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Abstract
Grain size gradient materials are a type of new structural material with the advantages of both coarse
and �ne grains. To study the effect of normal gradient grain on the mechanical properties and
microstructure of aluminum alloy tube during hydroforming, the normal gradient grain distribution of the
outer �ne and inner coarse grains was obtained using spinning and annealing methods, and the biaxial
stress was acquired using hydraulic bulging experiments. The thickness of the outer re�ned area was
105, 470, and 570 μm, respectively, where the grain size was re�ned to within 50 μm. Under biaxial stress,
the tensile strength of the tube was 79, 89, and 106 MPa, the maximum expansion rates were 18%, 17%,
and 10%, and the work-hardening indexes were 0.19, 0.20, and 0.17, respectively. The gradient grain tube
with a re�ned thickness of 470 μm exhibited both strength and plasticity and was suitable for the
hydroforming of aluminum alloy tubular parts. With increasing re�ned grain area, the density of the low
angular grain boundary increased and make the chance of stitching dislocation increased in the process
of intracranular deformation. However, the increase in the re�ned region weakened the deformation
coordination, leading to a decrease in plasticity.

1. Introduction
To reduce the energy consumption of vehicles and realize resource conservation and the more e�cient
use of energy, there is an urgent need for lightweight structural parts in the aerospace and automotive
�elds. Hydroformed aluminum alloy tube parts can simultaneously meet the needs of lightweight and
structurally lightweight aerospace parts[1][2], often used in densely arranged and complex-shaped tubes
in aircraft or rocket power systems[3][4]. However, aluminum alloys often have “surface orange peel”
defects during hydroforming. This defect is because of the fact that the surface grains of the aluminum
alloy exceed a certain size, with macroscopic surface roughening occurring after plastic deformation,
which not only affects the appearance of the component, but also affects its performance[5], such as its
weldability and fatigability[6].

Gradient grain structure materials can solve these problems[7][8]. The surface roughness is linearly
related to the surface grain size when aluminum alloy is subjected to plastic deformation[9][10]. The
surface layer of the gradient grain structure has a �ne-grained structure, so it has exhibits better plastic
deformation ability and deformation uniformity than that of a coarse-grained structure. Moreover, it
exhibits better surface properties[11], and “surface orange peel” defects can be successfully avoided. The
structure—other than the surface layer of the gradient structure material—maintains the initial coarse-
grained structure. This combination of grain gradients may result in the overall material having higher
strength and better plasticity[12]. Because of the existence of a strain gradient in the microstructure and
changes in stress state from geometrical dislocations in it, the generation of dislocations and their
incoordination with each other produce additional deformation hardening[13][14], and its yield strength is
much higher than the sum of individual gradient layers[15][16]. This mechanical incompatibility also
produces a high reverse stress, which helps to improve strength and ductility[17].
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The normal gradient grain tube is applied to hydroforming, although a gradient grain tube with �ne
surface grain can signi�cantly improve the surface performance of the tube[18]. However, changes in the
mechanical properties depend on the gradient grain distribution and force state. The stress state of the
tube during hydroforming is complicated, as most areas are in a biaxial stress state. Conventional tube
mechanical property test methods—such as uniaxial tensile or circumferential tensile tests—can only
reveal the mechanical properties of the tube in the axial or circumferential directions but cannot show the
comprehensive mechanical properties of the tube during hydroforming. Consequently, the tube bulging
test method, which involves passing a high-pressure liquid into the tube to make the tube bulge under the
action of biaxial stress, is used. The obtained stress–strain relationship directly describes the
hydroforming ability of the tube; thus, the tube bulging test method has gradually become an in-depth
research topic[19][20].

This study examined the effect of normal grain gradient distribution on tube bulging performance and
microstructure evolution. First, aluminum alloy tubes with normal gradient grains were obtained by
spinning heat treatment, and the mechanical properties of the biaxial stress state were measured using a
hydraulic bulging test. The effect of the normal gradient grain on the mechanical properties under biaxial
stress was studied, and the microscopic evolution of the normal grain gradient structure under the biaxial
stress state was revealed. The �ndings afford a theoretical basis for the application of aluminum alloy
tubes in the hydroforming of tubular parts in the aerospace �eld.

2. Experimental Procedure

2.1 Materials and Bulging Process
The initial material was a 6063-T4 aluminum alloy extruded tube, with an outer diameter of 78 mm and a
wall thickness of 3.5 mm. Fig. 1 shows the experimental procedure. Fig. 1(a) shows the spinning
diagram, where a large plastic deformation was carried out on the outer surface of the tube through a
double roller horizontal spinning machine at 25 ℃. The wall thickness of each pass was reduced by 0.25
mm, and after four rounds of thinning the actual outer diameter of the �nal tube was 76 mm, the actual
wall thickness was 2.5 mm, and the spinning thinning amount was 28.57%. Fig. 1(b) shows a schematic
diagram of the annealing process. The axial direction of the tube is denoted as AD, the transverse
direction as TD, and the normal direction as ND. To obtain tubes with normal gradient grains of outer �ne
and inner coarse grains along the thick direction, the spinning tubes were annealed at 350, 400, and 450
°C, respectively. The annealing time was 1 h. The tubes were taken out of the furnace, cooled to 260 °C,
and then air-cooled. Fig. 1(c) shows a diagram of the tube bulging process. The two ends of the tube
were �xed using an annular �xing block, the tube was sealed with a rigid punch, and a high-pressure �uid
was passed through to cause the tube to bulge until it burst.

During the bulging process, the instantaneous internal pressure p and the bulging height h were
measured using a sensor, and the equivalent stress–strain curve of the tube bulging could be obtained
(by measuring the wall thickness t0 and tp before and after bulging) [13][14]. The yield strength, tensile
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strength, expansion, K value, and n value of the tube could be obtained from the stress–strain curve of
the tube bulging process. We set the length-diameter ratio L/D of the bulged length to be 1.5, and
calculated the length L of the bulged length to be 117 mm.

2.2 Microstructural Characterization
The microstructure was acquired by electron backscatter diffraction (EBSD) using a Quanta 200 FEG
operated at 20 KV with a 5.5 μm step size. Specimens for EBSD analysis were prepared by mechanical
grinding and electropolishing in an electrolyte containing 20% perchloric acid in alcohol at a temperature
of approximately −20 °C and a voltage of 25 V for 50 s.

3. Results And Discussion

3.1 Microstructure Characteristics of Tube with Gradient
Grain
Fig. 2 shows the transverse microstructure grain size distribution of the tube. Figs. 2(a)–(c) show the
microstructures of the spinning tube after annealing and holding at 450, 400, and 350 °C, respectively, for
1 h, in the annealed state. Fig. 2(d) shows the initial thickness of the 6063-T4 aluminum alloy tube
microstructure. The grain size distribution of the initial tube microstructure was relatively uniform, and the
microstructure of the spin-annealed tube exhibited a gradient distribution. Thus, the grains closer to the
outer surface of the tube are thinner, whereas the sizes of those closer to the inner surface of the tube are
comparable to the initial tube size.

Fig. 2(e) shows the grain size distribution of the initial tube and the gradient grain tube along the
thickness direction. The grain size of the initial tube along the normal direction was between 50–110 μm,
and the distribution was relatively uniform; the zone with a thickness grain size less than the initial
thickness grain size minimum value of 50 μm is considered to be the re�ning zone. When annealed at
450 °C for 1 h, the grain size near the outer surface of the tube was approximately 40 μm. The �ne grain
region was 105 μm from the surface to the outer surface. The grain size beyond 500 μm near the outer
surface exceeded the grain size of the initial tube. Abnormal grain growth may have occurred because of
the high annealing temperature or long holding time. The grain size of the tube annealed at 400 °C for 1 h
was approximately 25 μm from the outer surface. The �ne grain region was from the surface to 470 μm
from the outer surface, and the grain size was similar to that of the initial tube beyond 500 μm from the
outer surface. The grain size of the tube annealed at 350 °C for 1 h was approximately 20 μm from the
outer surface. The �ne grain region was from the surface to 570 μm from the outer surface, and the grain
size was similar to that of the initial tube beyond 760 μm from the outer surface. Therefore, the spinning
tubes were annealed at 400 and 350 °C, and the grain size was re�ned to 50 μm with a �ne thickness of
470 μm and 570 μm, respectively.
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3.2 Mechanical Properties Under Biaxial Stress
Bulging experiments on three types of normal gradient grain tubes were carried out, and the true stress–
strain curves and mechanical properties were obtained under the biaxial stress state. Fig. 3(a) shows an
image after the bulging of the normal gradient grain tube. The maximum expansion rate of the bulging
tube was measured—the gradient grain tube with a re�ned thickness of 105 μm had the largest expansion
rate of 18%; the gradient grain tube with a re�ned thickness of 470 μm had an expansion rate of 17%; and
the gradient grain tube with a re�ned thickness of 570 μm has the smallest maximum expansion rate of
10%. The larger the re�nement thickness of the gradient grain tube, the poorer is the plasticity and the
lower is the expansion rate.

Fig. 3(b) shows the true stress–strain curves, and Fig. 3(c) shows the effect of normal gradient grains on
the mechanical properties of the tubes. The gradient grain tubes with re�ned thicknesses of 105, 470, and
570 μm exhibited yield strengths of 60, 68, and 86 MPa, tensile strengths of 79, 89, and 106 MPa, and
work-hardening indexes of 0.19, 0.20, and 0.17, respectively. For a normal gradient grain tube with �ne
outside and coarse inside grains, the greater the thickness, the higher is the strength of the tube; the lower
the work-hardening index, and the poorer is the ductility.

In summary, the strength of the tube with a re�ned thickness of 105 μm was too low, and the maximum
expansion rate of the tube with a re�ned thickness of 570 μm was just 10%, which was too poor in terms
of plasticity. Therefore, a tube with a re�ned thickness of 470 μm and which exhibited both strength and
plasticity would be more suitable for the hydroforming of aluminum alloy tubular parts.

3.3 Microstructure Evolution
Fig. 4 shows the kernel average misorientation (KAM) and distribution of misorientation of the normal
gradient grain tubes at an equivalent strain of 12%. Figs. 4(a–c) show the KAM and grain boundary
distributions of the microstructure of the tubes with a re�ned thickness of 105, 470, and 570 μm,
respectively. Different colors represent the different KAM values. The larger the KAM value, the greater is
the degree of local deformation. The blue area represents the smallest degree of plastic deformation,
where no plastic deformation occurs. The green area represents less plastic deformation, the yellow area
represents a greater degree of plastic deformation, and the red area represents the greatest degree of
plastic deformation. At the area bulged to an equivalent strain of 12%, the sum of the proportional scores
of red, yellow, and orange in Figs. 4(a–c) were 0.172, 0.219, and 0.284, respectively. This shows that the
degree of deformation was most uniform for the tube with a re�ned thickness of 105 μm during bulging.
However, the deformation degree of the tube with a re�ned thickness of 470 μm was more uniform. The
degree of deformation was concentrated for the tube with a re�ned thickness of 570 μm, and the
deformation coordination was poor—that is, the greater the re�ned thickness, the worse is the plasticity.

Observing the change in the number of grain boundaries in the �gure, the black line represents the large-
angle grain boundary (15–180°)—that is, the grain boundary—and the white lines represent small-angle
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grain boundaries (2–15°)—that is, the intragranular dislocations. Fig. 4(d) is a statistical diagram of the
orientation angle between the grains of the microstructure. In the same area which bulged at the
equivalent strain of 12%, the proportions of small-angle grain boundaries were 0.41, 0.48, and 0.54 for the
re�ned thicknesses of 105, 470, and 570 μm, respectively. The greater the proportion of small-angle grain
boundaries, the more opportunities for pinning dislocations during intragranular deformation, the higher
the strength of the tube. As a result, the higher the strength, the poorer is the plasticity, as in Fig. 4(a–c).

4. Conclusion
The normal gradient grain distribution was obtained and the mechanical properties and microstructure
evolution of aluminum alloy tubes with normal gradient grain under biaxial stress was studied. The
following conclusions were reached:

1) Spinning 6063-T4 aluminum alloy tubes with 28.57% thinning, were annealed at 450, 400, and 350 °C
for 1 h to obtain normal gradient grain aluminum alloy tubes. The thicknesses of the re�ned region with a
grain size of less than 50 μm were 105, 470, and 570 μm, respectively. The grains in the non-re�ned area
of the annealed tubes at 450 °C were abnormally grown, the non-re�ned areas of the other two tubes
maintaining the same grain size as the initial tube.

2) Normal gradient grain aluminum alloy tubes with re�nement zone thicknesses of 105, 470, and 570
μm, and tensile strengths of 79, 89, and 106 MPa, respectively, exhibited maximum expansions of 18%,
17%, and 10%, and work-hardening indexes of 0.19, 0.20, and 0.17, respectively. Among them, the tube
with a thickness of 470 μm in the re�ned zone obtained by annealing at 400 °C exhibited both strength
and plasticity, making it suitable for the hydroforming of aluminum alloy tubes.

3) The KAM diagram of the microstructure of the normal gradient grained tube shows the normal
gradient grain aluminum alloy tubes—with re�ned area thicknesses of 105, 470, and 570 μm—to have
successively worsened their deformation coordination, resulting in poor plasticity. However, the density of
small-angle grain boundaries successively increased; the more opportunities for pinning dislocations
during intragranular deformation, the higher is the strength.
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Figure 1

Experimental procedure.
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Figure 2

Transverse microstructure and grain size distribution.
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Figure 3

Bulged tubes with normal gradient grain and mechanical properties.
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Figure 4

Kernel average misorientation (KAM) and distribution of misorientation (ε = 12%).


