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Abstract: The tubes of 7075 aluminum alloy were fabricated by power stagger spinning at 400 °C (HS) and room
temperature (RTS), and then the microstructure evolution and mechanical properties were investigated. Results show
that the grains after spinning are refined prominently, and the tubes after 60% and 70% thickness reduction (HS-60%
and HS-70%) are dominated by the deformed structure, while the recrystallized structure is dominant in the tube after
85% thickness reduction at 400 °C (HS-85%). Furthermore, a bimodal grain structure with a weak Cube texture is
obtained in the HS-85% sample due to the emergence of the dynamic recrystallization (DRX) and abnormal grain
growth. As the thickness reduction increases from 0% to 85% during spinning at 400 °C, the yield strength (YS) and
ultimate tensile strength (UTS) increase first and then decrease, while the elongation decreases first and then increases.
Compared with that of the HS-85% sample, the UTS and YS of RTS-85% sample are 613.5 and 567.9 MPa,
respectively, which are improved by 33.7% and 57.4%, while the elongation is only 7.3%.

Key words: 7075 aluminum alloy; power stagger spinning; microstructure evolution; bimodal grain structure; abnormal

grain growth; mechanical properties

1 Introduction

Tube spinning is an advanced and effective
plastic deformation process to produce hollow
rotary components, which belongs to one of the
near net-shape forming technologies [1,2]. In fact,
spinning forming technology can be treated as a
combination of rotary forming and plastic forming.
Combining the advantages of both, it has the
preponderance of high material utilization, fast
forming, good surface quality, high precision and
low consumption [3,4]. Therefore, the spinning
technology has been widely used in the aviation,
aerospace, weapons and automobile industries [5,6].
7075 aluminum alloy mainly composed of Al, Zn,

Mg and Cu elements, belongs to a kind of super
hard aluminum alloy of 7000 series and has the
advantages of light weight, high specific strength
and specific stiffness, good fracture toughness and
excellent molding performance [7—9], which makes
the tube made from 7075 aluminum alloy have a
great application prospect in the field of lightweight.
Therefore, it is necessary to investigate the
formability of 7075 alloy tube during spinning for
providing technical
processing.

At present, some research has been reported

supports of the plastic

on the spinning forming of 7075 aluminum alloys.
ZHANG et al [10] investigated the effects of the
process parameters on elongation during hot power
backward spinning for 7075 cast aluminium alloy
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tube combined with the FE analysis. They reported
that the elongation of the spun tube increased
gradually with the increase of preheating
temperature and roller fillets radius, while sharply
decreased and then tended to a stable value with the
increase of the roller feed rate. ZHANG et al [11]
also researched the evolution regularity of
temperature field of 7075 alloy tube during
spinning. They claimed that the high temperature
region was transferred from unformed zone of the
tube to the contact area between spinning roller and
tube, and in the spinning zone, the temperature of
internal surface of the tube was apparently higher
than that of the outer face. MOLLADAVOUDI and
DJAVANROODI [12] investigated the effects of the
thickness reduction on mechanical properties and
spinning accuracy of 7075 alloy tubes during flow
forming. They claimed that with increment of
thickness reduction, the yield strength, ultimate
strength, surface hardness, and crystal refining
increased, while it had adverse effects on diameter
growth, geometrical accuracy, surface roughness,
and elongation of spun tube. It is well known that
the microstructure essentially determines the
mechanical properties of materials [13]. However,
been reported on the
microstructure evolution of 7075 alloy tubes during
spinning process. Therefore, it is necessary to
systematically study the microstructure evolution
and further investigate the variation of mechanical
properties during spinning, which is of great
research significance.

In this work, the 7075 aluminum alloy tubes
were fabricated by tube spinning technology, i.c.,
power stagger spinning. The evolution of
microstructure and the mechanical properties of
7075 aluminium alloy tubes during spinning were
revealed, and the strengthening mechanisms were
analyzed. This work provides a theoretical basis for
the preparation of thin-wall 7075 aluminum alloy
tube with controllable structure and performance.

much research has

2 Experimental

2.1 Materials and spinning process

In this study, the hot extruded bars of 7075
aluminum alloy with a diameter of 44 mm were
used as the as-received material. The chemical
composition of 7075 alloy is shown in Table 1. The
microstructure of the as-received material is

presented in Fig. 1. As shown, the as-received
material has a typical extruded structure and is
composed of fine equiaxed grains and coarse
elongated grains, and the average grain size is
25.4 pm.

The hot extruded bars were machined into tube
billets with one end closed by subsequent machine
work and the size is shown in Fig. 2(a). Then, the
tube billets were processed by three-roller power
stagger forward spinning at 400 °C and room
temperature. The samples were spun with various
thickness reductions of 60%, 70% and 85% at
400 °C (hereafter labeled HS-60%, HS-70% and
HS-85%, respectively), and the sample was spun at
room temperature with 85% thickness reduction
(hereafter labeled RTS-85%). The spinning
assembly diagram of the fabricated 7075 alloy tubes
is shown in Fig. 2(b). The rotating speed of the
mandrel was 160 r/min and the feed rate of the
rollers was 1 mm/r. In addition, before the spinning
at 400 °C, the tube blanks were heated at 400 °C for
10 min, and the preheating temperature of the

mandrel was 200°C. The specific process
parameters during spinning are presented in
Table 2.

Table 1 Chemical composition of 7075 alloy (wt.%)
Cu Mg Zn Fe Si Mn Cr Al
20 25 56 05 04 03 02 Rest
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Fig. 2 Machined tube billet size (a) and spinning assembly diagram of fabricated 7075 alloy tubes (b)
Table 2 Process parameters during spinning
Sample Total thickness Temperature/ Total pass Initial wall Final wall
P reduction/% °C P thickness/mm thickness/mm
HS-60% 60 400 One pass 5 2
HS-70% 70 400 Two pass 5 1.5
HS-85% 85 400 Three pass 5 0.75
RTS-85% 85 Room temperature Two pass 5 0.75

2.2 Microstructure and mechanical property
analysis

The RD, AD and TD stand for radial/thickness
direction, axial direction and tangential direction,
respectively. The metallographic specimen of the
as-received tube was cut parallel to the TD—RD
plane (cross section) of the tube. The specimen was
ground, mechanically polished and etched with a
Keller solution for 10-20s, and then the
microstructure was characterized by optical
microscope (OM). The detailed microstructure,
grain orientation and texture evolution on AD—RD
plane (longitudinal section) during spinning were
investigated by scanning electron microscopy (SEM)
equipped with an electron backscatter diffraction
(EBSD, Oxford Instruments) system and
transmission electron microscopy (TEM). The test
planes of the EBSD specimens and TEM specimens
were parallel to the AD—RD plane of the 7075 alloy
tubes, as shown in Fig. 3. The EBSD specimens
were electrochemical polished with a mixed
solution of 10% HClO4 and 90% ethanol for 35 s.
The voltage and electric current in electrochemical
polishing were 20 V and 0.3 A, respectively. The
TEM samples were firstly mechanically ground to
about 50 pm in thickness, and then perforated by
ion milling under the angle of 3° with an ion
accelerating voltage of 3 kV. The specimens for
tensile test were cut along the AD and tested at

room temperature using a displacement rate of
0.2 mm/min on a universal testing machine. The
location and size of tensile specimens are shown in
Fig. 3. After the tensile test, the fracture surfaces of
the specimens were investigated by SEM.

/Inside layer _

Outsiae layer

(Unit: mm)

Fig. 3 Sampling location of EBSD and TEM samples,
and sampling location and size of tensile specimen

3 Results and discussion

3.1 Microstructure evolution of 7075 alloy tubes
during spinning at 400 °C

Figure 4 shows the EBSD measurements of the

tubes in the AD—RD plane with different thickness
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Fig. 4 Inverse pole figure (IPF) maps (ai, bi, ci1, di), grain boundary maps (az, by, ¢», d2), and misorientation angle
frequency histograms (a3, bs, c3, d3) of 7075 alloy with different reductions at 400 °C: (a) HS-60% (inside);

(b) HS-60% (outside); (c) HS-70%; (d) HS-85%

reductions after spinning at 400 °C. Different color
contrasts in the IPF mapped in Fig. 4 correspond to
different grain orientations. As presented in
Fig. 4(a1), the grains on the inside layer of tube after
60% thickness reduction are significantly elongated
along the AD and the width/height ratio of the
grains increases, and the average grains size (dave)
is 4.05 pm, which is prominently refined compared
with the as-received grains due to the severe plastic
deformation. However, as shown in Fig. 4(b1),
compared with that on the inside layer, the grains

on the outside layer are distinctly more fragmentary
and finer, and the daye is 2.92 um. This suggests the
uneven deformation along the RD of the tube after
60% thickness reduction due to the fact that the
shear strain does not evenly run through the full
wall thickness. With further increasing the thickness
reduction to 70%, as expected, the grains are finer
and the dave is 2.27 um, as indicated in Fig. 4(c1).
Nevertheless, with increasing the thickness
reduction to 85%, a bimodal grain structure with the
dave of 3.01 um occurs in the microstructure, and
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the maximum grain size approaches 21 um and the
size of fine grains is mainly concentrated at about
1.5 um. YU et al [14] associated a dmax/dave of more
than 3 with the appearance of abnormal grain
growth, where dmax is the average size of the largest
2% grains and dav. is the average grain size. Based
on the microstructure illustrated in Fig. 4(d:), the
ratio is about 5.2 for the HS-85% sample. The result
indicates that an abnormal grain growth may take
place during the three-pass spinning with 85%
thickness reduction at 400 °C, resulting in the
increase of the daye.

The grain boundary maps in Fig. 4 show that
the black and green lines indicate the location of
high angle grain boundaries (HAGBs, 15°—65°) and
low angle grain boundaries (LAGBs, 2°—15°),
respectively. As seen from Figs. 4(az, by) and
(as, b3), the LAGBs mainly distribute in the interior
of the coarse grains after 60% thickness reduction,
and the HAGBs with the number fraction of 46.7%
on the outside layer are more than 35.3% that on the
inside layer, which may be attributed to the fact that
the grains on the outside layer fragment into many
smaller grains due to the greater plastic deformation.
As shown in Fig. 4(c3), compared with that of the
HS-60%(outside) sample, the number fraction of
LAGBs of HS-70% sample increases slightly,
which may be due to the more accumulation of
dislocation and formation of subgrains [15]. It is
noteworthy that when the thickness reduction is up
to 85%, the LAGBs mainly distribute in the fine
grain interior, and the fraction of LAGBs decreases
to 15.5% and the fraction of HAGBs significantly
increases to 84.5%, as presented in Figs. 4(d») and
(d3). This may be considered to be concerned with
the emergence of the dynamic recovery (DRV) and
dynamic recrystallization (DRX) during spinning at
400 °C.

Figure 5 shows the pole figures of 7075 alloy
tubes at different thickness reductions at 400 °C,
and the corresponding texture component is marked
in the {111} pole figure according to Refs. [16,17].
As shown in Figs. 5(a) and (b), the maximum
texture intensity of the HS-60% sample on the
inside and outside layers are found to be 8.68 and
6.80, respectively, and the HS-60% sample exhibits
the strong so-called p-fiber texture components
containing the S{123}(634) texture and Brass
{110}(112) texture. As indicated in Fig. 5(c), after
70% thickness reduction, the maximum texture

intensity drops to 4.94, and a weak S texture exists
in the microstructure. With increasing the thickness
reduction to 85%, the maximum texture intensity
increases slightly to 5.63, and the deformation
texture of S texture and Brass texture almost
disappears and is replaced by newly generated
Cube {100}¢010) texture. Furthermore, the
direction of the texture on the {100} crystal face is
distributed obviously in the YO direction, as shown
in Fig. 5(d).

The recrystallized, substructured and deformed
microstructures of the 7075 alloy tubes with
different thickness reductions are presented in
Fig. 6. The quantitative analysis of deformed,
substructured and recrystallized structures is shown
in Fig. 7. As shown in Figs. 6(a) and (b), after 60%
thickness reduction, the deformed grains are
dominant in the microstructure and the fractions on
the inside layer and outside layer are 83% and 79%,
respectively. This implies the emergence of
numerous dislocation multiplication and
entanglement, which results in the high fraction of
LAGBs and the occurrence of the deformation
texture. The similar phenomenon can be observed at
HS-70% sample from Fig. 6(c) and the deformed
grains account for 90%. Nevertheless, with
increasing the thickness reduction to 85%, the
deformed grains descend obviously, and the
recrystallized grains ascend remarkably accounting
for about 74%. This suggests the emergence of a
dynamic recrystallization (DRX), which leads to the
increase of HAGBs (Fig. 4(d3)). Moreover, the fine
grains are composed of numerous deformed and
substructured grains and some recrystallized grains,
while the coarse grains mainly consist of the
recrystallized grains. This means that different
mechanisms in the formation of the fine grains and
coarse grains are involved. It is well believed
that high deformation temperature can accelerate
the DRV and activate the DRX in aluminium
alloys [18]. The DRV and DRX occur easily in
the aluminium with high stack energy (SE),
which can promote the climb and cross slip of
dislocations [19,20]. And the large shear strain can
increase the stored energy, which provides a higher
driving force for the recrystallization and the grain
growth [21-23]. Therefore, the main reason to form
the fine grains in the sample of HS-85% is due to
the combined effect of DRV and DRX, while the
formation of the coarse grains can be attributed to
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Fig. 5 Poles figures of 7075 alloy tubes with different thickness reductions at 400 °C: (a) HS-60% (inside); (b) HS-60%

(outside); (c) HS-70%; (d) HS-85%

the abnormal grain growth of the related grain
boundary migration during DRX. LI et al [24]
indicated that under the high temperature and high
strain, the grain boundaries of some grains may
move towards other grains around them, and the
merging of grains completes this specific process of
grain growth. In this work, the driving force of the
formation of coarse grains is the high temperature

of 400 °C and the large spinning deformation of
85%. Moreover, the sample of HS-85% undergoes
the deformation of three passes at 400 °C. The three
passes mean that the heat input of the HS-85%
sample is higher than that of other samples due to
the longer heating time, which may be another
cause for the formation of coarse grains. And
the DRX and the abnormal growth of grains are the
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Fig. 6 Recrystallized, substructured and deformed microstructures of 7075 alloy tubes with different thickness
reductions: (a) HS-60% (inside); (b) HS-60% (outside); (c) HS-70%; (d) HS-85%
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Fig. 7 Recrystallized, substructured and deformed
frequency of 7075 alloy tubes with different thickness
reductions

main cause of the occurrence of the Cube texture
and the drop of the deformation texture components
(Fig. 5(d)) [25].

Figure 8 displays the measured kernel average
misorientation (KAM) maps of the 7075 alloy
tubes under different thickness reductions. The
KAM can be used to analyze the local strain
distribution [26,27]. And the color scale illustrates
the local misorientation degree, which directly

represents the internal strain at individual measured
points [28]. Meanwhile, local crystal orientations
can be measured to study the geometrically
necessary dislocations (GND) evolution [29]. At
60% thickness reduction, the sample of HS-60%
exhibits an outstanding local stain distribution and
the average KAM angles on the inside and outside
layers are 1.30 and 1.24, respectively, which
suggests the high internal strain energy and
dislocation density after 60% thickness reduction,
as shown in Figs. 8(a) and (b). Moreover, a
noteworthy large KAM angle can be found in the
vicinity of the grain boundaries, which may be due
to the fact that a large number of dislocations pile
up near grain boundaries. With further increasing
the thickness reduction to 70%, the average KAM
value of HS-70% sample is 1.52, indicating the
higher internal strain energy and severer dislocation
pile-up. As presented in Fig. 8(d), after 85%
thickness reduction, the internal strain energy and
dislocation density are obviously lower due to the
occurrence of DRX, and the HS-85% sample
possesses the lowest average KAM value of 0.55.
Furthermore, the local strain is mainly concentrated
in the fine grains due to the incomplete DRX.
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Fig. 8 KAM maps measured in 7075 alloy tube under different passes at 400 °C: (a) HS-60% (inside); (b) HS-60%
(outside); (c) HS-70%; (d) HS-85%

The schematic diagram illuminating the are elongated, and numerous dislocation
mechanism of grain refinement and grain abnormal multiplication occurs inside deformed grains, as
growth during spinning at 400 °C is presented in shown in Fig. 9(b). As presented in Fig. 9(c),
Fig. 9. After small spinning deformation, the grains with the increase of the spinning deformation, the
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dislocations can be rearranged into the LAGBs,
and subsequently into the dislocation cells in order
to minimize the strain energy and form cell
boundaries [30,31]. With further increasing the
spinning deformation, under the high temperature
and high plastic strain, not only more dislocations
generate and are absorbed by the LAGBSs, but also
the dislocation cells start to rotate, so that the
misorientation angle between them increases
and some of LAGBs transform to HAGBs via
constantly consuming the dislocations [32—34],
which results in the grain refinement and increase
of HAGBs, as illustrated in Fig. 9(d). The LAGBs
possess lower energy and mobility, while the grains
with HAGBs could grow abnormally due to their
higher energy and mobility [35]. As a consequence,
the increase of the fraction of HAGBs stimulates
the abnormal grain growth, which results in the
emergence of a bimodal grain structure, as
presented in Fig. 9(e).

3.2 Mechanical properties of 7075 alloy tubes

during spinning at 400 °C

Figure 10 displays the mechanical properties
of the 7075 aluminum alloy tubes with different
thickness reductions, and the corresponding yield
strength (YS), ultimate tensile strength (UTS) and
elongation are shown in Table 2. As shown, with
the increase of thickness reduction, the YS and UTS
increase first and then decrease, while the
elongation decreases first and then increases. It is
well known that the grain refinement can improve
both the strength and plasticity of the material,

500
400
£ 300t
=
2 .
% 200 | As-received
—o— HS-60%
HS-70%
100 —o— HS-85%

0 3 6 9 12 15 18 21
Strain/%

Fig. 10 Tensile stress—strain curves of 7075 aluminum

alloy tubes with different thickness reductions

Table 2 Tensile properties of 7075 alloy tubes under
different thickness reductions at 400 °C

Sample YS/MPa UTS/MPa  Elongation/%
As-received ~ 293.8 403.7 19.6
HS-60% 3243 433.7 18.5
HS-70% 365.0 468.8 14.0
HS-85% 360.7 458.9 15.9

while the high density dislocation pile-up is
conducive to the strength but is detrimental to the
ductility. Therefore, as the thickness reduction
increases from 0% to 70%, the increase of the YS
and UTS and the decrease of elongation of 7075
alloy tube are mainly attributed to the synergistic
effect of the grain refinement and work hardening,
and the maximum YS of 365.0 MPa and UTS of
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468.8 MPa and the minimum elongation of 14.0%
are obtained after 70% thickness reduction.
Moreover, the strong shear deformation can reduce
the pore defect during the plastic deformation and
improve the compactness [36]. Hence, after 60%
thickness reduction, the slight decrease of the
elongation may be closely related to the grain
refinement and the improvement of compactness,
while the obvious decrease of elongation after 70%
thickness reduction is attributed to the severe
pile-up of dislocations. The DRV and DRX can
cause the reduction of work hardening via
promoting the rearrangement and annihilation of
dislocations, and the HS-85% sample possesses
the high fraction of recrystallized grains. As a
consequence, as the spinning deformation increases
from 70% to 85%, the decrease of YS and UTS is
mainly due to the fact that the effect of the DRX is
higher than that of the working hardening. In
addition, HE et al [37] illustrated that as the coarse
grain domain in the bimodal structure had lower
yield stress and larger failure strain, it can resist
rapid propagation of the crack to enhance the
overall ductility of the alloy. And GUO et al [38]
and ZHANG et al [39] illustrated that the bimodal
grain structure can cause an increase of formability,

and in such a microstructure, with the increase of
applied stress, coarse grains deformed first due to
the lower yield stress, and fine grains deformed
later. Therefore, the increase of elongation of the
HS-85% sample is mainly attributed to the
formation of bimodal grains and the weakening of
work hardening.

Figure 11 presents the fracture morphologies
of the 7075 alloy tubes under different thickness
reductions. As shown in Figs. 11(c-h), after
spinning, the sizes of dimples are obviously smaller,
which is mainly attributed to the refinement of
grains caused by severe plastic deformation, and
numerous small equiaxed dimples on the fracture
faces indicate that the main fracture mechanism
belongs to the dimple-induced transgranular
fracture. In addition, many shear dimples (marked
by red arrows) could be found in the local area of
Figs. 11(e) and (f), which is attributed to the strong
stress concentration due to the high dislocation
density after 70% thickness reduction, so the
ductility of the HS-70% sample exhibits an obvious
decrease. This indicates that in addition to the
dimple-induced transgranular fracture, the quasi-
cleavage fracture is also the fracture mechanism of
the HS-70% sample.

Fig. 11 SEM fracture surfaces of 7075 alloy tubes under different thickness reductions: (a, b) As-received;

(¢, d) HS-60%; (e, f) HS-70%; (g, h) HS-85%
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In order to understand the effect of
microstructure on the evolution of mechanical
properties and fracture mechanism during spinning
at 400 °C in more detail, the further explanations
are given below. By 60% spinning deformation, the
grain size descends from 25.6 pm to 2.92—4.05 pm
(Figs. 4(a;) and (b1)). Grain refinement can
contribute to the improvement of mechanical
properties according to the Hall-Petch effect [40].
Furthermore, the obvious local strain distribution
(see Figs. 8(a) and (b)) due to the accumulation of
dislocations in HS-60% sample indicates a strong
working hardening. As a result, the combined effect
of the grain refinement and working hardening
improves the YS and UTS of HS-60% sample.
However, as the damage of the working hardening
to elongation is greater than the contribution of the
grain refinement, the elongation of HS-60% sample
shows a slight decrease, and the dimples become
shallow on the fracture surface and the fracture
mechanism is the dimple-induced transgranular
fracture. With further spinning to 70%, the grain
size (Fig. 4(c1)) is slightly reduced compared to the
HS-60% sample, while the working hardening is
more significant (Fig. 8(c)). This leads to the fact
that the elongation descends and the strength
ascends obviously, and the maximum YS and UTS
and the minimum elongation are obtained during
spinning at 400 °C. And the fracture mechanism is a
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mixture of the dimple-induced transgranular
fracture and quasi-cleavage fracture (Figs. 11(e) and
(). As the thickness reduction increases from 70%
to 85%, the dislocation density (Fig. 8(d)) decreases
and the mean grain size (Fig.4(di)) increases
slightly from 2.27 to 3.01 um due to the occurrence
of the dynamic recrystallization (DRX) and the
abnormal grain growth, which results in the
decrease of the YS and UTS and the increase of
elongation of HS-85% sample. In addition, the
bimodal grain structure in the HS-85% also
contributes to the improvement of elongation due to
the fact that the coarse grain can resist rapid
propagation of the crack. Hence, the elongation of
HS-85% increases from 14.0% to 15.9%. The mean
size of dimples on the fracture surface of HS-85%
sample shows a slight increase due to the abnormal
grain growth, and the fracture mechanism is mainly
dimple-induced transgranular fracture (Figs. 11(g)
and (h)). Furthermore, the maximum texture density
and its variation are small during spinning at 400 °C,
so the effect of texture on mechanical properties
may be weak.

3.3 Effect of room-temperature spinning on
microstructure and mechanical properties
of 7075 alloy tube
Figure 12 presents the EBSD results of the

7075 alloy tube after 85% thickness reduction at

(b)

= RTS-85%
Average grain
size: 3.51 um

2 4 6 8 10
Grain diameter/um

Exp. densities:
Min=0.13

LN NCSEE

12 14

Fig. 12 EBSD results of 7075 alloy tube after 85% spinning deformation at room temperature: (a) Inverse pole figure

map; (b) Grain diameter; (c) Pole intensity figure
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room temperature. As shown in Figs. 12(a) and (b),
after 85% thickness reduction at room temperature,
the grains of RTS-85% sample are fragmented
distinctly and the average grain size (dav) is
3.51 um due to the severe plastic deformation. And
based on Fig. 12(b), the ratio of dmax/dave 1s about
2.9. Compared with the sample of HS-85%, the dave
of the RTS-85% sample is slightly larger but the
grain uniformity is higher. Moreover, as presented
in Fig. 12(c), the RTS-85% sample shows a weak
texture, and the maximum texture intensity is 3.13.
Figure 13 shows the TEM micrographs of the
samples after 85% thickness reduction at room
temperature and 400 °C, and the difference is
distinct. As presented in Fig. 13(a), the dislocation
density of the RTS-85% sample is very high, and a
large number of dislocation pile-ups such as
microbands (MBs) and cell blocks (CBs) are
observed in the RTS-85% sample, which indicates
the emergence of a strengthened work hardening.
And the dislocation distribution is inhomogeneous
after the room-temperature spinning due to the

(c, d) HS-85%
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plastic strain localization. In addition, some
elongated subgrains with relatively high intra-
granular dislocation density can be found in the
microstructure, as shown in Fig. 13(b). This is
attributed to the fact that the high stacking fault
energy (SFE) in aluminum alloys and the large
shear deformation can promote the dislocation
alignment into LAGBs and thus the formation of
the subgrains [20,21,41]. However, after spinning at
400 °C, the dislocation density of the HS-85%
sample is significantly low and the dislocation
tangles are rare, as shown in Figs. 13(c, d). And
numerous sub-grains with defined grain boundaries
and recrystallized grains can be found in the
microstructure. This is attributed to the fact that the
high deformation temperature can facilitate the slip
and cross slip of dislocations and further stimulate
the occurrence of DRV and DRX. The electron
diffraction pattern in Fig. 13(d) shows that the
recrystallized grain orientations are parallel to the
[110] zone axis, showing its corresponding Al
diffraction pattern.

(b)‘

: 0 (()om

(17)

[110]Al
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Figure 14 illustrates the engineering stress—
strain curves of the 7075 alloy tube after 85%
thickness reduction at RT and 400 °C. And the data
for yield strength (YS), ultimate tensile strength
(UTS) and elongation are summarized in Fig. 14.
The YS, UTS and elongation of the 7075 alloy tube
with 85% thickness reduction at 400 °C are
360.7 MPa, 458.7 MPa and 15.9%, respectively.
And the YS, UTS and elongation of the RTS-85%
sample after 85% thickness reduction at room
temperature are 567.9 MPa, 613.5 MPa and 7.3%,
respectively. The YS and UTS of RTS-85% sample
are significantly higher than those of HS-85%
sample, which are improved by 57.4% and 33.7%,
respectively. However, the elongation of the
RTS-85% sample is only 7.3%, which is lower than
that of the HS-85%. On the microscopic scale, the
work hardening behavior of crystalline materials is
controlled by the dislocation multiplication, the
dislocation tangle and the interaction between
dislocations [13]. In addition, the high dislocation
density could internal  stress
concentration, which results in the low elongation.
Consequently, the higher YS and UTS and lower
elongation of the RTS-85% sample are mainly due
to the stronger work hardening (Fig. 13(a)). The
fracture morphologies of the RTS-85% and
HS-85% are presented in Fig. 15. Compared with
that of the HS-85% sample, the dimples of the
RTS-85% sample are shallower, and the cleavage
facets (marked by red arrows) and the smooth
regions (marked with red square frames) can be
found on the fracture surface (Figs. 15(a, b)), which
indicates the low ductility, and the brittle fracture is
the main fracture mechanism.

cause  Scvere

660
600 —o— HS-85%
540 - —#— RTS-85%
480

£420+

2360

$300+

2401
180 Samle ~ YS/MPa UTS/MPa Elongation/%
120 - HS-85% 3607  458.7 159

60 RTS-85% 5679 6135 73
072 4 6 8 10 12 14 16 18
Strain/%

Fig. 14 Engineering stress—strain curves at RT and
400 °C after 85% thickness reduction

In addition, the obvious difference of the
mechanical properties between RTS-85% and
HS-85% will be further explained below. 7075 alloy
belongs to a typical high strength aluminum alloy
of 7000 series, which is difficult to be formed at
room temperature due to the low metal liquidity and
high strength [42]. Furthermore, the RTS-85%
sample underwent 85% thickness reduction with
two passes at room temperature, indicating a large
single-pass spinning deformation, resulting in the
more difficult deformation. Therefore, during
room-temperature spinning, the low formability of
the 7075 alloy and large single-pass spinning
deformation not only cause a large number of
dislocation multiplication and entanglement to
produce macroscopic plastic deformation, but also
result in a uneven internal deformation of the
material due to the strain localization. Ultimately,
this gives rise to the high dislocation density and

Fig. 15 SEM fracture surfaces of 7075 alloy tubes after 85% thickness reductions at room temperature (a, b) and at

400 °C (c, d)
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the inhomogeneous distribution of dislocations in
the microstructure of the RTS-85% sample (see
Fig. 13(a)), which brings about a significant
working hardening and stress concentration. This
can be verified by the emergence of the shallow
dimples, the cleavage facets and the smooth regions
resulting from the severe stress concentration on the
tensile fracture in Figs. 15(a) and (b) during tensile
deformation. However, during spinning at 400 °C,
the high temperature can improve the plasticity of
materials and increase the fluidity of the 7075 alloy.
And LU et al [43] illustrated that under uniaxial
tensile tests at 400 °C, the maximum flow stresses
of 7075-T6 aluminum alloy at strain rates of 0.1
! are about 70 and 90 MPa, respectively.
This indicates that the deformation resistance is
very low and the dislocation movement becomes
easy during spinning at 400 °C. Furthermore,
during the three-pass spinning process, the spinning
deformation per pass of the HS-85% sample is
small. Therefore, the high deformation temperature
and small single-pass spinning deformation cause
more uniform deformation and less dislocation
pile-up. And during spinning at 400 °C, the
occurrence of dynamic recovery (DRV) and
dynamic recrystallization (DRX) would further
reduce the dislocation density through the
formation of subgrains and recrystallized grains, as
shown in Fig. 6(d), Fig.8(d) and Figs. 13(c, d).
Hence, the working hardening of the HS-85%
sample is weaker distinctly than that of the
RTS-85% sample, and there are more dimples on
the fracture surface (Figs. 15(c) and (d)) due to the
lower stress concentration. As a result, the above
reasons result in the significant difference in
mechanical properties between HS-85% and
RTS-85% samples.

and 1s”

4 Conclusions

(1) After spinning, the grains are refined
distinctly, and in the HS-60% and HS-70% samples,
the deformed structure is dominant, while the
recrystallized structure is dominant in the
microstructure of HS-85% sample. Additionally, a
bimodal grain structure with a weak Cube texture is
obtained in the HS-85% sample due to the
emergence of dynamic recrystallization (DRX) and
abnormal grain growth.

(2) As the thickness reduction increases from

0% to 70% at 400 °C, the increase of the UTS and
YS and the decrease of elongation are due to the
combined effect of the grain refinement and work
hardening, and the maximum UTS (468.8 MPa) and
YS (365.0 MPa) and the minimum elongation
(14.0%) are obtained during spinning at 400 °C.

(3) With the increase of thickness reduction
from 70% to 85% at 400 °C, the decrease of the
UTS and YS is mainly attributed to the reduction of
dislocation density, and the increase of elongation is
mainly due to the formation of bimodal grains and
the weakening of work hardening.

(4) Compared with that of the HS-85% sample,
the UTS and YS of RTS-85% sample are 613.5 and
567.9 MPa, respectively, which are improved by
33.7% and 57.4% due to the stronger work
hardening, while the elongation is only 7.3%.
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