then twin-jet electropolished using
nitric acid and methanol (volume ratio 1:3) as electrolyte.
The electrolysis temperature was lower than —25 °C. The
EBSD samples were electropolished, the electrolyte was
10% perchloric acid and 90% absolute alcohol, polishing
voltage was of 20 V, polishing current was 1 A, polishing
time was 30 s, and the electrolysis temperature was
lower than —25 °C. The experimental data of EBSD
samples were analyzed and processed by TSL OIM
software at acceleration voltage of 20 kV and 70° angle,
and the scanning step was 0.2 um.

2.3 Measurement of plate texture

Electrolytic polishing was carried out after plate
specimens were ground on the abrasive paper of No.
1500. Polishing liquid composition was nitric acid and
methanol (volume ratio 1:3), operating temperature was
=25 °C, the polishing voltage was 20 V, the polishing
current was 0.5 A, and the polishing time was about 40 s.
After polishing, the specimens were rinsed with alcohol,
dried and stored in a dish. The texture measurement was
performed on a Bruker D8 Discover X-ray diffractometer
with the tube voltage of 40 kV and the tube current of
40 mA. Using Cu K, radiation, the ranges of polar image
measurements were 0=5°-85° and f=0°-360°.

2.4 Anisotropy test

Tensile specimens were cut from three directions of
0°, 45° and 90° on the plates. Room temperature tensile
test was performed on an Instron 3369 tensile machine,
and the stretching speed was 1 mm/min. Round bars with
the diameter of 50 mm were cut from the 2 mm-
thickness alloy plates by the wire cutting machine,
and were annealed at the temperature of 380 °C and the

Rolling pass Rolling ) Apnealipg Piece thickness/mm Singleh pass Cumu!ative
temperature/°C time/min H, H, reduction/% reduction/%

1 400 15 20 10 50 50

2 400 15 10 4 60 80

3 400 15 4 2 50 90

H, and H, are piece thickness values before and after rolling, respectively
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holding time of 15 min. Deep drawing experiment was
carried out on the self-designed drawing die after the
bars were cooled to the room temperature, and graphite
and oil lubricant were coated evenly on the punch and
die cavity at a punch speed of 150 mm/min.

3 Results

3.1 Microstructure

The grain morphologies of the alloy plates under the
extrusion and different cross rolling conditions are
shown in Fig. 1. It can be seen that the microstructure of
the extruded alloy plates can be greatly improved by
cross rolling. The microstructure of extruded alloy plates
is uneven and coarse, fine recrystallized grains around
the coarse grains are distributed along the direction of
extrusion, and the shape of coarse grains is block-like
(Fig. 1(a)). Compared with the extruded alloy plates, the
grain structure of cross rolled alloy plates is more
uniform and more significantly refined, and the
recrystallization is more complete. The block-like grains
distributed like streamline basically disappear, and the
equiaxed grains are mainly dominated (Figs. 1(b—d)). It
is found that the microstructure of the CBB-rolled alloy
plate is more uniform, the average grain size is the
smallest, and the grain morphology is dominated by
equiaxed shape.

3.2 Mechanical properties
The tensile properties of different directions at room

&
ol

temperature for extruded and cross-rolled plates are
shown in Fig. 2. It can be seen that the mechanical
properties of the extruded alloy plates are poor, the
anisotropy of mechanical properties in 0°, 45° and
90° directions is obvious; the tensile properties in
0° direction are good, and those in 90° direction are poor.
The mechanical properties of the cross-rolled alloy plates
are much higher than those of the extruded alloy plates,
and the anisotropy of mechanical properties is
significantly improved. Compared with CBA and CCB
rolling methods, better mechanical properties are gained
for CBB rolling method. The mechanical properties of
the cross-rolled alloy in 0°, 45° and 90° directions are
nearly isotropic, and the tensile strength, yield strength
and elongation are 617 MPa, 523 MPa and over 20.1%
under room temperature, respectively. Meanwhile, the
deviation of the mechanical property in different
directions is less than 3%.

3.3 Deep drawing performance

The macroscopic morphology of the extruded and
cross-rolled plates after one deep drawing pass is shown
in Fig. 3. It can be seen that the cross rolling process can
significantly improve the deep drawing of the alloy
plates and the surface quality of the deep drawing
specimens. The extruded alloy plates during deep
drawing crack severely and have poor forming
performance. After the extruded plates are rolled by CBA
or CCB rolling method, the deep drawing is significantly
improved. The specimens are without cracking, but there
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Fig. 1 EBSD micrographs of Al-Li alloy plates by different deformation methods: (a) As-extruded; (b) CCB; (c) CBA; (d) CBB
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Fig. 2 Tensile properties of Al-Li alloy plates by different
deformation methods: (a) Tensile strength; (b) Yield strength;
(c) Elongation
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Fig. 3 Macroscopic morphology of Al-Li alloy plates by
different deformation methods

is an obvious anisotropy in the alloy plates because of
high earring ratio and poor appearance quality. The deep
drawing performance is the best for the alloy plates by
CBB rolling method. No macroscopic crack is observed,
the earring ratio is low and the surface of the specimens
is smooth.

4 Discussion

4.1 Grain refinement mechanism

The previous research showed that the large strain
during the large plastic deformation is one of the main
factors of grain refinement for the aluminum alloy with
high magnesium content [7]. By comparing the TEM
images of the extruded and CBB-rolled Al-Li alloy
plates with high magnesium content, it can be found that
the dislocation density of rolled plates is improved and
the dislocation pile-up forms dislocation walls and
dislocation tangles during the large deformation,
resulting in the significant increase of dislocation cell
and substructure (Figs. 4(a) and (b)). As shown in Fig. 1,
the occurrence of dynamic recovery and recrystallization
is promoted by the increase of high dislocation density
during the large strain cross rolling. The interior part of
grains is divided into several subgrains and dislocation
cell structure by the pile-up of the dislocations (Fig. 4(c)).
Compared with the extruded alloy plates, the diffraction
patterns in the rolled plates are in circular distribution
(Fig. 4(b)), indicating that recrystallization occurs fully
in the rolled plates and the grain structure of the alloy
plates is further refined by the dynamic recrystallization.
This is basically consistent with the results reported by
FAN et al [9]. It is known from the Hall-Petch
relationship that the smaller the grain is, the more the
grain boundaries are, the greater the hindrance of the
dislocation movement is, and the higher the strength of
the material is. Therefore, the adoption of large strain
cross rolling not only significantly raises the strength and
toughness of the extruded alloy plates, but also
effectively improves the anisotropy of mechanical
properties (Fig. 2), and further improves the deep
drawing performance of the rolled plates (Fig. 3).

The main reason for cross rolling to improve the
anisotropy of the alloy plates is not only optimizing the
uniformity of internal structure of the material and
improving the equiaxed degree of the grains, but also
greatly reducing the difference of grain orientation
distribution on the plate plane because of the large strain
cross rolling. The grain orientation distribution is
analyzed by comparing the EBSD images of the extruded
and CBB-rolled alloy plates (Figs. 1(a) and (d)), as
shown in Fig. 5. It can be seen that the average grain size
of the alloy plates rolled by CBB is obviously reduced,
and the proportion of the large angle grain boundary
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Fig. 4 TEM images of Al-Li alloy plate by different
deformation methods: (a) As-extruded; (b, ¢c) CBB

increases significantly. Previous studies have shown that
grain morphology and crystallographic texture are the
important reasons leading to the obvious anisotropy of
mechanical properties for Al-Li alloy, and the anisotropy
of material properties originates from the anisotropy of
the microstructure and grain structure [15—18]. Therefore,
the cross rolling of extruded plates can effectively
improve the preferred orientation of the recrystallized
grains and increase the proportion of large angle grain
boundary.
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Fig. 5 Grain orientation distribution diagrams of Al-Li
alloy plate by different deformation methods: (a) As-extruded;
(b) CBB

4.2 Texture evolution

The ODF section diagrams of the Al-Li alloy plates
with  high magnesium content under different
deformation conditions are shown in Fig. 6. The texture
characteristics of the extruded alloy are a typical Brass
texture {110}(112) and S texture {123}(634), in addition
to a small amount of Cube texture {001}(100) and Goss
texture {110}(001). After cross rolling, Brass texture of
the alloy significantly decreases, even disappears. In the
CBA-rolled alloy, there are mainly Brass texture
{110}(112) and Copper texture {112}(111), and small
amount of R-Cube texture{110}(011). CCB-rolled alloy
is mainly Copper texture {112}(111), and small amount
of Cube and Goss textures. CBB-rolled alloy has no
texture characteristics, and small texture intensity. It can
be seen that choosing reasonable cross rolling way is the
key to weaken the deformation texture of the alloy plates
and is also the basis for improving the anisotropy and
deep drawing performance of the alloy plates [19].

The change of orientation density on the f
orientation line of AIl-Li alloy plates with high
magnesium content in different deformation conditions is
shown in Fig. 7. The orientation density of Copper
texture {112}(111) in CCB-rolled plates is the strongest,
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Fig. 6 Section diagrams of ODF of Al-Li alloy plate under different deformation conditions

the grade is 10, and that of the CBB-rolled alloy plates is
the weakest, which is about grade 2.4. In the extruded
alloy, the orientation density of Brass texture {110}(112)
is the strongest, close to grade 5, and that of the
CBB-rolled plates is smaller, about grade 1. Obviously,
when the extruded alloy is cross-rolled, the unreasonable
rolling method will increase the volume fractions of
some textures (such as Copper texture), which is
basically the same as the result of deep drawing test
shown in Fig. 3. Comparing the three kinds of rolling
methods, orientation density on f orientation line is the
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Fig. 7 Change of orientation density f{g) along f orientation
line (p,) of Al-Li alloy plate under different deformation
conditions

lowest, and there is no typical texture feature for CBB-
rolled plate. The main reasons are as follows. One is that
the large strain rolling promotes the occurrence of the
dynamic recrystallization during the deformation, refines
the grains and achieves the transformation of the small
angle grain boundary to the high angle grain boundary,
thus improving the orientation distribution of the grains.
The other is that the CBB rolling method significantly
weakens the typical texture characteristics of Brass and
S textures in the extruded alloy and improves the
deformation texture characteristics.

5 Conclusions

(1) The reasonable cross rolling method is adopted
for large strain deformation of as-extruded spray formed
Al-Li alloy plates with high magnesium content. The
grains are significantly refined, the proportion of large
angle grain boundary is obviously improved, the
anisotropy of the plates is weakened, and the deep
drawing performance is improved obviously.

(2) The CBB rolling method significantly reduces
the orientation density of the typical Brass texture
{110}(112) in the extruded alloy plates. Compared with
CBA and CCB rolling methods, the orientation density of
Copper texture {112}(111) and Brass texture {110}(112)
in the CBB-rolled plates is the lowest, and the CBB
rolling plates have no typical texture characteristics.
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