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Abstract: Cryo-rolled aluminum alloys have a much higher strength-to-weight ratio than cold-rolled
alloys, which makes them invaluable in the aerospace and automotive industries. However, this
strength gain is frequently accompanied by a formability loss. When uniformly applied to the
blank surface, hydroforming provides a solution by generating geometries with constant thickness,
making it possible to produce complex structures with “near-net dimensions”, which are difficult
to achieve with conventional approaches. This study delves into the cavity die sheet hydroforming
(CDSHF) process for high-strength cryo-rolled AA5083 aluminum alloy, focusing on two primary
research questions. Firstly, we explored the utilization of a nonlinear 3D finite-element (FE) model
to understand its impact on the dimensional accuracy of hydroformed components within the
CDSHF process. Specifically, we investigated how decreasing fluid pressure and increasing the
holding time of peak fluid pressure can be quantitatively assessed. Secondly, we delved into the
optimization of process parameters—fluid pressure (FP), blank holding force (BHF), coefficient of
friction (CoF), and flange radius (FR)—to achieve dimensional accuracy in hydroformed square
cups through the CDSHF process. Our findings reveal that our efforts, such as reducing peak fluid
pressure to 22 MPa, implementing a 30 s holding period, and utilizing an unloading path, enhanced
component quality. We demonstrated this with a 35 mm deep square cup exhibiting a 16.1 mm corner
radius and reduced material thinning to 5.5%. Leveraging a sophisticated nonlinear 3D FE model
coupled with response surface methodology (RSM) and multi-objective optimization techniques, we
systematically identified the optimal process configurations, accounting for parameter interactions.
Our results underscore the quantitative efficacy of these optimization strategies, as the optimized RSM
model closely aligns with finite-element (FE) simulation results, predicting a thinning percentage of
5.27 and a corner radius of 18.64 mm. Overall, our study provides valuable insights into enhancing
dimensional accuracy and process optimization in CDSHF, with far-reaching implications for advancing
metal-forming technologies.

Keywords: cavity die sheet hydroforming; finite element modelling; cryo-rolled AA5083; response
surface methodology; ANOVA

1. Introduction

Typically, metal forming employs appropriate loads to cause plastic deformation of
materials, resulting in the required shape of parts with enhanced material strength. Deep
drawing is a forming process with a die and a punch. However, it involves the major
challenge of achieving better surface quality and attaining the required thinning of the
formed parts. A solution for this challenge is the hydroforming process. To achieve the
desired shape, the hydroforming process employs fluid pressure uniformly across the
entire surface of the material [1]. Implementing various measures, such as hydroform press
and tool technology advancements, simulation methods, and innovations in semi-finished
products, sheet material hydroforming, and utilization of heat energy, currently facilitates
continuous enhancements in hydroforming applications [2].
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Hydroforming can be classified into (i) the shell hydroforming process, (ii) tube hy-
droforming, and (iii) sheet hydroforming [1,3]. Sheet forming and shell forming are
fundamentally different depending on whether a die is used or not. Hwang Y and
Manabe K [4] discussed the wide application of hydroforming processes in manufac-
turing lightweight parts for various industries and presented the latest achievements in
tube and sheet hydroforming processes, aiming to provide valuable insights for profes-
sionals in product development and forming technology innovation. Considering the vast
applications and scope of the sheet hydroforming process, this research focuses on cavity
die sheet hydroforming (CDSHF) for the deep drawing process. Sheet hydroforming is
typically carried out with either a cavity die (punchless) or a punch (hydromechanical
deep drawing).

The CDSHF process is capable of manufacturing complex and intricate geometries.
Palumbo et al. used a CDSHF operation with a moveable die to create a hemi-toroidal shape
to form stainless steel samples [5]. Successfully producing complex and intricate geometry
depends on the design aspects of tools and the control of essential process parameters.
Fluid pressure (FP), blank holding force (BHF), and coefficient of friction (CoF) between the
blank and die and material thickness are a few commonly studied process parameters for
the hydroforming of deep-drawn components [6–9]. After FP, BHF has the most significant
influence on forming. A small change in the BHF is predicted to significantly impact the
forming, which will affect the product’s quality [10]. Pradeep Raja C et al. [11] developed an
experimental setup for the sheet hydroforming process to study the impact of FP on forming.
Other important process parameters are the flange radius (FR), blank temperature, limiting
drawing ratio (LDR) of sheet metal [11], and residual stresses and strains carried over from
previous processes like rolling [12]. Xiao Jing Liu et al. [13] studied the effect of elevated
temperature during the hydroforming process (warm forming). High temperatures have a
softening impact, but the intensity of the flowing blank is low. Also, warm forming depicts
a more ductile fracture compared to forming at room temperature [14].

Important output parameters found in the literature are material thinning, major
and minor strains, and the corner radius of the deep-drawn component. FP controls the
formation of inside corners, and a lack of pressure results in an improperly filled corner
with a bigger radius than the preferred or worst case, wrinkling [15]. One significant
flaw in the sheet hydroforming process is wrinkling. The double-sided hydroforming
(DSHF) process is a solution to reduce wrinkling [16]. As back pressure is used during the
DSHF process, wrinkles disappear, resulting in better forming. Numerous studies have
been performed on flexible dies and how they can increase formability during hydroform-
ing [17,18]. The impact of stresses on spring-back during hydroforming was researched
by Zhiying Sun and Lihui Lang. It was discovered that the spring-back decreases with
increasing hydraulic pressure [19]. Churiaque C et al. [20] discussed the development of a
FE model for predicting spring-back in the hydroforming process of aluminum alloy parts,
emphasizing the influence of material parameters on simulations and the importance of
accurate material characterization for reliable estimations. Researchers have found that
some unusual forming techniques, like using shock waves to form metals, are also gaining
popularity [21].

Nowadays, aluminum is considered an ideal solution for lightweight, high-strength
applications in the automobile and aerospace industries. The main disadvantages of using
aluminum instead of carbon steel are its relatively lower strength and formability. Cryo-
rolled Al-alloy sheets can overcome these disadvantages since they possess significantly
greater strength due to their ultra-fine grain structure. Cryo-rolling, followed by annealing,
improves malleability significantly [22]. Plastic deformation occurs at −196 ◦C during the
cryo-rolling process. Liquid nitrogen is used to achieve this temperature. Cryo-rolling,
preceded by CDSHF, can create intricate forms that are light in weight and stronger [23–25].

This study uses Abaqus/Explicit 2022 finite-element (FE) software to present a novel
method for the CDSHF process for the high-strength cryo-rolled AA5083 aluminum alloy.
The blank is assumed to be deformable, and the die and blank holder are assumed to be
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analytically rigid. The CoF between the blank and blank holder is supposed to be 0.08. The
study examines the effects of various process variables on the dimensional accuracy of the
hydroformed square cup, such as blank holding force (BHF), fluid pressure (FP), flange
radius (FR), and coefficient of friction (CoF). The material flow model uses the arbitrary
Lagrangian–Eulerian (ALE) technique. In the conventional Lagrangian approach, the mesh
is attached to the material. As a result, the mesh deforms as the material deforms. In
the Eulerian method, the material is allowed to flow through the mesh, which remains as
a control volume. On the other hand, in the ALE method, those regions corresponding
to extensive distortion use the Eulerian method, and other locations use the Lagrangian
method [26,27]. The corner radius, the depth of the cup drawn without failure and the
corner thinning percentage are among the output parameters examined during the CDSHF.

The introduction section clarifies the difficulties associated with metal forming and
offers hydroforming as a solution, emphasizing the applicability of sheet hydroforming—
particularly cavity die sheet hydroforming (CDSHF)—for complex geometries. It empha-
sizes important process variables such as blank holding force (BHF) and fluid pressure
(FP) as well as methods to deal with complex forming. The study focuses on developing
CDSHF employing high-strength cryo-rolled AA5083 aluminum alloy, emphasizing the
importance of cryo-rolled aluminum alloys for lightweight, high-strength applications.
These are the research issues that, in light of the completed literature evaluation, our study
has attempted to address.

Research Question 1: How might the use of a 3D nonlinear FE model affect the
dimensional accuracy of hydroformed components? Specifically, how might the effects of
decreasing fluid pressure and increasing holding time of peak fluid pressure be examined
when applied to the cavity die sheet hydroforming process for the high-strength cryo-rolled
AA5083 aluminum alloy?

Research Question 2: In hydroformed square cups made from cryo-rolled AA5083
aluminum alloy, what are the best configurations for process parameters—such as FP, BHF,
CoF, and FR—to achieve dimensional accuracy, and how do these parameters interact with
one another to affect the result?

Our work is based on the development and validation of a sophisticated nonlinear
3D finite-element (FE) model specifically intended for CDSHF operations. This model
helps us better understand how to optimize process settings for better component quality
and formability by accurately mimicking material behavior. Comprehensive evaluations
of structural integrity, such as stress distribution, strain behavior, and strain rates under
various operating scenarios, are made possible by FE modeling, which is challenging to
achieve through experimentation. Using Abaqus/Explicit FE software, we implemented a
unique material flow modeling strategy based on the arbitrary Lagrangian–Eulerian (ALE)
method. A more accurate depiction of the dynamics of material deformation during the
hydroforming process was made possible by this departure from conventional approaches.
Additionally, our study presents a novel approach to reduce applied peak fluid pressure,
improve component quality, and increase the geometric accuracy of produced components
by optimizing the relationship between peak FP and holding time. In particular, our results
show that holding FP is essential for process optimization since it greatly lowers the peak
fluid pressure needed to produce the product. Additionally, by combining response surface
methodology (RSM) with multi-objective optimization techniques, we establish optimal
configurations for the CDSHF process while considering process factors like FP, BHF, CoF,
and FR. We also systematically determine the relevance of process parameters. The use
of this comprehensive quantitative approach bears important implications for industry
operations and the future advancement of metal-forming technologies. It enhances our
comprehension of CDSHF procedures and opens the door to better process optimization
and component quality improvement. Our research essentially represents a paradigm
shift in the field of hydroforming, offering fresh perspectives and methods that could
revolutionize industrial operations and propel the industry’s ongoing advancement.
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2. Methodology

The finite-element (FE) package Abaqus/Explicit was used to develop a nonlinear 3D
FE model for the CDSHF process of high-strength cryo-rolled AA5083 (aluminum alloy).
The blank is assumed to be deformable, and the die and the blank holder are assumed to be
analytically rigid. The CoF between the blank and blank holder is supposed to be 0.08. The
developed model was first validated by the experimental results published in the literature
by Fitsum Taye and Digavalli Ravi Kumar (2019), namely “Enhancement of draw ability of
cryo-rolled AA5083 alloy sheets by hydroforming” [6], which considers BHF, FP, and CoF
as the input parameters.

Figure 1 depicts the various stages of the CDSHF process for a square cup using FE
modeling. Due to extensive thinning, the bottom corner is the most difficult to form. As
mentioned earlier, the ALE scheme is used for meshing the domain. Surface interaction
takes place between the die and the bottom part of the blank surface as well as between
the blank holder and the blank’s upper surface. The friction coefficient between the blank
and the blank holder is set to 0.08, the CoF between the die and the blank is set to 0.04, the
FR to 7 mm, the peak FP to 24 MPa, and the BHF to 310 kN [6]. The blank thickness is 1
mm. Figure 2 represents the blank geometry and dimensions. Table 1 shows the chemical
composition and Table 2 shows the mechanical properties of cryo-rolled AA5083.
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Table 1. Chemical composition of AA5083 [25].

Mg Mn Fe Si Cu Cr Zn Al

4.256 0.542 0.221 0.258 0.047 0.086 0.030 Balance

Table 2. Mechanical properties of the material cryo-rolled AA5083 [6].

YS (MPa) UTS (MPa) Elng. (%) n K (MPa)

186.1 309.8 18.1 0.243 533

The die and the blank holder are fixed concerning all degrees of freedom, and the
blank is permitted to flow plastically in all directions. The level of mesh refinement greatly
influences the quality of outcomes in problems involving nonlinear geometry. Hence, we
conducted a mesh convergence study (Figure 3) to reach an optimal element size. We
obtained the best results for a mesh element size of 0.6, where the solution time is 9.1 h, and
the die corner is 7.24 mm (which we discuss later in the paper). Using the C3D8R element
typically found in the ABAQUS element library, we applied four elements evenly spaced
throughout the thickness of the blank to simulate the response. To ensure consistency in
our strategy, we meshed the entire blank surface using the same element type. C3D8R has
fewer integration points than an ordinary eight-nodded brick element, which therefore
reduces the computational time. The most accurate results in terms of force-displacement,
cup height, thinning, and spring-back were obtained using C3D8R elements [28].

Our work investigates the possibility of lowering the applied peak FP by increasing
the peak pressure-holding time. Such a reduction in the applied pressure would, in turn,
reduce the spring-back effect, thereby increasing the accuracy of the final part geometry.
Figure 4 shows the FP path and the BHF applied. In the given figure, the peak FP is kept
constant at 22 MPa. Similar studies were carried out for a range of 18 to 22 MPa. Also,
we conducted simulations where the FP was uniformly reduced to zero (unloading path)
concerning time, as shown in Figure 5.



Metals 2024, 14, 478 6 of 16

Metals 2024, 14, x FOR PEER REVIEW 5 of 16 
 

 

Table 2. Mechanical properties of the material cryo-rolled AA5083 [6]. 

YS (MPa) UTS (MPa) Elng. (%) n K (MPa) 
186.1 309.8 18.1 0.243 533 

 
Figure 2. Blank Geometry and Dimensions. 

The die and the blank holder are fixed concerning all degrees of freedom, and the 
blank is permi ed to flow plastically in all directions. The level of mesh refinement greatly 
influences the quality of outcomes in problems involving nonlinear geometry. Hence, we 
conducted a mesh convergence study (Figure 3) to reach an optimal element size. We ob-
tained the best results for a mesh element size of 0.6, where the solution time is 9.1 h, and 
the die corner is 7.24 mm (which we discuss later in the paper). Using the C3D8R element 
typically found in the ABAQUS element library, we applied four elements evenly spaced 
throughout the thickness of the blank to simulate the response. To ensure consistency in 
our strategy, we meshed the entire blank surface using the same element type. C3D8R has 
fewer integration points than an ordinary eight-nodded brick element, which therefore 
reduces the computational time. The most accurate results in terms of force-displacement, 
cup height, thinning, and spring-back were obtained using C3D8R elements [28]. 

 
Figure 3. Mesh convergence study. Figure 3. Mesh convergence study.

Metals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

Our work investigates the possibility of lowering the applied peak FP by increasing 
the peak pressure-holding time. Such a reduction in the applied pressure would, in turn, 
reduce the spring-back effect, thereby increasing the accuracy of the final part geometry. 
Figure 4 shows the FP path and the BHF applied. In the given figure, the peak FP is kept 
constant at 22 MPa. Similar studies were carried out for a range of 18 to 22 MPa. Also, we 
conducted simulations where the FP was uniformly reduced to zero (unloading path) con-
cerning time, as shown in Figure 5. 

 
Figure 4. FP path and BHF vs. time. 

 
Figure 5. Loading and unloading FP path and BHF vs. time. 

The presented work also investigates the development of a mathematical model and 
multi-objective optimization. The objective functions are minimizing thinning percentage 
and corner radius using response surface methodology (RSM). A flow chart for the opti-
mization process is given in Figure 6. Input parameters and their range are shown in Table 
3. The input parameters considered are CoF, FP, BHF, and FR. 

Table 3. Range of Input Parameters. 

Input Parameters CoF FP (MPa) BHF (kN) FR (mm) 
Low Level 0.04 20 260 5 
High Level 0.12 22 300 9 

Figure 4. FP path and BHF vs. time.

Metals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

Our work investigates the possibility of lowering the applied peak FP by increasing 
the peak pressure-holding time. Such a reduction in the applied pressure would, in turn, 
reduce the spring-back effect, thereby increasing the accuracy of the final part geometry. 
Figure 4 shows the FP path and the BHF applied. In the given figure, the peak FP is kept 
constant at 22 MPa. Similar studies were carried out for a range of 18 to 22 MPa. Also, we 
conducted simulations where the FP was uniformly reduced to zero (unloading path) con-
cerning time, as shown in Figure 5. 

 
Figure 4. FP path and BHF vs. time. 

 
Figure 5. Loading and unloading FP path and BHF vs. time. 

The presented work also investigates the development of a mathematical model and 
multi-objective optimization. The objective functions are minimizing thinning percentage 
and corner radius using response surface methodology (RSM). A flow chart for the opti-
mization process is given in Figure 6. Input parameters and their range are shown in Table 
3. The input parameters considered are CoF, FP, BHF, and FR. 

Table 3. Range of Input Parameters. 

Input Parameters CoF FP (MPa) BHF (kN) FR (mm) 
Low Level 0.04 20 260 5 
High Level 0.12 22 300 9 

Figure 5. Loading and unloading FP path and BHF vs. time.



Metals 2024, 14, 478 7 of 16

The presented work also investigates the development of a mathematical model and
multi-objective optimization. The objective functions are minimizing thinning percent-
age and corner radius using response surface methodology (RSM). A flow chart for the
optimization process is given in Figure 6. Input parameters and their range are shown
in Table 3. The input parameters considered are CoF, FP, BHF, and FR.
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Table 3. Range of Input Parameters.

Input
Parameters CoF FP (MPa) BHF (kN) FR (mm)

Low Level 0.04 20 260 5
High Level 0.12 22 300 9

3. Results and Discussions

The model validation results are shown in Table 4. Based on the data from the
literature [6], the die-blank CoF is taken as 0.04, and between blank holder is taken as 0.08,
the FP range is 0–24 MPa, the BHF is 0–310 kN, and the FR is 7 mm. The obtained FE
model results differed by less than 5% from the experimental results. Hence, we can be
confident in the accuracy of our model. Furthermore, we measured the percentage thinning
along the X-X and X-Y directions (as shown in Figure 7) and compared the results with the
experimental results obtained in the literature [6] (as shown in Figure 8a,b). The percentage
of thinning in the FE model was found to follow the same trend as the experimental results
in both the X-X and X-Y directions.

Table 4. FE model validation—FE model results vs. experimental results.

FE Model Results Experimental
Results [6] % Difference

Depth (mm) 35 35 0
Min. Corner radius (mm) 16.7 16 4.37%

Thinning % 7.24 7 3.32%
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Furthermore, we investigated the possibility of lowering the applied peak FP by
increasing the peak pressure-holding time. When the peak pressure was held at 22 MPa for
30 s, we achieved relatively better results with the same material (shown in Figure 4). The
resulting die corner radius was 16.21 mm, with a thinning percentage of 5.5. We could only
partially form the cups at a peak FP of 18 MPa.

Following an unloading path, as shown in Figure 5, revealed no change in percentage
thinning, but a slight improvement was observed in the corner radius formed. The corner
radius was measured as 16.1 mm. It was noticed that the material’s spring-back effect was
reduced. The FP path shown in Figure 5 was used for further investigation.

The von Mises stress and plastic strain (PEEQ) distribution of fully formed cups at
22 MPa is displayed in Figure 9a,b, respectively. The von Mises stress distribution of
partially formed cups at 18 MPa is displayed in Figure 9c. Figure 9a,b depict completely
formed corners, while Figure 9c depicts corners that have not yet started to form. The
legend represents the von Mises stress and equivalent plastic strain (Figure 9a,b), where
the highest concentration of stress and plastic strain are seen at the corners. With 22 MPa
peak FP, the average strain rate was 2.21/s at the corners and 1.45/s at the cup’s extremal
bottom.
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Figure 9. (a) Von Mises stress distribution in fully formed cup at 22 MPa peak FP. (b) Equivalent
plastic strain in fully formed cup at 22 MPa peak FP. (c) Von Mises stress distribution in partially
formed cup at 18 MPa peak FP.

Development of Mathematical Model

Multi-objective optimization was performed to predict the most influencing parame-
ters and to understand the optimal combination of input parameters for an efficient CDSHF
process. This optimization process aims to minimize material thinning and corner radius.

Response surface methodology (RSM), a well-established design of experiments (DOE)
technique [29,30], was employed to select process parameters. The central composite de-
sign (CCD) within response surface methodology (RSM) allowed us to efficiently select
31 unique combinations of process parameters. By strategically placing experimental points
at the center, vertices, and midpoints of the factorial design space, CCD ensured compre-
hensive coverage of the parameter space with only a minimal number of experimental runs.
FE simulations were conducted for 25 unique combinations of process parameters, derived
from a total of 31 predicted combinations, with 6 combinations repeating. The FE model
output parameters include thinning percentage and corner radius, as shown in Table 5.
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Table 5. Input parameter combinations for which simulations were carried out and the correspond-
ing output.

Input Parameters Output Parameters

Sl. No. CoF BHF (kN) FP (MPa) FR (mm) Thin. % Cor. Rad. (mm)

01 0.04 260 20 5 5.5 22.3
02 0.08 280 21 5 5.5 19.8
03 0.12 300 22 5 6.4 17.9
04 0.12 260 20 5 5.5 22.3
05 0.12 300 20 5 5.9 21.3
06 0.12 260 22 5 6.1 19.3
07 0.04 260 22 5 5.7 18.2
08 0.04 300 20 5 5.6 20.8
09 0.04 300 22 5 6.6 17.2
10 0.08 300 21 7 6.2 19.2
11 0.08 280 21 7 5.9 19.3
12 0.08 280 22 7 7.0 19.0
13 0.08 260 21 7 5.7 19.6
14 0.08 280 20 7 5.5 21.7
15 0.12 280 21 7 6.4 20.0
16 0.04 280 21 7 5.7 18.0
17 0.12 260 20 9 5.4 22.2
18 0.12 300 20 9 6.2 21.2
19 0.04 300 20 9 5.4 20.1
20 0.04 260 20 9 5.6 21.9
21 0.04 260 22 9 5.8 17.5
22 0.12 300 22 9 6.7 17.6
23 0.12 260 22 9 6.2 19.1
24 0.08 280 21 9 5.8 19.2
25 0.04 300 22 9 6.9 16.8

The effects of different input parameters on the thinning percentage and corner radius
of the formed square cup are shown in Figure 10a,b. Figure 10a shows that as the peak FP,
BHF, and CoF increase, so does the thinning percentage. On the other hand, FR was found
to have an imperceptible effect between 5 mm and 7 mm.
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Corners were found to form more efficiently when the FP and BHF were higher, as
shown in Figure 10b. Corners formed well when the CoF was lower. The FR greater than
7 mm was found to be of little importance. The material flow was much smoother with
a 7 mm FR than a 5 mm FR; however, an FR greater than 7 mm has a larger contact area
between the blank and the die. Such a larger FR was found to restrict the flow of material.

The effects of two input parameters on thinning percentage and corner radius are
shown in Figure 11a–f and Figure 12a–f, respectively. Figure 11a shows that the thinning
percentage is low when low CoF and low BHF are combined, and Figure 12a shows
that corner form is better when low CoF and higher BHF are combined. BHF should
increase as CoF increases to achieve better corner formation. Thinning decreases for a low
CoF/FP combination (Figure 11b), but for better corners, a low CoF/high FP combination
is required (Figure 12b). Figure 11c depicts the effect of FR and CoF on percentage thinning;
this combination has a negligible impact on reducing material thinning. On the other
hand, high FR with low CoF forms corners better (Figure 12c). Figures 11d and 12d



Metals 2024, 14, 478 13 of 16

show that as FP and BHF increase, the thinning percentage increases, and corner form
improves. Figure 11e depicts an interaction between FR and BHF for thinning percentage;
thinning decreases with lower CoF for an FR of 7 mm. Figure 12e shows that the FR should
increase as the CoF increases for better corner formation. Figure 11f shows very little
interaction between FR and FP for the thinning percentage. Figure 12f shows that a larger
FR necessitates a larger FP to form corners more effectively.

Metals 2024, 14, x FOR PEER REVIEW 13 of 16 
 

 

Figure 11. Contour Plots—effect of two parameters on Thinning Percentage. (a) BHF × CoF, (b) FP 
× CoF, (c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP. 

 
Figure 12. Contour Plots—effect of two parameters on Corner Radius. (a) BHF × CoF, (b) FP × CoF, 
(c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP. 

The RSM-based mathematical model is depicted in Equations (1) and (2). The first 
equation is a regression equation for the thinning percentage, and the second is a regres-
sion equation for the corner radius. The coefficients in the regression equation represent 
the magnitude and direction of the effect of each independent variable on the response 
variable, thinning % and corner radius. Positive coefficients indicate a positive relation-
ship, while negative coefficients indicate a negative relationship. The magnitude of the 
coefficients reflects the strength of the influence. For example, in Equation (1), a 1-unit 
increase in the coefficient of friction (CoF) results in a 2.78-unit increase in the thinning 
percentage, all other factors being constant. 

Thin.% = −6.45 + 2.78 CoF + 0.01222 BHF + 0.3778 FP + 0.213 FR − 0.0128 FR2 (1) 

Cor. Rad. = 440.9 + 60.2 CoF − 0.02861 BHF − 37.86 FP − 0.0972 FR − 306 CoF2 + 0.860 FP2 (2) 

Figure 11. Contour Plots—effect of two parameters on Thinning Percentage. (a) BHF × CoF,
(b) FP × CoF, (c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP.

Metals 2024, 14, x FOR PEER REVIEW 13 of 16 
 

 

Figure 11. Contour Plots—effect of two parameters on Thinning Percentage. (a) BHF × CoF, (b) FP 
× CoF, (c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP. 

 
Figure 12. Contour Plots—effect of two parameters on Corner Radius. (a) BHF × CoF, (b) FP × CoF, 
(c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP. 

The RSM-based mathematical model is depicted in Equations (1) and (2). The first 
equation is a regression equation for the thinning percentage, and the second is a regres-
sion equation for the corner radius. The coefficients in the regression equation represent 
the magnitude and direction of the effect of each independent variable on the response 
variable, thinning % and corner radius. Positive coefficients indicate a positive relation-
ship, while negative coefficients indicate a negative relationship. The magnitude of the 
coefficients reflects the strength of the influence. For example, in Equation (1), a 1-unit 
increase in the coefficient of friction (CoF) results in a 2.78-unit increase in the thinning 
percentage, all other factors being constant. 

Thin.% = −6.45 + 2.78 CoF + 0.01222 BHF + 0.3778 FP + 0.213 FR − 0.0128 FR2 (1) 

Cor. Rad. = 440.9 + 60.2 CoF − 0.02861 BHF − 37.86 FP − 0.0972 FR − 306 CoF2 + 0.860 FP2 (2) 

Figure 12. Contour Plots—effect of two parameters on Corner Radius. (a) BHF × CoF, (b) FP × CoF,
(c) FR × CoF, (d) FP × BHF, (e) FR × BHF, (f) FR × FP.

The RSM-based mathematical model is depicted in Equations (1) and (2). The first
equation is a regression equation for the thinning percentage, and the second is a regression
equation for the corner radius. The coefficients in the regression equation represent the
magnitude and direction of the effect of each independent variable on the response variable,
thinning % and corner radius. Positive coefficients indicate a positive relationship, while
negative coefficients indicate a negative relationship. The magnitude of the coefficients
reflects the strength of the influence. For example, in Equation (1), a 1-unit increase in the
coefficient of friction (CoF) results in a 2.78-unit increase in the thinning percentage, all
other factors being constant.
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Thin.% = −6.45 + 2.78 CoF + 0.01222 BHF + 0.3778 FP + 0.213 FR − 0.0128 FR2 (1)

Cor. Rad. = 440.9 + 60.2 CoF − 0.02861 BHF − 37.86 FP − 0.0972 FR − 306 CoF2 + 0.860 FP2 (2)

The RSM performance was evaluated using ANOVA. The “model p-value” for both
the thinning percentage and corner radius was found to be less than 0.001. As a result, the
model can be branded as significant (“model p-value” < 0.05 is significant).

The developed mathematical model yielded the following optimal values: CoF 0.04,
BHF 260 kN, peak FP 21.4141, and FR 5 mm. This model has a thinning percentage of
5.27 and a corner radius of 18.64 mm. FE simulations were run for these optimal values of
input parameters. The FE model has a thinning percentage of 5.48 and a corner radius of
19.03 mm.

4. Conclusions

• A nonlinear 3D FE model for the CDSHF process of high-strength cryo-rolled AA5083
(aluminum alloy) was developed and validated using experimental work published
in the literature;

• Square cups were created through deep drawing using the CDSHF process. The initial
process parameters considered were FP 0–24 MPa, BHF 0–310 kN, FR 7 mm, and a
CoF of 0.04 between die and blank. The depth of the formed square cup obtained is
35 mm, the corner radius is 16.7 mm, and the thinning percentage is 7.24;

• We formed square cups with better formability by lowering the peak FP to 22 MPa,
holding this peak FP for 30 s, and following an unloading path. A 35 mm deep square
cup was produced with a die corner radius of 16.1 mm and a thinning percentage
of 5.5;

• A mathematical model was developed, and multi-objective optimization was per-
formed to minimize material thinning and corner radius. RSM was used to establish
the model. The input parameters considered were FP 20–22 MPa, BHF 260–300 kN,
CoF between die and blank 0.04–0.12, and FR 5–7 mm;

• FP was found to be the most influencing parameter. The interaction effects of input
parameters on output were also studied. ANOVA was used to validate this RSM-based
mathematical model, and the model was found significant (“model p-value” < 0.001);

• The optimal values obtained from the RSM-based mathematical model are CoF of 0.04,
BHF of 260 kN, peak FP of 21.41 MPa, and FR 5 mm. This model predicted a thinning
percentage of 5.27 and a corner radius of 18.64 mm. The optimum input values were
used in the FE simulations, and similar results were obtained. The FE model has a
thinning percentage of 5.48 and a corner radius of 19.03 mm.
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Abbreviations

Nomenclature/Abbreviation Description
FE Finite element
CDSHF Cavity die sheet hydroforming
FP Fluid pressure
ALE Arbitrary Lagrangian–Eulerian
CoF Coefficient of friction
BHF Blank holding force
FR Flange radius
RSM Response surface methodology
YS Yield strength
UTS Ultimate tensile strength
Elng. (%) Percentage elongation
n Strain hardening index
K Strength coefficient
CCD Central composite design
ANOVA Analysis of variance
Cor. Rad. Corner radius
% Thin. Percentage thinning
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