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Abstract: Spinning extrusion forming (SEF) is a type of rheologic forming process for making complex
structured aerospace components, such as ribbed cylindric shells. However, our understanding of
the texture evolution and recrystallization behavior during the SEF process is still limited, especially
in complex system like the 2195 Al–Li alloy, which is considered to be the ideal material candidate for
aerospace vehicles because of its low density and high specific strength. In this study, we investigate
the microstructural evolution of a 2195 Al–Li alloy-made cylindric shell component during SEF
and subsequent solution treatment and discuss the recrystallization mechanism and its influence
on the texture. It is found that particle-stimulated nucleation (PSN) occurs during the SEF process
due to a large number of Al2Cu particles, which is responsible for the obvious reduction of texture
components during SEF. Additionally, we show that the continuous dynamic recrystallization is
responsible for the increased grains with {110} orientation, resulting in relatively stable brass texture
components, even in the subsequent solution treatment.

Keywords: spinning extrusion forming; Al–Li alloy; texture; recrystallization

1. Introduction

The third generation Al–Li alloys have low density and high specific strength and
stiffness and have been used in many important aerospace applications, including the
cylindric shell, which is an essential component for high-performance launch vehicles [1–3].
The spinning extrusion forming (SEF) process is a newly developed rheologic forming
approach for manufacturing ribbed cylindric shells which involves the spinning of a ring-
shaped metal billet in various passes to extrude the rib structures [4]. The SEF process
features a near-net-shape rheologic forming process, which addresses the problem of
structural discontinuity during machining and internal stress concentration caused by
welding [5]. However, the strong anisotropy of spin-extruded Al–Li alloy cylindric shells
severely limits their further application as aerospace components [6–8].There are many
factors affecting the anisotropy, of which the crystal texture is the most significant one [9,10]
because the precipitated phase is precipitated along a specific orientation. In Al–Li alloy,
the T1 phase with the best strength improvement precipitates along the {111} slip plane in
dislocation entanglement and subgrain boundary. Due to the Schmid factor (SF) difference
of deformation texture at a specific slip plane, the dislocation density generated by shear
slip in the four precipitated {111} planes of the T1 phase is inhomogeneous during pre-
deformation [11], which leads to the heterogeneity of the T1 phase at different slip planes,
and finally leads to significant anisotropy. Some studies illustrate that the stacking fault
energy of Al–Li alloy is relatively low, and the deformed texture can produce brass relatively
easily [12], which not only causes the high anisotropy, but also affects the fracture properties
of the components. It is studied to improve the deformation texture of Al–Li alloy by
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adjusting the temperature and strain rate [13,14]. In the experiment of Bate et al. [14], it
was found that the brass texture of Al–Li alloy weakened with the increase of superplastic-
forming strain during superplastic forming, which was closely related to the influence of
grain boundary slip and grain growth on orientation. In addition, the change of texture of
2195 Al–Li alloy was discussed with respect to the recrystallization and particle dissolution,
and it was found that the {011} <311> orientation texture weakened the anisotropy of the
component [15]. Different original microstructure and orientation combinations due to the
different SF will lead to different forming textures, while SEF uses the as-rolled blank to
form the rib, and the evolution of the rolling texture in SEF has not been reported.

There have been numerous studies on controlling the deformation texture, mostly
via the careful tunning of the secondary-phase and recrystallization behavior of the mate-
rial [16–20]. It is known that secondary-phase particles are rich in Al–Li alloys and vary
greatly in terms of their shape, size, and distribution, this significantly affects slipping
behavior of dislocations during plastic deformation, resulting in different textures. For in-
stance, the coarsened T1(Al2CuLi) phase often leads to <001>//ND texture [17], distortion
around S (Al2CuMg) phase is believed to enhance the brass texture [18], and δ’ (Al3Li) phase
causes strong plane slip during deformation, resulting in a strong brass texture [19]. Inter-
estingly, there are also studies suggesting that secondary-phase particles could suppress
the deformation texture through other mechanisms, such as particle-stimulated nucleation
(PSN), where the dislocation slip is hindered by non-deformable particles and thus increases
the distortional energy around them, this mechanism gives rise to randomly-oriented re-
crystallized grains [20]. Moreover, the size and shape of the secondary-phase particles
deeply affect the degree of local uneven deformation and the amount of recrystallization,
thus showing different abilities to weaken the texture [21].

In addition, it is known that solution treatment has a great influence on the texture
components, For example, Wang [22] showed that the texture and the anisotropy of hot
extruded Al–Mg–Si plate has been weakened after the solution treatment, whereas in
extruded 2196 Al–Cu–Li alloy, the type and fraction of the texture components barely
change in the subsequent solution treatment [23], and in multi-directionally forged Al–
Cu–Mg alloy, it was found that solution treatment even enhances the texture [24]. Wang
showed that different recrystallization behaviors lead to different variation tendencies of
texture components [25]. By controlling the rolling temperature, Liu et al. [26] analyzed
the influence of different final rolling temperatures on the recrystallization degree in
solid solution treatment, which led to the formation of different texture components. In
addition, temperature-induced recrystallization is very fast in annealing, which leads to the
possibility of PSN before particle dissolution. Although in previous studies, PSN during
polycrystalline deformation easily produces randomly oriented nuclei and lead to texture
diffusion, some studies have found that PSN may lead to the recrystallization of texture
during annealing [27]. This adds another layer of uncertainty to the mechanism behind
the texture evolution of Al–Li alloys, considering the complex configuration of secondary
phases and microstructures in Al–Li alloys.

In order to elucidate the above questions, here, we studied the microstructure and
texture evolution of 2195 Al–Li alloy cylindric shell during the SEF process and subsequent
solution treatment. The mechanisms behind the texture evolution and recrystallization
behavior at different stages are investigated. The effects of various secondary phases on
the texture components and recrystallization behaviors during the process are discussed.

2. Materials and Methods

An as-rolled 2195 Al–Li alloy sheet was spinning-extruded to form an arc-shaped
sheet (170 mm) with a curvature radius of 1.125 m; this is to simulate the local forming
conditions on a 2.25 m-diameter cylindric shell for a rocket launcher and to investigate the
material behaviors during processing and solution treatment. The as-rolled plate is milled
into a blank of 230 × 150 × 5 mm, as shown in Figure 1. The middle boss of the blank
is a forming part with a thickness of 5 mm. In order to avoid the excessive influence of
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clamping at both ends on axial elongation and simulate the radial constraint of the cylinder,
the height of the clamping part is milled to 2 mm.
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Figure 1. Blank and its size.

The SEF device is shown in Figure 2. It consists of a spinning wheel, a mold, a
clamp for restraining the axial direction and the radial direction, a heating device, and
a thermocouple connected with a temperature feedback device; a constant temperature
heating state is maintained during the forming.
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Figure 2. Spinning extrusion forming (SEF) reduced-scale device.

The SEFed ribbed sheet is shown in Figure 3a. During the SEF process, a total thickness
reduction of 40% was completed in two steps at 300 ◦C (denoted as SEF-20 and SEF-40).
In the forming process, the spinning wheel is fed in the direction perpendicular to the rib
(TD). The radial feed direction is the same in the same pass, and the radial feed direction
is changed between different passes. The blank and the die are preheated for two hours
before SEF. The SEFed arc-shaped sheet was then solution treated at 510 ◦C for 1 h.
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The grain orientations and microstructure of the sheet at different stages of SEF pro-
cessing and solution treatment were studied by electron backscattering diffraction (EBSD,
NordlysMax2, Oxford Instruments, Oxfordshire, UK) in a scanning electron microscope
(SEM, MIRA4 LMH, TESCAN, Brno, Czechia). The second-phase fraction is calculated
using Image J. It has been reported that the general reverse shear is superimposed on the
plane strain, which leads to the uneven surface structure and coarse crystal layer of the
rolled sheet [28]. So, EBSD specimens were cut from the central region in order to avoid
the tensile deformation caused by the edge constraint and the difference microstructure
near the rib, and, observed along TD–ND plane (see Figure 3b, marked red), the speci-
mens were first manually polished and then electropolished in the solution of 90% ethanol
(C2H5OH) and 10% perchloric acid (HClO4) under a voltage of 20 V. The scanning image
corresponding to EBSD around the second-phase particles was obtained by the secondary
electrons. A scanning step size of 0.5 µm at a voltage and a beam current of 2.7 nA, as
well as the magnification of 1000, was used to acquire the microstructural characteristics.
EBSD data were analyzed using Channel 5. Grain boundaries of 2–5◦ were defined as
sub-grain boundaries (SGBs), grain boundaries of 5–15◦ (including 5◦) were defined as
low angle grain boundaries (LAGBs), and grain boundaries higher than 15◦ were defined
as high angle grain boundaries (HAGBs). The area fraction of each texture component
applied a 15◦ deviation from the true {hkl} <uvw> orientation. The secondary phases and
dislocation configurations were studied by transmission electron microscope (TEM, Talos
F200X S/TEM, Nanoscience Instruments, Phoenix, AZ, USA) and STEM-EDS (Super-X).
TEM samples were taken from the thickness center (see Figure 3b, marked purple) and first
thinned below 80 µm then electropolished by a twin-jet electropolishing device, using a
mixture of HNO3 and CH4O (3:7 in volume) at a voltage of 15 V at −30 ◦C.

3. Results
3.1. Grain Configuration in Different Forming Stages

Figure 4 shows the inverse pole figures (IPF) and corresponding Grain Orientation
Spread (GOS) of the SEFed sheet at different stages, where LAGBs are marked white and
HAGBs are black. Grain with GOS < 2.5◦ is defined as recrystallization, blue grains are
recrystallization grains, red grains are deformed grains, and yellow grains are subgrain
grains. In addition, the more obvious line width is used in the GOS diagram to show
the distribution details of subgrain boundary. For the as-rolled sheet, lathy structure of
various orientations can be observed, with uneven thickness along the transverse direction
(Figure 4a). A large number of substructures can be seen inside the grains. After the first
pass of SEF process, 20% thickness reduction was achieved (as shown in Figure 4b), the size
of the lathy grains is reduced from 4.55 µm to 3.2 µm, and some recrystallized grains were
formed (Figure 4f). The fraction of recrystallized grains increased from 4.6% after rolling
to 7.2% after SEF-20. After SEF-40, the total thickness was reduced by 40% (as shown in
Figure 4c), the lamellar structure was mostly broken up and the fraction of recrystallized
grains was significantly increased (20%) (Figure 4g). This abrupt increase of recrystallized
grains is usually related to a higher thinning rate, for the first pass of the SEF, the thickness
of the sheet was reduced from 5 mm to 4 mm (20%), whereas for the second pass, it is
reduced from 4 mm to 3 mm (25%). The higher thinning rate in the second pass leads to
the higher degree of recrystallization, this has also been reported by Jurij J., Sidor [29], and
Li [30]. After solution treatment, the thickness of the lamellar grains increased, but a large
number of LAGBs (Figure 4h) can still be observed within the grains.
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lution treated.

Figure 5 demonstrates the proportion of HAGBs (>15◦), LAGBs (5–15◦, including 5◦),
and sub-grain boundaries (SGBs, 2–5◦) of the sample at different stages. Grain bound-
ary fraction can also represent the degree of recrystallization, and the HAGB fraction
corresponds to the recrystallization fraction. During the spinning extrusion process, the
misorientations across the grains are increasing, and the sub-grain boundaries are con-
stantly transformed into high-angle grain boundaries, which is a clear indication of dynamic
recrystallization. However, after solution treatment, the proportion of SGBs is much higher
than that of HAGBs, which suggests that the substructure is mostly maintained, and the
recrystallization barely occurs during solution treatment.
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3.2. Texture Evolution in Different Forming Stages

Figure 6 shows the orientation distribution function (ODF) diagram in different form-
ing stages. The original rolling texture consists of brass texture, S texture, and a small
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amount of copper texture and cube texture. The original rolling texture type is basically
unchanged during SEF, suggesting that the three-dimensional stress distribution during
the SEF process is similar to that of rolling process [31,32]. This is because during the SEF
process, the upper surface of the sheet is in contact with the rollers and the lower surface
touches the die; thus, the material of upper and lower surfaces of the sheet experience dif-
ferent flow rates. This deformation process resembles that of asynchronous rolling, which is
characterized by upper and lower rolls with different diameters or speeds during rolling. In
the previous research on asynchronous rolling, materials will undergo shear deformation,
which leads to the transformation of texture into shear texture. In this case, there is no
obvious shear texture in the central part of the sheet during SEF, which indicated that the
shear did not reach the center. As SEF proceeds, the brass texture {110} <112> remains
as the strongest component but showed a decreasing trend during SEF. The evolution of
different texture components in each forming stage is shown in Figure 7. After SEF-40, the
cube texture {001} <100> is reduced by 65%, while the copper texture {112} <111> decreases
by 82%, and the S texture {123} <634> decreases by 60%. Among them, the brass texture
shows a slower decreasing rate compared with the other textures, and it increases sharply
in the subsequent solution treatment.
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4. Discussion
4.1. Particle-Stimulated Nucleation (PSN)

To understand the grain configuration and texture evolution behavior of 2195 Al–Li
alloy during the SEF and solution treatment, we took a closer look at its secondary phases at
different stages, which play important roles in the texture evolution of the material. Figure 8
shows the SEM images of the sample in as-rolled, SEFed, and solution treatment stages, and
Table 1 lists the EDS scanning results of several secondary phases. The secondary phases
range from several hundreds of nanometers to 10 µm and are finely distributed in the
as-rolled sample (Figure 8a). EDS suggests that these secondary phases mainly consist of θ’
phase (Al2Cu), T2 phase (Al6CuLi3), and some nano-sized secondary phases. The average
area fraction of the secondary phases after the SEF process remained high (5.42 ± 0.9%),
which is due to the large amount of non-sharable θ’ phase.
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Table 1. EDS analysis results for the atomic ratio of elements and the corresponding close
secondary phase.

Point Al (%) Cu (%) Mg (%) Ag (%) Close Phase

A 67.3 32.1 Al2Cu
B 86.3 13.7 Al6CuLi3
C 70.3 29.6 Al2Cu
D 67.3 32.1 Al2Cu
E 69.1 29.7 0.5 0.1 Al2Cu
F 75.4 24.4 0.1 0.1 Al2Cu

Figure 9a is a zoom-in EBSD micrograph near a large secondary phase in the SEF-40
sample, together with SEM and EDS elemental mapping of this region (Figure 9c). Figure 9b
shows the misorientation distribution along the white arrow as marked in Figure 9a. It can
be seen that the orientational difference of surrounding grains of the secondary phase is
much larger than that of the matrix, and their orientations are randomized compared to the
original grain structures, which is a clear indication that these large secondary phases are
nucleation sites for recrystallized grains, known as particle-stimulated nucleation (PSN).
This is consistent with previous studies [20,33], where large-sized secondary-phase particles
facilitate the randomly oriented recrystallized grains and weaken the texture components
of rolled Al alloy. It is well known that the recrystallization nucleus of PSN originates
from the particle deformation zone in the vicinity of non-deforming particles. The particle
deformation zone with a high dislocation density and a large orientation gradient is created
during deformation due to the incompatible deformation between the non-deforming
particles and the surrounding matrix. The high dislocation density and large orientation
gradient in the particle deformation zone provide the force for recrystallization nucleation
and growth [34]. PSN is very sensitive to particle size and spacing, and it may occur when
the particle size is greater than 1 µm [35].

Moreover, we carried out STEM-EDS and TEM experiments on the nano-sized particles.
Figure 9d shows the STEM image of SEF-40 sample; multiple secondary-phase particles
surrounding the grains can be identified. EDS results show that these secondary-phase
particles are some Ag and Mg particles that seemingly aggregate to secondary phases.
It has been reported that when particles of different sizes appear in groups, dynamic
recrystallization could take place even if the dimension of a single particle is smaller than
the critical size for grain nucleation [35]. Therefore, secondary particles and the segregation
of Mg and Ag particles in Al–Li alloy would facilitate the PSN mechanism during SEF
forming, which produces a large amount of randomly oriented particles and thus weakens
the texture of the material during SEF process.

4.2. Continuous Dynamic Recrystallization (CDRX)

To investigate the type of dynamic recrystallization process in SEF process. Figure 10
are TEM bright-field images and STEM of samples at different stages. It is found that with
increasing deformation, massive dislocation entanglement in the as-rolled sample (Figure 10a)
is rearranged and gradually transformed into dislocation walls, thus forming subgrains
(Figure 10b). Upon further SEF, the sub-grain boundaries continuously absorb dislocations
and the orientational difference accumulates above 15◦, which consumes subgrains and finally
leaves mostly high-angle recrystallized grains (Figure 10c). The aforementioned process can be
categorized into classical continuous dynamic recrystallization behavior, which is an important
way to coordinate deformation in alloys with dispersed particles. This is evidenced by the
finely dispersed Al3Zr particles in the grains during the whole SEF process (see Figure 10c,e).
These fine particles would hinder the dislocation movement during deformation process [36].
Similar microstructural evolution behavior has also been found in other Zr-containing Al–Li
alloy rolled sheets [37,38]. In the study of Liu, more extensive and even CDRX was found,
while in the study of Tong, similar to this paper, the continuous dynamic recrystallization was
uneven and insufficient, which is obviously related to the degree of strain. Therefore, both
PSN and CDRX occurs during the SEF of 2195 Al–Li alloy.
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4.3. Textures Evolution during SEF Process

In Section 3.2, we demonstrated that the cube texture and deformation texture (copper,
Brass and S) gradually decreases during the SEF process. As shown in previous discussions,
the observed reduction of the cube texture is caused by the finely dispersed Al3Zr during
the SEF process (Figure 10c,d), which suppresses the recrystallization process.

PSN produces many recrystallized grains, which weakens the deformation texture [16].
However, it is interesting to note that the brass component, while showing the same decreas-
ing trend as other texture components, was reduced to a lesser extent as the SEF proceeds
(7% reduction in the second pass). This indicates that there might exist another competing
effect to the PSN-induced texture weakening, which would enhance the brass component.
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As previously demonstrated, a large amount of Al3Zr has been identified during the
whole SEF process; several studies reported that Al–Li alloys with high amounts of Al3Zr
all showed predominantly brass textures after rolling at different temperatures [39]; the
cause of the lesser reduction of brass component could be related to the Al3Zr particles,
which enhances the brass component. Liu [40] found that most recrystallized grains have
{110}-orientation at the central layer of hot-rolled Al–Cu–Mg–Ag alloy sheet, which has also
been observed in this work (as shown by the diffraction pattern in the Figure 10d), so the
Al3Zr-facilitated continuous dynamic recrystallization explains why the brass component
decreases at a lower rate than other components. Moreover, the above mechanism is also
responsible for the increase of the brass component in the solution treatment, which will be
discussed in the next section.

4.4. Textures Evolution during Solution Treatment

After the solution treatment, the brass texture sharply increases to about 23%, while
other texture components are mostly removed. During the solution treatment, recrystalliza-
tion barely occurs; this is evidenced by the similar Kernel Average Misorientation (KAM)
values between the SEF-40 (KAM = 12.17) and S (KAM = 12.14) samples (Figure 11) and is
consistent with the GOS data (Figure 4). In the previous discussion of the recrystallization
mechanism, we found that PSN and CDRX mechanisms are competitive mechanisms in
terms of their effects on texture evolution during the SEF process. The stored deformation
energy is basically consumed by continuous dynamic recrystallization, which suppresses
the driving force for PSN-led nucleation during solution treatment. As a result, the cube
texture which is related to the recrystallization does not increase during the solution treat-
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ment [41]. In such a matrix, recrystallization is difficult to occur; the preferential growth
of orientation determines the texture during solution treatment. As demonstrated before,
while the grains apparently grow after solution treatment, the substructures within grains
can still be observed, which suggests that the grain growth is governed by pre-existing
high-angle grain boundaries. This is caused by strain-induced boundary migration (SIBM),
where the difference of stored energy between both sides of the high-angle grain boundary
drives the boundary migration. The rapid growth of the brass texture is therefore attributed
to SIBM, which is reported to be facilitated by lamellar grain structure and the existence of
Al3Zr [42,43].
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5. Conclusions

This work studied the microstructural and texture evolution of spinning extrusion-
formed (SEFed) 2195 cylindric shell and draws the following conclusions:

1. After SEF-40, the as-rolled lamellar grains were broken up, and the fraction of re-
crystallized grains reached 20%. The material contains a combination of micron-
and nano-sized secondary-phase particles, the former (Al2Cu and T2 phase with
aggregated Mg and Ag particles) leads to PSN, and the latter (Al3Zr particles) caused
pinning of the grain boundary, which results in continuous dynamic recrystallization;

2. The deformation texture is gradually weakened by randomly oriented grains pro-
duced by PSN during SEF. The cube texture {001} <100 > decreases by 65%, the copper
texture {112} < 111 > decreases by 82%, and the S texture {123} < 634 > decreases by
60%. The brass texture {110} <112 >, however, decreases slower in the second pass;
this is due to the continuous dynamic recrystallization of {110}-orientation grains,
which enhances the brass texture;

3. After solution treatment, basically no recrystallization occurs because of the pinning
of Al3Zr. Except brass, the other deformation textures almost disappeared. The sharp
increase of brass texture is caused by SIBM.
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