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components in lightweight structural applications, but their backward extrusion
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poses significant challenges due to the narrow processing window and high
Accepted: September 4, 2026 deformation resistance. Through numerical simulation and experimental
validation, the effects of extrusion temperature (360—450)°C and speed (0.1-
5) mm/s on load, temperature field, stress, and strain were investigated. Results
indicate that raising temperature reduces deformation resistance, yet excessive
heating at the die exit promotes hot cracking; speeds >3 mm/s raise the exit
temperature to (492-516) °C, exceeding the solidus and deteriorating forming
quality. The optimized conditions are 390 °C and 0.5 mmy/s, which give the most
uniform strain distribution. Extruded tubes exhibit a layered structure from
surface to center: fine-grained zone, mixed-grain zone, and fibrous structure. The
area fraction of secondary phases decreases from 5.5 % in the as-cast state to (3.4—
4.9) % in the as-extruded state, depending on the sampling position. Mechanical
properties are significantly improved after extrusion, with ultimate tensile
strength, yield strength, and elongation reaching 426.8 MPa, 272 MPa, and 14.0 %,
respectively.
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1. Introduction

With the rapid advancement of modern industrial technology, aluminum alloy materials have been widely
used in fields such as aerospace equipment, intelligent automobile manufacturing, and new building structures
due to their low density, high strength, excellent corrosion resistance, and good processing adaptability [1-3].
Among these, aluminum alloy seamless tubes have become the ideal material for key load-bearing structural
components because of their uniform microstructure, absence of weld defects, and excellent compressive and
fatigue resistance [4-5]. Currently, the forming of aluminum alloy seamless tubes primarily employs two
processes: forward extrusion and backward extrusion. In comparison, during the backward extrusion process,
the billet moves synchronously with the extrusion container, resulting in no relative friction between them. This
offers significant advantages such as lower extrusion force, high product dimensional accuracy, superior
forming quality, uniform mechanical properties, and high extrusion efficiency [6-7].
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During the extrusion process of aluminum alloy seamless tubes, the extrusion temperature and extrusion
speed are key process parameters that influence material flow behavior and the final forming quality. Due to
the high cost and long cycle of experimental research, as well as the difficulty in obtaining the dynamic
evolution of the temperature field, stress field, and strain field in real time and accurately during the extrusion
process [8], Li et al. [9] systematically investigated the effects of forming temperature and extrusion speed on
the forming quality of 7075 aluminum alloy seamless tubes. They pointed out that temperatures that are too
low or too high increase the tensile stress in the exit zone, while an increase in extrusion speed reduces the
uniformity of metal flow. Zhang et al. [10] analyzed the influence of extrusion temperature and speed on the
extrusion force, temperature field, and stress distribution during the extrusion of 7075 aluminum alloy seamless
tubes through numerical simulation. Ketabchi et al. [11] studied the deformation behavior of 7075 aluminum
alloy during backward extrusion by combining experiments with the finite element method, finding significant
inhomogeneity in the distribution of effective stress and strain within the deformed billet. Neag et al. [12]
explored the thixoextrusion behavior of 7075 aluminum alloy under different temperature conditions based on
numerical simulation. It is evident that conducting numerical simulation research on the extrusion process
based on actual working conditions holds significant theoretical significance and engineering value for
revealing the deformation behavior of materials under thermal-mechanical coupling. However, research on the
numerical simulation and systematic process parameter optimization for the backward extrusion forming of
7A60 ultra-high-strength aluminum alloy seamless tubes is still relatively limited. Therefore, carrying out
research on the numerical simulation and process optimization of the backward extrusion process for 7A60
aluminum alloy tubes is of great practical importance.

Therefore, this paper employs numerical simulation methods to systematically investigate the effects of
extrusion temperature and extrusion speed on the load-stroke curve, temperature field, equivalent stress, and
equivalent strain distribution during the backward extrusion process of 7A60 aluminum alloy tubes. Based on
this, the key process parameters are optimized, and finally, the simulation results are validated through
extrusion experiments. The research findings can provide a theoretical basis and engineering reference for the
preparation of 7A60 ultra-high-strength aluminum alloy seamless tubes, and are of significant engineering
value for improving the forming quality and application performance of 7000 series aluminum alloys in key
load-bearing structural components.

2. Materials and Methods

2.1. Materials and Properties

The material used in both the simulation and experiments was 7A60 aluminum alloy, and its chemical
composition is presented in Table 1. The materials used for the extrusion container, die, and pad during the
extrusion process were all H13 tool steel. The material properties of the 7A60 aluminum alloy and H13 tool steel
are shown in Table 2 [13].

Table 1. Chemical composition of 7A60 aluminum alloy (mass fraction / %)
/n Mg Cu Zr Femax Simax Mnimax Crmax Ti Al
8.0-9.0 2.3-3.0 2.0-2.6 0.1-0.2 0.25 0.12 0.1 0.05 0.02-0.03 Bal.

Table 2. Material properties of 7A60 aluminum alloy and H13 tool steel

Density Specific Heat Thermal Coefficient of Young's Poisson's
kg-m-3 Capacity / Conductivity / Thermal Expansion =~ Modulus Ratio
J-(kg'K)* W-(m-K)* /K1 MPa
7A60 2850 960 130 0.0000236 71000 0.33
H13 7870 460 24.3 - 210000 0.35
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The flow stress of the 7A60 aluminum alloy at elevated temperatures used in the numerical simulations is
described by the Arrhenius-type constitutive equation derived from isothermal hot compression tests on the
same alloy grade [14]:

4.38981 x 10°

€ = 9.84 X 103°[sinh(0.0048140)]%7*>%exp [— BT 1)

where €'is the strain rate (s7!), o0 is the flow stress (MPa), R is the gas constant (8.314 J-mol*-K™!), and T is the
absolute temperature (K). The constitutive parameters include the thermal activation energy Q of 438.981
kJ/mol, the stress exponent n of 9.7456, the stress level parameter « of 0.004814 MPa~!, and the structure factor
A of 9.84x10% s71. This model shows a fitting accuracy of 99.7 % for the present alloy.

2.2. Numerical Model Setup

The numerical simulation of the backward extrusion process for the 7A60 aluminum alloy tube was
conducted using the finite element analysis software DEFORM V11.0 3D. The extrusion billet had an outer
diameter of 272 mm, an inner diameter of 142 mm, and a height of 300 mm. The target tube had an outer
diameter of 155 mm and an inner diameter of 143 mm. First, three-dimensional solid models of the billet, punch,
and die were established using SolidWorks software, as shown in Figure 1(a). Considering the symmetry of the
geometry and boundary conditions, a quarter model was adopted for simplified analysis. The billet was
constructed as a quarter-solid with an inner hole at a 1:1 scale, while the dies were set as rigid bodies to improve
computational efficiency, as illustrated in Figure 1(b)(c). Subsequently, the 3D models were assembled and pre-
processed. To determine the influence of extrusion temperature and extrusion speed on the load-stroke curve,
temperature field, equivalent stress, and strain distribution during the extrusion process of the 7A60 aluminum
alloy tube, the boundary conditions were set as shown in Table 3.

The numerical simulation employs a rigid-plastic material model with the following fundamental
assumptions: (1) elastic deformation is neglected; (2) body forces and inertial effects are ignored; (3) the material
follows the Levy—Mises constitutive equations; (4) the material is isotropic and homogeneous; (5) the volume
remains constant during deformation; and (6) loading conditions define the boundary between rigid and plastic
regions. The billet was discretized using 100,000 tetrahedral elements (23,862 nodes) with a minimum element
size of 1.87 mm. A shear friction model was applied with a friction coefficient of 0.3. The heat transfer coefficient
between the billet and the die was set to 5 N/(mm * s * °C), and that between the billet and the ambient air was
0.02 N/(mm * s * °C). The ambient temperature was fixed at 20 °C.

(@) -

(b)

(©

Extrusion tube
1

Extrusion die ;
4 Extrusion rod

¢ Extrusion blank

Extrusion rod

Figure 1. (a) Models of the billet, punch, and die; (b) Extrusion die; (c) Quarter extrusion model
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Table 3. Boundary conditions and process parameters

Parameters Value
Billet and die preheating temperature / °C 360, 390, 420, 450
Extrusion speed / (mm/s) 0.1,05,1,3,5
Heat transfer coefficient between billet and die / N/(mm-s-°C) 5
Heat transfer coefficient between billet and air / N/(mm-s-°C) 0.02
Friction type Shear friction
Friction coefficient 0.3
Ambient temperature / °C 20

2.3. Backward Extrusion Experiments and Characterization

First, the 7A60 aluminum alloy ingot was subjected to a two-stage homogenization treatment in a vacuum heating
furnace. The heating rate of the furnace was set to 10 °C/min until reaching 460 °C. The ingot was placed in the furnace and
held at this temperature for 1 h. Subsequently, the temperature was increased to 470 °C within 10 min and held for 24 h,
followed by cooling to room temperature. After homogenization, the aluminum alloy material was machined to obtain
specimens of the required dimensions for extrusion. Finally, the extrusion billet was heated and then placed into the
extrusion container of a 2500 t backward extrusion press for the backward extrusion experiment, producing a 7A60
aluminum alloy tube with an outer diameter of 155 mm and a wall thickness of 6 mm. The extruded tube was then air-
cooled to room temperature.

Differential scanning calorimetry (DSC) analysis was performed on a Setaram Setsys Evolution instrument from 25 °C
to 750 °C at a heating rate of 10 °C/min under an argon atmosphere. The DSC curve was used to determine the solidus
temperature of the 7A60 aluminum alloy. Metallographic structures under polarized light were observed using a Polyvar-
MET metallurgical microscope. The sampling positions are shown in Figure 2(a)(b), and the specimen dimensions were 10
mm x 6 mm x 5 mm. The average grain sizes of the as-cast and homogenized alloys were determined from polarized light
optical micrographs using the linear intercept method in accordance with ASTM E112-13. For each condition, five
representative micrographs were analyzed at a magnification of x200. On each micrograph, three horizontal and three
vertical lines were drawn, and the number of grain boundaries intersecting each line was counted. The average grain size
was calculated from the total line length divided by the total number of intercepts. The reported values represent the average
of the five measurements.

Semi-quantitative phase analysis of the aluminum alloy tube was conducted using an X'Pert X-ray diffractometer from
Malvern Panalytical (UK), with a diffraction angle scanning range of 10° to 90° and a scanning speed of 10°/min. A Zeiss
Gemini Sigma 300 VP high-resolution field emission scanning electron microscope (SEM) was used to observe the
microstructure, particularly analyzing the size, distribution, and composition of secondary phases. The area fraction of
secondary phases was determined from SEM images using Image-Pro Plus software. For each condition, including the as-
cast, homogenized, and extruded states (inner side, central part, and outer side), five representative images were captured
at a magnification of x1000 from different fields of view. The secondary phase particles were distinguished from the
aluminum matrix based on their contrast in the SEM images, and the area fraction was calculated as the ratio of the
secondary phase area to the total analyzed area. The reported value for each condition represents the average of the five
measurements. The standard deviation did not exceed 0.3 percentage points for any condition, indicating good
reproducibility of the measurements. Room-temperature quasi-static tensile tests were performed using a UTM5305
electronic universal testing machine according to the GB/T228.1-2021 standard, with a tensile rate of 1.5 mm/s. The tensile
specimens were cut along the extrusion direction. The specimen dimensions are shown in Figure 2(c). For each set of process
parameters, three specimens from different locations were tested repeatedly, and the average of the three test results was

taken as the final mechanical property data (ultimate tensile strength, yield strength, and elongation).

272 https://doi.org/10.64486/m.66.2.9


https://doi.org/10.64486/m.66.2.9

Metalurgija | Metallurgy Vol. 66 No. 2 /2027

(a) : Tensile test : |

Extrusion direction

OM

m=p XRD
11111/ SRD

Figure 2. (a) Schematic diagram of the 7A60 aluminum alloy tube; (b) Sampling positions for testing; (c) Tensile specimen

and actual sample

3. Results and discussion

Figure 3 shows the forming load-stroke curves of the 7A60 aluminum alloy tube at different extrusion
temperatures. As can be seen from Figure 3, during the initial extrusion stage (0-t1), the forming load remains
near zero with slight fluctuations. This is mainly attributed to the fact that the aluminum alloy billet has not yet
undergone substantial plastic deformation (as shown in Figure 4a), and the load at this stage primarily
originates from the static friction between the billet and the inner wall of the extrusion container as well as the
surface of the extrusion mandrel. When the extrusion progresses to time t;, the process enters the upsetting-
filling stage (ti—ts), as illustrated in Figure 4(b—c). The billet begins to undergo plastic flow and gradually fills
the die cavity, with the forming load showing an approximately linear upward trend. The load increase during
this stage mainly results from the work hardening behavior induced by severe plastic deformation of the
material under constrained conditions. During the t,—t; stage, the load decreases to some extent, indicating a
transition period: at time t,, the material begins to pre-extrude and flow into the die, accompanied by localized
temperature rise, leading to a gradual decrease in extrusion force; this trend continues until time t; (as shown
in Figure 4d). Thereafter, the material enters the formal extrusion state, undergoing significant plastic
deformation, and the load increases rapidly. After the stroke reaches the critical point ts, the process enters the
steady-state extrusion stage (from t, to the end), as shown in Figure 4(e). The load curve fluctuates around a
certain mean value, reflecting the alternating effects of work hardening and dynamic softening processes. This
indicates that under high-temperature and large-deformation conditions, a dynamic equilibrium is achieved
between work hardening and the softening effect induced by dynamic recrystallization. At this point, the
extrusion process of the 7A60 aluminum alloy enters the basic extrusion stage, namely the steady-state flow
stage.

Furthermore, it can also be observed from Figure 3 that under constant extrusion speed conditions, the
extrusion force decreases systematically with increasing extrusion temperature. At extrusion temperatures of
360 °C, 390 °C, 420 °C, and 450 °C, the average extrusion forces during the steady-state extrusion stage are
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7.01x10° kN, 6.48x10° kN, 6.02x10° kN, and 5.33x10% kN, respectively. When the extrusion temperature increases
from 360°C to 450°C, the average load during the steady-state stage decreases by approximately 24.0 %. This
trend is mainly attributed to the fact that, at a constant extrusion speed, an increase in temperature reduces the
resistance to dislocation motion, lowers the yield strength of the material, and simultaneously enhances the
dynamic softening effect, thereby significantly reducing the deformation resistance [15]. Therefore, from the
perspective of reducing extrusion force, increasing the extrusion temperature has a positive effect. However,
excessively high temperatures can lead to the accumulation of deformation heat and frictional heat in the metal,
causing the billet temperature to become too high and potentially even inducing solid-liquid transformation of
the material at the die exit, increasing the risk of fracture. Simultaneously, excessively high extrusion
temperatures may also induce defects such as cracks and peeling on the product surface, adversely affecting
the forming quality.

9x10°

8x10° | ——420°C

Extrusion load/kN

0 | 1 1
2 9o 40 60 80 100

Stroke/mm

Figure 3. Extrusion load-extrusion stroke curve under different temperatures

Figure 4. Schematic diagram of the aluminum alloy tube extrusion process: (a) initial stage; (b), (c) upsetting
stage; (d) initial extrusion stage; (e) steady-state extrusion stage
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Figure 5 shows the internal temperature field distribution of the aluminum alloy billet after extrusion
forming at different extrusion temperatures. It can be observed from Figure 5 that after extrusion deformation,
the entire billet exhibited varying degrees of temperature increase. This temperature rise mainly originated
from two sources of heat contribution: one was the deformation heat generated by the severe plastic
deformation of the aluminum alloy within the die cavity; the other was the frictional heat caused by the relative
motion between the billet and the extrusion die.

Notably, because the die exit is the region where the billet undergoes the most severe deformation, the
temperature increase in this area was the most significant. When the initial extrusion temperature was 360 °C,
the temperature at the die exit region rose to 410 °C, a temperature increase of approximately 50 °C. When the
initial extrusion temperature was 390 °C, the temperature at the die exit region rose to 414 °C, an increase of
about 24 °C. When the initial extrusion temperature was 420 °C, the temperature at the die exit region reached
443 °C, an increase of about 23 °C. When the initial extrusion temperature was 450 °C, the temperature at the
die exit region reached 467 °C, an increase of about 17 °C. The magnitude of the temperature rise at the die exit
region decreased as the initial extrusion temperature increased. This phenomenon can be attributed to the
differences in the flow behavior of the material at different temperatures: in the lower temperature range (e.g.,
360 °C), the plastic flow ability of the aluminum alloy is relatively poor, and the resistance to dislocation motion
is greater, leading to higher deformation resistance. According to the thermodynamic theory of plastic
deformation, higher deformation resistance implies an increase in the unit deformation work, and most of this
deformation work is converted into heat. Therefore, more heat is generated during low-temperature extrusion,
resulting in a greater temperature rise. As the initial temperature increases, the thermal activation effect of the
material is enhanced, and softening mechanisms such as dynamic recrystallization are initiated, which reduces
the flow stress during deformation and decreases the unit deformation work. Simultaneously, at high
temperatures, the heat capacity of the material increases slightly, providing a certain buffering effect against
the temperature rise. The combination of these two factors leads to the trend where the magnitude of the

temperature rise gradually decreases with increasing initial temperature.

Figure 5. Effect of extrusion temperature on the temperature field inside the tube. (a) 360 °C; (b) 390 °C; (c) 420 °C;
(d) 450 °C

Figure 6 shows the equivalent stress distribution contours of the 7A60 aluminum alloy tube at an extrusion
speed of 0.5 mm/s and extrusion temperatures of 360 °C, 390 °C, 420 °C, and 450 °C. As the temperature
increases, the stress in the undeformed region within the alloy generally shows a downward trend. This is
mainly because, with the increase in extrusion temperature, the dynamic softening effect of the alloy becomes
more pronounced, the deformation resistance of the alloy decreases, and the extrusion force required to extrude
the tube is lower. As shown in Figures 6(a-d), when the preheating temperature is increased from 360 °C to
450 °C, the maximum equivalent stress significantly decreases from 137 MPa to 115 MPa, a reduction of 16.1 %.
When the extruded tube begins to flow out of the die, it no longer contacts the die and is free from stress
constraints. However, the calculated equivalent stress does not immediately drop to zero after the tube leaves
the die; non-zero equivalent stress values remain in the simulated tube. Figures 6(e-h) show the equivalent
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stress distribution contours of the extrusion billet. The stress value is relatively large on the inner wall side of
the billet near the extrusion mandrel. This is mainly because, during the extrusion process, relative movement
occurs between the billet and the extrusion mandrel, generating frictional force, which results in a relatively
large stress value on the inner wall side of the billet metal.

Stress - Effective (MPa) 4 Stress - Effective (MPa) i Stress - Effective (MPa) & Stress - Effective (MPa)

0.253

0.0251

Figure 6. Effect of extrusion temperature on the equivalent stress of the tube and extrusion billet.
Tube: (a) 360 °C; (b) 390 °C; (c) 420 °C; (d) 450 °C
extrusion billet: (e) 360 °C; (f) 390 °C; (g) 420 °C; (h) 450 °C

Figure 7 presents the equivalent strain distribution contours inside the tube at different extrusion
temperatures with a stroke of 80 mm. It can be observed from the figure that there is no significant difference
in the overall distribution pattern and numerical range of the equivalent strain under different temperature
conditions, indicating that the extrusion temperature has a relatively minor effect on the equivalent strain of
the tube. This phenomenon can be attributed to the fact that the magnitude of the equivalent strain is primarily
determined by process parameters such as the die geometry and extrusion ratio, while the influence of
temperature is relatively limited. In the large deformation region, the equivalent strain on the outer side is
significantly higher than that on the inner side due to the more severe plastic flow experienced by the outer
material. However, in the billet region near the top of the mandrel, the strain accumulation on the inner wall
side is greater than that on the outer side because of the relative sliding and resulting friction between the billet
and the mandrel.
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Figure 7. Effect of extrusion temperature on the equivalent strain of the tube. (a) 360 °C; (b) 390 °C; (c) 420 °C; (d) 450 °C

Figure 8 shows the distribution of equivalent strain and its deviation in the tube at different extrusion
temperatures. From this figure, it can be seen that the change in extrusion temperature primarily affects the
strain uniformity of the aluminum alloy tube. The effective strain deviation exhibits significant differences
under different temperature conditions. Specifically, at an extrusion temperature of 390 °C, the average effective
strain reaches its maximum value, while the effective strain deviation is at its minimum. This indicates that the
material exhibits the most sufficient plastic flow and the best deformation uniformity under this temperature
condition. In summary, it can be concluded that optimal forming performance is achieved at an extrusion
temperature of 390 °C.

3.0
2-5 | .—-—'_'_._._.—_F_-_-_-_‘_‘ﬁ—‘_______‘_‘_‘_*_.
20+
R — e
15 — _— -
) e
10+
—— Mean Effective Strain
05 L —— Effective Strain Deviation|
070 1 1 1 1
0 1 2 3 4
Speed Grouping

Figure 8. Equivalent strain and effective strain deviation at different extrusion temperatures

Figure 9 shows the temperature field distribution contours inside the tube at different extrusion speeds
during the steady-state extrusion stage (extrusion stroke of 80 mm). It can be observed from Figure 9 that as the
extrusion speed increases, the overall temperature of the tube rises significantly, with the most prominent
temperature increase occurring in the die exit region. This phenomenon is mainly attributed to two factors: first,
a higher extrusion speed intensifies the deformation rate of the metal, leading to a substantial increase in
deformation heat generated per unit time; second, the increased extrusion speed shortens the time available for
heat conduction and dissipation to the outside, causing heat to accumulate rapidly within the billet. As the die
exit is the region with the most severe deformation, the heat input is most concentrated, resulting in the greatest
temperature rise.
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Specifically, when the extrusion speed is 0.1 mm/s (Figure 9a), the maximum internal temperature of the
tube is only 318 °C. Under this condition, the temperature of 318 °C is significantly below the temperature range
that enables adequate plastic flow for this alloy, resulting in insufficient plastic flow ability, high deformation
resistance, and poor die filling. This not only leads to an increase in extrusion force and exacerbates die wear
but also readily induces forming defects such as surface cracks, warping, and dimensional springback in the
tube. When the extrusion speed is increased to 0.5 mm/s (Figure 9b), the temperature at the die exit rises to
414 °C, and the overall temperature distribution is relatively uniform. Yang Hongtao et al. [16] pointed out that
the suitable extrusion temperature for 7A60 aluminum alloy should be controlled around 420 °C. This
temperature window can both avoid low-temperature forming defects and effectively inhibit overheating
damage, representing a critical process range for balancing forming quality and microstructure properties.
However, when the extrusion speed is further increased to 3 mm/s and 5 mm/s (Figures 9d—e), the internal
temperature of the tube rises sharply, with the die exit temperature reaching 492 °C and 516 °C, respectively,
which exceed the solidus temperature of the 7A60 aluminum alloy (approximately 474 °C, as determined by
the DSC analysis in the present study, Figure 9(f)). For Al-Zn-Mg-Cu series high-strength aluminum alloys, an
excessively high extrusion speed causing the exit temperature to exceed the solidus line can induce defects such

as a rough surface, scratches, and hot cracks in the product, and deteriorate the material's microstructure and
mechanical properties [17,18].

Heat Flow (W-g")
& //

L L L L 1 L !
300 350 400 450 500 550 600 650 700

Temperature (°C)

Figure 9. Effect of extrusion speed on the extrusion temperature field and DSC curve of the 7A60 aluminum alloy. (a) 0.1

mm/s; (b) 0.5 mm/s; (c) 1 mm/s; (d) 3 mm/s; (e) 5 mm/s; (f) DSC curve showing the solidus temperature

Figure 10 presents the equivalent stress distribution contours of the tube at different extrusion speeds
during the steady-state extrusion stage (extrusion stroke of 80 mm). It can be observed from the figure that as
the extrusion speed increases, the equivalent stress exhibits a distinct bimodal trend: first decreasing and then
increasing. In the low-speed range (0.1-1) mm/s, the equivalent stress decreases from 158 MPa to 125 MPa. This
is because the heat generated by plastic deformation accumulates with increasing deformation rate, enhancing
the thermal softening effect to a degree that outweighs work hardening. The longer deformation time at these
speeds allows more uniform heat conduction throughout the billet. In the high-speed range (1-5 mm/s), the
equivalent stress rises again from 125 MPa to 145 MPa. Although the die-exit temperature can locally reach 492—
516°C as shown in Figure 9, this temperature surge is confined to a thin surface layer near the exit. In the bulk
deformation zone, the deformation time in the bulk zone is extremely short, as the material passes through the
die exit region rapidly at high speeds, which severely limits heat diffusion. Consequently, work hardening
driven by rapid dislocation multiplication outpaces thermal softening in the interior of the billet, leading to the
observed increase in equivalent stress.
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Figure 10. Effect of extrusion speed on extrusion equivalent stress
(a) 0.1 mm/s; (b) 0.5 mm/s; (c) 1 mm/s; (d) 3 mm/s; (¢) 5 mm/s

Figure 11 shows the equivalent strain distribution contours of the tube at different extrusion speeds during
the steady-state extrusion stage (extrusion stroke of 80 mm). From Figures 11(a-e), it can be observed that under
different extrusion speed conditions, the overall equivalent strain values of the tube do not change significantly.
Further observation of the equivalent strain distribution in the tube exit region shown in Figures 11(f-j) reveals
that, at extrusion speeds above 0.5 mm/s, the uniformity of the equivalent strain generally decreases with
increasing extrusion speed. Specifically, at extrusion speeds of 0.1 mm/s and 0.5 mm/s, the strain uniformity is
significantly better than that at speeds of 1 mm/s, 3 mm/s, and 5 mm/s. This phenomenon can be attributed to
the fact that during low-speed extrusion, the heat generated by plastic deformation has more sufficient time to
conduct and diffuse into the billet interior, resulting in a more uniform temperature distribution in the
deformation zone. This, in turn, promotes more uniform and coordinated plastic flow of the material, ultimately
leading to a more uniformly distributed equivalent strain.

Strain - Effective (mm/mm) Strain - Effective (mm/mm) Stral Ll tive (mm/mm)

Figure 11. Effect of extrusion speed on extrusion equivalent strain.
Tube: (a) 0.1 mm/s; (b) 0.5 mm/s; (c) 1 mm/s; (d) 3 mm/s; (e) 5 mm/s
Die exit: (f) 0.1 mm/s; (g) 0.5 mm/s; (h) 1 mm/s; (i) 3 mm/s; (j) 5 mm/s
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Figure 12 presents the effective strain and the effective strain deviation of the aluminum alloy tube at
different extrusion speeds. The effective strain deviation is a dimensionless parameter that quantifies the
uniformity of strain distribution across the tube cross-section; a lower deviation value indicates more
homogeneous deformation and thus better forming quality. It can be observed from Figure 12 that at an
extrusion speed of 0.5 mm/s, the average effective strain reaches its maximum value, while the effective strain
deviation reaches its minimum of 1.4213. This indicates that under this condition, the strain distribution is the
most uniform and the material undergoes the most sufficient plastic deformation. In summary, the best tube
performance can be achieved at an extrusion speed of 0.5 mm/s.

To verify the reliability of the finite element simulation, backward extrusion experiments for the 7A60
aluminum alloy tube were conducted under the conditions of 390 °C and 0.5 mm/s. The extruded seamless tube
is shown in Figure 13. The results indicated that under these forming conditions, the tube surface was free of
cracks, and the material deformed stably and safely, demonstrating that the numerical simulation results
provide a reliable reference for actual tube production.
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Figure 12. Average effective strain and effective strain deviation at different extrusion speeds

Figure 13. 7A60 aluminum alloy tube extruded product

(a) Perpendicular to the extrusion direction; (b) Extrusion direction

Based on a comprehensive analysis of the simulation results that considered strain uniformity, extrusion
load, temperature distribution, and forming quality, the combination of 390 °C and 0.5 mm/s was identified as

the optimal process parameters. The optimal extrusion temperature of 390 °C was determined based on three
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considerations. First, this temperature yields the minimum effective strain deviation at this temperature (Figure
8), indicating the most uniform deformation. Second, the steady-state load of 6.48x10% kN at 390 °C provides a
substantial reduction of 7.6 % compared to that at 360 °C while avoiding the overheating risks associated with
higher temperatures. Third, the die-exit temperature of 414 °C at 390 °C remains within the safe processing
window below the solidus, whereas higher preheating temperatures reduce the safety margin to the solidus
temperature, with the die-exit temperature reaching 467 °C at 450 °C. The optimal extrusion speed of 0.5 mm/s
was selected because it produces the maximum average effective strain combined with the minimum effective
strain deviation of 1.4213 (Figure 12), it maintains an acceptable die-exit temperature of 414 °C that ensures
stable forming without overheating, and it has been confirmed by experiments to yield defect-free products
(Figure 13). In summary, 390 °C and 0.5 mm/s represent the optimal combination that balances deformation
uniformity, forming load, temperature safety, and product quality.

To validate the reliability of the finite element model, the simulation results were compared with
experimental measurements under the optimized condition of 390 °C and 0.5 mm/s. The comparisons are
summarized in Table 4. The simulated and experimental results are in close agreement: the errors are 1.47 %
for the die-exit temperature, 0.13 % for the outer diameter, and 0.84 % for the wall thickness. This demonstrates
that the numerical model can accurately predict the extrusion process, and the validation confirms its reliability
for process optimization. The extrusion force was not included in the quantitative validation due to the lack of
independently recorded experimental data with sufficient precision. Nevertheless, the defect-free tubes

produced under the optimized conditions confirm that the predicted forming load is practically feasible.

Table 4. Comparison between simulated and experimental results under the optimized condition (390 °C,
0.5 mm/s)

Parameter Simulation Experiment Error
Die-exit temperature / °C 414 408 1.47 %
Tube outer diameter / mm 155.0 155.2 0.13 %
Tube wall thickness / mm 6.0 5.95 0.84 %

Figure 14 illustrates the microstructure evolution of the 7A60 aluminum alloy in the as-cast state, after
homogenization treatment, and after backward extrusion. As shown in Figure 14(a), the as-cast alloy contains
a large number of well-developed dendritic structures, with an average grain size of approximately 89 pum.
After homogenization heat treatment, the dendritic characteristics are essentially eliminated, and the
microstructure transforms into more regular equiaxed grains, with the average size reducing to about 74 um
(Figures 14b, c). This change is mainly attributed to the dissolution of the eutectic phase formed during non-
equilibrium solidification during the prolonged high-temperature holding process, which promotes
microstructure homogenization.

After the aluminum alloy billet undergoes backward extrusion, the cross-section of the tube exhibits a
distinct layered structure from the surface inward, consisting sequentially of a fine-grained zone, a mixed-grain
zone, and a fibrous structure elongated along the extrusion direction (Figures 14d—f). Specifically, the fine-
grained zone is located on the outer side (red line area in Figure 14d) and the inner side (red line area in Figure
14f) of the tube, composed of fine equiaxed grains consistent with a dynamic recrystallization process. The
mixed-grain zone is a transitional region where fine grains and fibrous grains coexist (yellow line areas in
Figures 14d, f). The central part exhibits a typical fibrous deformed structure (Figure 14e) [19]. The reason for
this gradient microstructure distribution lies mainly in the inhomogeneous strain and temperature fields during
the extrusion process (as shown in Figures 5 and 7). The inner and outer sides of the tube, being in direct contact
with the extrusion container and the mandrel, experience significant friction, leading to high local temperature
rise and large strain. The higher strain energy and temperature jointly trigger dynamic recrystallization, thus
forming the fine-grained zone. In the mixed-grain zone transitioning towards the center, where the thermal-
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mechanical conditions are intermediate between the surface layers and the center, some grains undergo
recrystallization to form fine grains, while the remaining grains retain their deformed fibrous characteristics
due to insufficient driving force for recrystallization. In the central region of the tube, where temperature and
strain are relatively low, the material primarily undergoes severe plastic flow. The original grains are
significantly elongated and aligned directionally along the extrusion direction, ultimately forming a highly
elongated fibrous structure [20].

It is noteworthy that the width of the outer fine-grained zone is approximately 189 pum, significantly larger
than that of the inner fine-grained zone, which is about 89 um. This difference primarily stems from the outer
region experiencing greater deformation and stronger frictional effects from the die, which more significantly
promotes the dynamic recrystallization process, causing more fibrous grains to transform into fine equiaxed
grains [21].

Figure 14. Microstructure of 7A60 aluminum alloy in as-cast, homogenized, and extruded states.

(a) As-cast; (b)(c) Homogenized; (d)(e)(f) As-extruded outer side, central part, and inner side

Figure 15 shows the XRD patterns of the 7A60 aluminum alloy in the as-cast, homogenized, and extruded
states. The analysis indicates that the alloy primarily consists of the a-Al matrix phase and the MgZn, phase.
No diffraction peaks corresponding to the Al,CuMg phase were detected in any of the treated states. Based on
existing studies [22-24], this is mainly attributed to the Zn content in the alloy: when the Zn content exceeds
8 %, the transformation from the AlZnMgCu phase to the AlLCuMg phase does not occur during
homogenization, which explains the absence of this phase in the XRD patterns. Furthermore, compared to the
as-cast and homogenized states, the diffraction peak intensity of the extruded alloy is significantly enhanced.
This phenomenon is primarily due to the directional alignment of grains along the extrusion direction during
the deformation process, resulting in the formation of a strong deformation texture, which enhances the
diffraction intensity of specific crystallographic planes.

282 https://doi.org/10.64486/m.66.2.9


https://doi.org/10.64486/m.66.2.9

Metalurgija | Metallurgy Vol. 66 No. 2 /2027

= v Al
S & MgZn,
v
=g 8 &
°Tq SR
s -
— AL L ® A Asextuded
5 e 2 o
] o X o =, o~
S gl 2 5§ 4§
< - LK. J N 4 | Y
= As-homogenized
3 |
8§ g
— R & ) f o Ascet
1 1 1 1
20 10 60 80
20/(°)

Figure 15. XRD analysis of 7A60 aluminum alloy in as-cast, homogenized, and extruded states

Figure 16 shows the secondary phase microstructure, EDS mapping distributions, and secondary phase
area fraction statistics of the 7A60 aluminum alloy before and after extrusion, and Table 5 presents the EDS
point analysis results for the 7A60 aluminum alloy in different states. Figure 16(a) displays the microstructure
of the aluminum alloy in the as-cast state, where coarse and continuous network-like non-equilibrium eutectic
structures are distributed within the aluminum matrix. EDS mapping results show that the primary solute
elements Zn, Mg, and Cu are heavily enriched in these network-like bright white secondary phases distributed
along the grain boundaries, with a small amount of Fe element also distributed. The degree of elemental
inhomogeneity follows the order Cu > Zn > Mg > Fe. Combined with the point scan analysis in Table 5, the
network-like bright white phase is tentatively identified as a mixture of a-Al and AlZnMgCu phases, and the
bright white granular secondary phase is tentatively identified as the Al,Cu,Fe phase. These assignments are
based on EDS compositional analysis and are supported by previous studies on similar 7xxx series aluminum
alloys [22-24]. Meanwhile, the area fraction of secondary phases in the alloy reaches its highest value of 5.5 %
(Figure 16(f)).

Figure 16(b) shows the microstructure morphology of the aluminum alloy after homogenization treatment.
After high-temperature treatment, the secondary phases in the as-cast structure are fragmented and partially
dissolved back into the aluminum matrix. The distribution of Zn, Mg, and Cu elements in the matrix becomes
more uniform and dispersed compared to the as-cast state, no longer exhibiting obvious network-like
enrichment characteristics, and the elemental segregation is significantly improved. At this stage, the
morphology of the secondary phases in the structure gradually transforms from a continuous network structure
into residual coarse blocky AlZnMgCu phases, dispersedly distributed granular and strip-like MgZn, phases,
and a small amount of bright white Fe-rich phases (Al7Cu2Fe). Statistical results show that the area fraction of
secondary phases slightly decreases to 5.2 % after homogenization. This is because some incompletely dissolved
AlZnMgCu phases and highly thermally stable Fe-containing impurity phases (Al7Cu2Fe) still remain in the
structure, limiting further reduction in the total secondary phase content.

Figures 16(c), (d), and (e) show the SEM microstructures of the inner side, central part, and outer side of
the aluminum alloy tube in the extruded state, respectively. It can be clearly seen from the figures that, under
the combined effect of high temperature and severe shear deformation, the coarse secondary phases remaining
after homogenization are mechanically broken and distributed in an intermittent chain-like pattern along the
extrusion direction. According to points E to I, the secondary phases in the aluminum alloy tube mainly consist
of broken white blocky AlZnMgCu phases, elongated strip-like and granular MgZn, phases dispersedly
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distributed in the aluminum matrix, and a small amount of AlzCuzFe impurity phases that still appear bright
white. From Figures 16(c), (d), and (e), it is evident that the fragmentation and elongation of secondary phases
at the edges of the tube are more significant compared to the central part. The statistical results in Figure 16(f)
further confirm this phenomenon: the area fractions of secondary phases in the inner side, central part, and
outer side are 3.8 %, 4.9 %, and 3.4 %, respectively. This is because the edge regions of the tube experience strong
friction and shear from the die during extrusion, resulting in the greatest degree of deformation. This leads to
more thorough fragmentation and refinement of coarse secondary phase particles, and the temperature rise
generated by severe deformation promotes further dissolution of the secondary phases, thereby significantly
reducing the residual secondary phase content. In contrast, the central part is in a relatively low-deformation
zone for metal flow, experiencing less shear stress. The degree of fragmentation and dissolution of secondary
phases is not as significant as in the edge regions, thus retaining a higher proportion of secondary phase
particles.
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Figure 16. SEM microstructure and secondary phase area fraction of 7A60 aluminum alloy in as-cast, homogenized, and
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phase area fraction

Figure 17 shows the columnar statistical chart of the room-temperature tensile properties of the 7A60
aluminum alloy in the as-cast, homogenized, and extruded states. It can be seen from the figure that in the as-
cast state, the aluminum alloy exhibited a yield strength of 194.2 MPa, an average ultimate tensile strength of
287.5 MPa, and an elongation of 7.8 %. The mechanical properties were the poorest at this stage, which is
attributed to the presence of numerous well-developed dendrites and coarse continuous network-like non-
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equilibrium eutectic structures distributed along the grain boundaries in the as-cast microstructure (Figure 14a,
Figure 15a). These brittle phases readily act as crack initiation sites under stress. In the homogenized state of
the aluminum alloy extrusion billet, the yield strength was 235.6 MPa, the average ultimate tensile strength was
316.2 MPa, and the elongation was 15.3 %. This improvement is because the homogenization treatment
essentially eliminated dendritic segregation, transforming the grains into equiaxed grains and reducing stress
concentration sources. After extrusion deformation, the aluminum alloy tube achieved a yield strength of 272
MPa, an average ultimate tensile strength of 426.8 MPa, and an elongation of 14.0 %. The reasons for the
enhanced mechanical properties are as follows: during extrusion, the alloy underwent dynamic
recrystallization, forming fine equiaxed grain zones at the edges of the tube. The increase in grain boundary
area effectively impeded dislocation motion, providing a fine-grain strengthening effect. Additionally, the
residual coarse secondary phases were mechanically broken into fine particles, which pinned dislocations.
Simultaneously, the extrusion deformation introduced a high density of dislocations and a fibrous deformation
texture along the extrusion direction, resulting in a significant work hardening effect.

Table 5. EDS point analysis results of 7A60 aluminum alloy in different states

Element compositions, at%

Location Probable Phases
Al Zn Mg Cu Fe
A 59.82 15.95 17.39 6.79 0.04 a-Al+AlZnMgCu
B 55.85 16.78 15.10 9.10 3.16 Al7CuzFe
C 63.55 19.32 12.29 4.84 — MgZn2
D 28.14 26.37 32.64 12.78 0.07 AlZnMgCu
E 21.50 28.77 32.13 17.54 0.06 AlZnMgCu
F 70.60 13.53 10.41 5.46 — MgZn>
G 78.51 10.64 7.86 2.99 — MgZn>
H 78.06 10.36 791 3.68 — MgZn>
I 77.53 3.09 1.51 11.95 5.92 Al7CuzFe
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Figure 17. Room-temperature tensile properties of 7A60 aluminum alloy in as-cast, homogenized, and extruded states.
Error bars represent the standard deviation calculated from three replicate tensile tests. All tensile specimens were

machined parallel to the extrusion direction
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4. Conclusions

(1) Extrusion temperature and speed significantly affect the forming quality of 7A60 aluminum alloy tubes.
When the extrusion temperature increased from 360 °C to 450 °C, the average steady-state load decreased by
24.0 %, and the maximum equivalent stress decreased by 16.1 %. However, excessively high temperatures could
easily lead to overheating at the die exit, increasing the risk of hot cracks. Increasing the speed intensified the
temperature rise; when the speed reached 23 mm/s, the exit temperature reached (492-516) °C, exceeding the
alloy's solidus line. The equivalent stress showed a trend of first decreasing and then increasing, while strain
uniformity decreased. The optimal process parameters were comprehensively determined to be 390 °C and
0.5 mm/s, under which the effective strain deviation was minimal (1.4213) and the forming quality was optimal.

(2) After extrusion, the tube exhibited a distinct layered microstructure: an outer fine-grained zone
consistent with dynamic recrystallization (width 189 pum), an inner fine-grained zone (width 89 um), a central
fibrous structure, and a mixed-grain transition zone. Coarse secondary phases were broken and distributed
along the extrusion direction. The area fraction of secondary phases decreased from 5.5 % in the as-cast state to
3.4 % (outer side) and 4.9 % (center) in the extruded state, with the degree of fragmentation and dissolution at
the edges being superior to that in the center.

(3) The reasonable backward extrusion process significantly enhanced the mechanical properties. The
ultimate tensile strength increased from 287.5 MPa (as-cast) to 426.8 MPa, the yield strength increased from
194.2 MPa to 272 MPa, and the elongation increased from 7.8 % to 14.0 %. The improvement in properties was
attributed to the synergistic effects of fine-grain strengthening, secondary phase dispersion strengthening, and
work hardening.
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