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Abstract: Current hydroforming research predominantly focuses on symmetric T-shaped or bulged tubular components. The
formation of a spherical part from a closed-end cup blank—where sealing and axial compensation are restricted to a single
side—remains under-investigated. This study evaluates the impact of internal forming pressure (p) and axial punch velocity
(v) on die-filling capability and wall thickness variation in a necked-spherical copper part. A second-order orthogonal
experimental design was employed to analyze parameter interactions within this single-sided feeding mechanism. FEM
simulations using DEFORM software reveal that while a minimum pressure of 30 MPa is required for die filling without
axial feeding, localized deformation leads to premature bursting. Integrating a punch velocity of v = 1-5 mm/s necessitates
a pressure range of 45-55 MPa for complete filling. Analytical results confirm that punch velocity exerts a more substantial
influence on the wall thinning ratio than forming pressure. Optimization identifies the ideal parameters at p =45 MPa and v
=5 mm/s, successfully limiting the maximum thinning ratio to 22.1%. These findings provide a critical technical framework
for industrial cup-blank hydroforming applications.

Key words: hydroforming, forming pressure, necked-spherical part, die-filling capability, wall thickness variation.

1. INTRODUCTION

Copper alloys are currently widely utilized in metal forming research due to their good ductility, allowing for
large plastic deformation in a single operation without failure, [1-5]. This facilitates quantitative studies more
effectively. Furthermore, copper can be processed in both cold and hot states, and appropriate processing regimes
can produce fine-grained structures. Blanks used in research vary from sheets, bars, and tubes. For tubular blanks,
the studies are mainly conducted using the hydroforming method.

Tube hydroforming is an advanced manufacturing technology that enables the production of hollow, thin-walled
components with complex geometries, high precision, and good mechanical properties, which can be applied to
reduce the structural weight of parts, [6-12]. Thanks to its outstanding advantages in product mechanical
properties as well as its technological capabilities, hydroforming is applied in various fields, particularly in the
automotive, motorcycle, and aerospace industries. For this reason, research on this technology has been widely
conducted globally.

Numerous studies on the forming of complex-shaped parts from tubular blanks, [13-21], have been carried out.
These include investigations into the stress-strain states at various locations on the blank during hydroforming to
determine deformation parameters and die geometries, aiming to minimize defects when forming T-shaped parts.
Additionally, many studies have been conducted to investigate the influence of process parameters such as the
friction coefficient, initial blank thickness, forming pressure, and axial feeding amount on the formability of T-
branches. These studies have also been performed on various materials such as SUS304, aluminum alloys, and
copper alloys.

In recent years, research has focused on optimizing pressure paths in hydrostatic stamping. Authors Yong Xu et
al. conducted research on optimizing loading paths when stamping pipe blanks from SA02 aluminum alloy with
different blank diameters, [22]. Based on the optimized loading path, the thinning process of the pipe was
significantly reduced, increasing the forming ability when stamping 5A02 aluminum alloy pipe blanks. Trinh et
al. [23, 24] established mathematical models to predict the forming pressure for T-shaped and cross-shaped parts,
emphasizing the role of axial pressing force in compensating for material in the deformation zone.

25


manhtiennguyen84@lqdtu.edu.vn

In addition, modern optimization methods such as Machine Learning [25] and genetic algorithms [26] have also
been applied to find the optimal combination between forming pressure and the displacement of the stamping die.
For copper material, Vu and colleagues [27] showed that the "working range" of forming pressure directly affects
the mold filling ability and the thinning of the pipe wall.

Chunmei Liu and colleagues also conducted research on critical forming ability and predicted failure during
hydrostatic stamping of pipe billets, [28]. The failure models were compared, evaluated by simulation and
experimentally verified to select a suitable model for the hydrostatic stamping of pipe billets in the future.
Current studies are primarily conducted using numerical simulation methods or a combination of numerical
simulation and experiments. Taking advantage of numerical simulation, it is possible to determine suitable sets of
process parameters to form parts as required, predict potential defects, and consequently provide
recommendations to ensure product quality. Experimental procedures are mainly carried out to verify simulation
results and to establish appropriate technological processes for specific materials and production conditions.
Research on forming hollow parts from tubular blanks via hydroforming has also been conducted at various
temperature states, including cold forming, warm forming, and multi-stage forming combined with intermediate
annealing to eliminate strain hardening. However, current studies predominantly focus on forming bulged
products or T-shaped products from hollow tubular blanks. There is limited research on forming spherical parts
from cup-shaped blanks, a type of component where the punch pressing process—intended to seal and feed
material into the thinning zone—is executed from only one side. Moreover, the effects of parameters such as
forming pressure, axial punch speed, etc., are mostly studied and evaluated individually for each input factor or
established using simple linear models, which do not fully evaluate the impact of each factor or their interaction
effects.

This paper focuses on investigating the influence of several process parameters, including forming pressure (p)
and axial punch speed (v), on the die-filling capability and wall thickness variation (degree of wall thinning) when
hydroforming a necked-spherical part from a copper cup blank. Based on the obtained results, regression equations
are established. Utilizing a second-order orthogonal experimental design, the process parameters are evaluated,
selected, and optimized to obtain a completely formed product with the minimum wall thickness variation.

2. MATERIALS AND METHODS

2.1. Workpiece material
The material used in the simulation is CDA110 copper. The dependence of flow stress (deformation resistance)
on the strain rate at 1, 10, and 50 s—1 at a temperature of 20°C is illustrated in Figure 1.
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Fig. 1. Stress-strain curves for strain-rate-dependency tests at 200C of CDA110 copper, [29]

2.1. Simulation model

The initial blank is cup-shaped with an outer diameter of 22.2 mm, a wall thickness of 1.2 mm, and a length of 65
mm. The target product is a hollow necked-spherical part with a spherical radius Rc=20 mm. Since this is an
axisymmetric part, the geometric models of the initial tube blank and die tools were constructed using 2D CAD
software and subsequently imported into the Deform software environment for simulation (Figure 2(a) and Figure
2(b)). The hydroforming system consists of a rigid die set, an axial punch, and a cup-shaped copper blank
subjected to internal hydraulic pressure. During the forming process, the internal pressure was uniformly applied
to the inner surface of the blank, while the axial punch simultaneously supplied material from one side to
compensate for wall thinning in the deformation zone. The die and punch were modeled as rigid bodies, whereas
the blank was modeled as a deformable plastic material. The hydroforming system model is illustrated in Figure
2(a) and Figure 2(b).
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The behavior model of the copper material CDA110 is built according to the plastic-hardening model using
equation (1). In which, o is stress, € is the degree of strain, K is the strain hardening level (MPa), and n is the
strain hardening coefficient. Based on the stress-strain curve (Figure 1), the values of the coefficients are
determined accordingly: K=199 MPa, n=0.348.

o =K¢g'" (1)

1 1z

The blank was initially meshed with 2,000 tetrahedral elements, with automatic remeshing triggered to adapt to
different deformation zones during the simulation.
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Fig. 2. Geometric model (a), meshed model for simulation (b), and wall thickness measurement (c)

2.3. Research methodology

The study was conducted using DEFORM software Version 11.0, specialized for simulating metal forming
processes.

Forming pressure is a critical parameter affecting the material's ability to fill the die. When the blank is not
subjected to axial compressive force (the punch only functions to maintain internal pressure), the forming pressure
can be calculated using equation (2), [30]:

Ry )

Additionally, the bursting pressure of the material can also be determined using equation (3) to select an
appropriate value range, avoiding fracture defects during the forming process:

S
Pb:_oo-b

R, 3)

where: Pry— forming pressure (MPa); - Sp — initial wall thickness (mm); Rsp — minimum fillet radius of the product
(mm); o5’ — flow stress of the material (MPa); P, — fracture pressure (MPa); o - tensile strength of the material
(MPa).

The effects of process parameters, including forming pressure (p) and axial punch speed (v) were investigated
independently through simulations to find suitable variation ranges. The initial range of forming pressure values
was selected based on calculations using formulas (2-3); however, since the blank is axially compressed during
deformation, the actual value is typically higher. To find the appropriate values when changing the punch speed
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from 1 - 5 mm/s, the forming pressure was set to gradually increase from an initial pressure of 25 MPa in
increments of 5 MPa. In DEFORM software, the forming pressure is applied across the entire inner surface of the
workpiece (Figure 2(b)), where a negative value is input to comply with the software's sign convention, ensuring
the pressure vector is directed outwards.

The technological parameters and boundary conditions for the hydroforming simulation are selected as shown in
Table 1.

Table 1. Technological parameters used in the simulation

Technological parameters Value
Number of finite elements 2000
Tool materials SKDI1
Coefficient of friction 0.1
Ambient temperature, °C 20

The die filling capability is evaluated based on the percentage ratio of the obtained product diameter to the die diameter
Dy/Dg; while the degree of wall thickness variation after forming is evaluated based on the percentage ratio of the
change in wall thickness at the thinnest location to the initial wall thickness (S, - Smin)/So, (Figure 2(c)).

3. RESULTS AND DISCUSSION
3.1. Effect of forming pressure on die-filling capability and wall thickness variation
The investigation into the effect of forming pressure on the die-filling capability without an axial feeding forcewas
conducted with various pressure values. The research results are presented in the chart in Figure 3.
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Fig. 3. Effect of forming pressure on formability and wall thickness variation

The results indicate that, in the absence of an axial feeding force, when the forming pressure is 25 MPa (according
to formula (2)), the die filling ratio reaches 58%. This means that a pressure of 25 MPa is only sufficient to initiate
deformation of the blank, not enough to fill the die cavity. When the forming pressure increases to a certain value
(p = 30 MPa), the blank fills the die cavity. At this point, the degree of wall thinning increases from 3 to 43%.
Continuing to increase the pressure p, it can be observed that the degree of wall thinning remains unchanged. This
proves that the deformation process without an axial feeding force only occurs locally around the maximum
bulging area of the blank.

However, a 43% variation in wall thickness may cause fracture (bursting) when hydroforming copper tubular
blanks. Therefore, to ensure that the blank does not burst during forming, it is necessary to feed material from the
tube end to compensate for the thinning zone by applying an axial feeding force.

Due to the increased wall thickness and work hardening during axial feeding, the forming pressure required for
die-filling also increases. At a punch speed of 5 mm/s, simulation results indicate that a minimum pressure of 45
MPa is required to fill the die cavity. Consequently, subsequent simulation studies were conducted within a
forming pressure range of 45-55 MPa to ensure successful cavity filling.

3.2. Effect of axial punch velocity on wall thickness variation
To ensure that wrinkling defects do not occur on the blank during deformation, the axial punch velocity is selected
within the range of 1 to 5 mm/s. Through the simulation method, the minimum forming pressure required to
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ensure complete die cavity filling when the punch moves at a speed in the range of 1+5 mm/s is determined to be
p =45 MPa.

The study on the effect of axial punch velocity on the wall thickness variation when the forming pressure p = 45
MPa was conducted via simulation with a speed increment of 1 mm/s. The simulation results are shown in the
image map in Figure 4 and the chart in Figure 5.

According to the Cockroft-Latham failure criterion, an increase in axial feeding speed from 1 to 5 mm/s leads to
areduction in the damage factor from 0.74 to 0.63. In the case of CDA110 copper hydroforming, these calculated
factors are well within the permissible deformation limits.
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Fig. 4. Material damage factor under 45 MPa pressure at different axial punch velocities:
v=lmm/s (a), v=2mnv/s (b), vV=3mmny/s (c¢), v=4mm/s (d), v=5Smm/s (¢)
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Fig. 5. Effect of axial punch velocity under 45 MPa pressure on the wall thickness variation

According to the damage distribution maps in Figure 4, it is evident that increasing the axial punch velocity leads
to a reduction in the material damage factor. This trend aligns with the wall thickness variation results presented
in Figure 5. Specifically, as the punch velocity increases from 1 mm/s to 5 mm/s, the maximum wall thinning
decreases significantly from 40% to 22.8% (Figure 4).

Within this range of punch velocities, simulations were conducted to determine the appropriate forming range
(where no wrinkling or fracturing defects occur during the forming process). Based on simulation results obtained
by comparing the material failure coefficients, the maximum forming pressure value determined is 55 MPa.

3.3. Simulation Planning and Optimization
3.3.1. Formulation of the simulation-based optimization problem

To achieve the smallest change in wall thickness, the technological parameters were planned and optimized based
on simulation results.
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To fully assess the influence of individual technological parameters (forming pressure (p) and axial punch velocity
(v)), as well as the interaction between them, the second-order orthogonal planning method was chosen. Based on
the simulation, the range of influence values of the selected factors was coded and shown in Table 3.

Table. 3. Factors affecting the degree of wall thickness change

Forming pressure (p), Punch velocity (v),
Factors [MPa] [mm/s]
X1 X2
xi= -1 45 1
xi=+1 55 5

The simulation was conducted according to the simulation matrix presented in Table 4, with the objective function
Ydefined as the minimization of wall thickness variation.

Table 4. Planning matrix

No X X5 Y
1 -1 -1

2 +1 -1

3 -1 +1

4 +1 +1

5 -1.414 0

6 +1.414 0

7 0 -1.414
8 0 +1.414
9 0 0
10 0 0
11 0 0
12 0 0
13 0 0

3.3.2. Simulation and optimization results

The simulation results corresponding to the matrix presented in Table 4 are summarized in Table 5. The center-
point simulations were performed three times with slight variations in the friction coefficient (from 0.08 to 0.12),
and the corresponding results are reported in Table 6.

Table 5. Simulation results
Ne 1 2 3 4 5 6 7 8
Y 40.3 41.3 21.8 25.6 27.5 33.0 433 22.2

Table 6. Results of the center-point simulations
M 9 10 11 12 13
Y 30.0 29.8 30.1 29.9 29.7

The second-order orthogonal design method was used to evaluate the effects of forming pressure (P) and axial
punch velocity (v), as well as the interaction between these factors. The resulting regression equation (4) is:

Y=29.9 + 1.572X; - 8.006X,+0.363X;*+1.613X>*+0.7 Xi X, 4)

According to the statistical analysis, the coefficients of determination R? and adjusted Rfdj reach 99.16% and

98.55%, respectively, indicating an excellent agreement between the regression model and the simulation data.
The included independent variables make statistically significant contributions, and no evidence of overfitting is
observed. These results confirm that the proposed regression equation is capable of explaining nearly all of the
variability in the dependent variable.

Table 7. Analysis of Variance

Source DF Adj SS Adj MS F- Value P-Value
Model 5 552.633 110.527 164.49 0.000
Linear 2 532.420 266.210 396.18 0.000
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Forming pressure, p 1 19.776 19.776 29.43 0.001
Punch velocity, v 1 512.644 512.644 762.92 0.000
Square 2 18.254 9.127 13.58 0.04
p*p 1 0.914 0.914 1.36 0.282
vy 1 18.089 18.089 26.92 0.001
2-Way interactions 1 1.960 1.960 2.92 0.131
p*v 1 1.960 1.960 2.92 0.131
Lack of Fit 3 4.604 1.535 61.38 0.001
Error 7 4.704 0.672

Total 12 557.337

Table 7 presents the ANOVA results for the obtained regression model. The values P = 0.000 and F = 164.49
indicate that the model is statistically significant and has good predictive capability. Both investigated factors
exert certain influences on the product's wall thickness variation. Among them, forming pressure (p) has the
smallest impact, while the axial punch speed (v) has the most significant impact. The two-way interaction between
forming pressure and punch speed also somewhat affects the wall thickness variation. However, a P-value of
0.131 (> 0.05) reveals that this interaction is not statistically significant. Although the Lack-of-Fit value is
statistically significant (P = 0.001), this is common in complex plastic deformation problems due to the high
nonlinearity of the material and contact boundary conditions. Nevertheless, the small difference between R? and
R?(adj) (only about 0.61%) confirms that the model is not overfitted and possesses good predictive ability for
subsequent optimization studies.

Based on the regression results, the axial punch velocity (v) is identified as the most influential factor on the
degree of wall thinning:

Axial punch velocity (X2): A negative regression coefficient (-8.006) indicates that as the punch velocity
increases, the degree of wall thinning of the blank significantly decreases. This can be explained by the fact that
a high punch velocity helps feed the material into the deformation zone more rapidly, while simultaneously
generating axial compressive stress, thereby restricting strain localization that causes localized thinning. The
response surface plot (Figure 6) displays a very steep slope along the punch velocity axis, emphasizing that
controlling this parameter is crucial to avoid tube wall fracturing defects.

Forming pressure (Xi): Contrary to the punch speed, the forming pressure tends to increase the degree of wall
thinning (coefficient +1.572). In hydroforming, forming pressure helps the blank fill the die cavity but
simultaneously generates large tensile stresses. If the pressure is increased too high without a corresponding
material feeding speed from the punch, the tube wall will be excessively stretched, leading to thinning and fracture.

¢) Optimization of wall thickness variation
From the contour graph in Figure 7, it can be seen that the wall thickness variation gradually increases with
increasing axial punch velocity and decreasing forming pressure.
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Fig.7. Contour plot of the effect of process parameters on the wall thickness variation
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3.3.3. Optimization of wall thickness variation
From the contour graph in Figure 7, it can be seen that the wall thickness variation gradually with increasing axial
punch velocity and decreasing forming pressure.
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Fig.7. Contour plot of the effect of process parameters on the wall thickness variation

Aiming to obtain a product with a uniform wall thickness (where the wall thickness variation at the spherical
section is minimized), the optimal results derived from the analysis show that at a forming pressure of p = 42.9
MPa and a axial punch velocity of v = 5.83 mm/s, the calculated degree of thinning is 18.9%. However,
verification through simulations revealed that when the axial punch velocity is excessively high while the forming
pressure is low, incomplete die filling occurs. Therefore, to achieve the minimum wall thinning while satisfying
the condition of complete die filling without any fracture defects during forming, the appropriate set of process
parameters is: forming pressure p = 45 MPa and axial punch velocity v =5 mm/s. Under these conditions, the
degree of wall thinning obtained from the regression equation is 22.1%. This value deviates by 1.4% from the
simulation results, demonstrating the high conformity of the model.

4. CONCLUSIONS

This study investigates the influence of several technological parameters, such as forming pressure and axial
punch velocity, on the die-filling capability and wall thickness variation of necked-spherical parts with collars
during the tube hydroforming process using numerical simulation. The results indicate that:

- Forming pressure significantly influences the die-filling capacity. For axial punch velocities ranging from 1 to
Smm/s, the required pressure to ensure complete cavity filling is between 45 and 55 MPa.

- The axial punch velocity plays a dominant role in controlling wall thinning. Increasing the punch velocity from
1 to 5 mm/s results in a substantial reduction in the wall thinning ratio, from 40% to 22.8%.

- The optimal parameters to achieve full cavity filling while minimizing wall thinning are identified as p = 45
MPa and v = 5 mm/s, with this set of values, the wall thickness variation achieved is 22.1%.

Based on the research results, the established processing parameters, including forming pressure and axial punch
speed, provide a reliable basis for optimizing product quality, particularly in terms of die filling capability and
wall thickness variation, for components with similar geometries. Furthermore, the study identified a critical
technological threshold: when the required wall thinning ratio is lower than 22.1%, structural or process
modifications should be considered.
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