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Abstract

This study investigates the spring-back characteristics in the sheet metal U-bending process using finite element analysis.
The elastic recovery phenomenon, known as spring-back, poses significant challenges in ensuring dimensional accuracy
in sheet metal forming. The study employs an updated Lagrangian thermo-elastoplastic finite element method to analyze
the effects of various process parameters on spring-back. Key findings demonstrate that the punch corner radius, punch-
die clearance, and friction coefficient are major influencers, while the punch velocity and sheet thickness have minimal
impact. This research provides insights for tool designers to enhance prediction accuracy and suppress elastic recovery.
Keywords: spring-back characteristics; Finite element analysis; sheet metal U-bending process; punch corner radius.

INTRODUCTION

Sheet metal forming is a widely used technique in nearly all industrial sectors due to its efficiency in producing final sheet
products with the desired shape and appearance using relatively simple tools. However, challenges such as wrinkles, tears,
and poor dimensional precision often arise if tool and process parameters are not carefully controlled. A critical issue in
the sheet metal bending process is the elastic recovery after unloading, known as spring-back, which leads to dimensional
inaccuracies and sidewall curl [1]. Therefore, designing tools that account for the material and final product dimensions
requires accurate predictions of spring-back.

Traditionally, process parameter identification has relied heavily on trial-and-error, drawing on the designer's empirical
knowledge or time-consuming, costly trials. Elastic recovery is influenced by several factors, including tool shape, material
properties, temperature fluctuations, and frictional contact conditions [2, 3]. The nonlinear nature of these interactions
complicates mathematical modeling, limiting the accuracy of traditional prediction methods [4, 5].

Recent advancements in numerical simulations, particularly the finite element method (FEM) and numerical optimization,
have significantly improved the precision of spring-back predictions, enabling more systematic tool design. Sheet metal
bending, as an out-of-plane forming process, involves minimal strain but considerable deformation, further complicated
by changing frictional boundaries and an interdependent temperature field during the process. As a result, finite element
analysis of the bending process remains a complex challenge that continues to drive research efforts [6-8].

This study addresses a gap in the understanding of how key process parameters affect elastic recovery, focusing specifically
on the spring-back phenomenon. Using a thermo-elastoplastic finite element approach integrated with the updated
Lagrangian framework, this research simulates plane-strain sheet metal U-bending to investigate the parametric
dependence of spring-back [9]. The methodology and finite element approximation used in the study are detailed in the
subsequent sections.

The issue of spring-back in sheet metal forming has been the subject of extensive study. Bian and Li (2024) [10] provided
critical insights by using the updated Lagrangian framework to model elastic recovery under varied process conditions.
However, Sarath and Paul (2021) [11] highlighted that theoretical models face challenges in accurately predicting spring-
back due to nonlinearities in material behaviour, tool geometry, and thermal fields. Recent advancements in computational
techniques, especially the finite element method (FEM), have significantly improved the ability to simulate and predict
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these complex processes. For instance, the work of Chisena, Chen, and Shih (2021) [12] demonstrated how FEM advances
allow for more refined simulations of the factors affecting spring-back. Similarly, Hou et al. (2023) [13] emphasized that
precise parameter identification and predictive modeling remain key research priorities. Recent studies in this domain are
focusing on enhancing FEM methodologies to address material and process intricacies, enabling better accuracy in
predicting spring-back behaviour.

In addition, modern trends in digital preservation and computational efficiency are reshaping FEM applications. The
integration of cloud computing and Al-driven optimizations in numerical modeling has led to more accessible and efficient
simulations. Digital preservation of data ensures that simulations and parametric studies can be archived, shared, and
reused, facilitating continuous improvements and collaboration in FEM research. These technological advancements are
allowing for more detailed and scalable investigations into spring-back and other deformation behaviors.

Objective of Study
The primary objective of this work is to examine the spring-back phenomenon in the sheet metal U-bending process
through advanced finite element analysis.

Problem Statement

This study investigates the challenge of precisely predicting and managing the spring-back phenomenon in the U-bending
process of sheet metal. Spring-back, resulting from elastic recovery post-unloading, induces dimensional errors in
fabricated metal components. This issue is intricate because to the impact of several process parameters, such as tool shape,
material characteristics, and friction conditions. The research aims to elucidate this complexity by finite element analysis
to enhance comprehension of the effects of these characteristics and deliver dependable forecasts for tool and process
design.

Sheet Metal U-Bending Process

Fig. 1(a) depicts two-dimensional schematic representation of a simple sheet metal U-bending configuration. In general,
we may consider a whole U-bending process into two steps, loading and unloading. In the loading step, a sheet metal is
being bent into the die until the punch moves down completely, so that its shape is formed closely to the die shape. During
this step, the workpiece undergoes elastoplastic deformation and temperature increase under frictional resistance. Next,
the deformed sheet metal is ejected from the tool set during the unloading step; while experiencing the residual stress
release and the temperature drop to reach a thermo-mechanical equilibrium state.

Owing to this thermo-mechanical relaxation, dimension of the final product, particularly the bending angle, becomes
different from that of the product before unloading. This dimensional difference is called the elastic recovery phenomenon,
particularly the bending angle alternation is denoted by spring-back. The spring-back amount is defined in Fig. 1(b). In
particular, the negative spring-back is also called spring-go.

In sheet metal U-bending process two sets of field equations are coupled, elastoplasticity and unsteady-state heat transfer.
As is well known, the former exhibits the highly nonlinear behaviour due to material, geometry and contact boundary

nonlinearities. Meanwhile, the temperature change is remarkably smaller than that in hot metal forming, but its influence
on the spring-back amount is not negligible

Thermo-Elastoplastic Deformation
The material model for elastoplastic materials with strainhardening can be defined in different ways, but we in this paper
use the following form:

Strain-hardening yielding: 5(ay, s_p) =0y + K(e_p)m. e

Effective plastic strain : &, = & — &........ (1.2)
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In which the effective stress & is defined by /3/ Z(Si iSi j) / with the deviatoric stresses s;;, and the effective strain € is

1/2 . o e .
defined by /2/ 3(ei i€ j) / . On the other hand, K and m denote material-dependent constants, oy the initial yield stress,
and &,(= oy/E) the effective strain at the initial yielding. We next need the constitutive relation between stress and strain

rates for the updated Lagrangian kinematic description adopted in this study.
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Fig. 1. Sheet metal U-bending: (a) two-dimensional schematic representation; (b) definition of spring-back

In such description, the use of the second Piola-Kirchhoff stress tensor and the Green strain tensor is general, as is well-
explained in[14, 15]. According to the small strain deformation of sheet metal U-bending, the Jaumann (or Jaumann-
Zaremba) time derivative of the Kirchhoff stress 7;; leads to the strain rate independent constitutive relation that keeps the

objectivity.

Unsteady-State Heat Conduction

On the other hand, the process generates heat according to the relative frictional motion and the plastic deformation, even
without any external heat supply. Since the convection and radiation effects are considerably smaller than the heat
conduction, we exclude such effects in the heat transfer analysis. But the reader may refer to [16] for the numerical
formulation of general heat transfer problems.

The unsteady-state temperature field T (x; t) in the material domain Q, during the process time [0, t*] under consideration,

1S expressed as fOHO WS:
a a m ) .........( . )

In the above problem, the internal heat generation due to the plastic deformation is calculated from the conservation of

plastic work (with the heat generation efficiency e; 0 0.9),

aq

a = egO'ijé:ij. e (14)
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Thermo-Elastoplastic Finite Element Analysis
Nonlinear Finite Element Approximations:

To address the nonlinear thermo-elastoplastic problem, we use the updated Lagrangian kinematic description, where the
current configuration Q"t becomes the reference frame. The virtual work principle leads to the following variational
formulation:

J-t [(TU - ZUikékj)aéij + O'ikvj’ké‘vj‘i]dv = J- fi6vids. (15)
Q §Qc¢

Next, the velocity field is approximated using the matrix @ ¢om,, composed of iso-parametric finite element basis functions

and the nodal vector 77 = {#X, X, 5%}, such that:
v(x) = d(x) - .........(1.6)
The strain rate tensor and velocity gradient vector are expressed as:
€() =DT®7 = BT, vj, = (LD) ji wvv vor .. (1.7)
Substituting the finite element approximation leads to the following nonlinear matrix equations:
R'=0: K'v—F'=0.......(1.8)

Where R is the residual force-rate vector, and the global stiffness matrix and load-rate vector are defined as:

Kt = f [B"D.,B + L"SL — BT[W¥]dV, Ft = J o'ids. ........(1.9)
at i}

Q¢
The temperature field rate T'(x) is approximated using the same iso-parametric basis functions:
T(x) =¥YT)T.........(1.10)

The heat conduction problem is formulated as:
f [pcTQ + kVT - VQ]dV + f h.TQds = f ey(0ij€;;)QdV + f (g5 + AT )Qds. ... ... (1.11)
at o0, at a0,
For temporal discretization, we divide the time interval into steps At, and use the Crank-Nicolson scheme:
1 _ 1 _
[Ct + E(At)l(t] THHD = [Ct -5 (At)l(t] T + AtFigpq g0 o . (112)
Where:

[Cf]=f pc¥TWAy, [Kf]=f KVW -VPdV + | hWTWds. ... .....(1.13)
at at

BR.
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Incremental Analysis
The incremental analysis uses the updated domain Q' at each time step t = 0,t + At, t + 2A¢, ..., starting with the

undeformed domain Q°. The displacement increment is defined as A = DAt, and the residual equation is:
AR¥ = 0: K*KAu(+D — AFF = 0. ... .....(1.14)
The iterative solution uses the Newton-Raphson method:
KIPaaiH = ARKD, gD = g® D 4 A=Y (1.15)
Convergence is achieved when:

s IsR%Y]
”a(k+1)” <17y and TRED| < Tz won.. (1.16)
!

In the unloading step, the symmetric boundary condition u, = 0 is applied at the centerline, and a negative contact force

t = —f°¢is imposed. A temperature drop AT = T, — T, is applied, followed by steady-state linear thermo-elastic analysis

METHODOLOGY

Data Collection

The study employs a two-dimensional symmetric finite element model to conduct numerical experiments. The model
parameters are defined in Figure 2(a), where key geometric factors of the workpiece and tools are outlined. The workpiece
is modeled in a plane-strain state, while the tool components are treated as rigid bodies. Since the tool components do not
deform, only heat transfer analysis is required for these elements. Table 1 provides the detailed numerical data, covering
six variable parameters that influence the spring-back amount.

Data Collection Methods

The finite element mesh used for the simulation consists of bilinear quadrilateral elements, ensuring accurate
representation of the workpiece's deformation during the process. The mesh details are also illustrated in Figure 2(a). For
the parametric investigation, six process parameters—punch and die corner radii, punch-die clearance, friction coefficient,
punch velocity, and sheet thickness—were varied systematically. These parameters were chosen to explore their impact
on the spring-back phenomenon in sheet metal U-bending.

Data Analysis Methods

The numerical simulations were performed using commercial DEFORM code [17], leveraging its user-interface routine
for ease of parameter manipulation and analysis. The simulation model integrates heat transfer and elastoplastic
deformation analysis to examine the behavior of the workpiece during bending. The study focuses on understanding the
effect of each parameter on spring-back, with results analyzed using the finite element method (FEM) to provide precise
predictions of elastic recovery.
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Fig. 2. Analysis model: (a) dimension definition; (b) finite element mesh

Tab. 1. Data taken for the numerical experiments

Material data Workpiece (A5052) Tool (AISI H-13)
Heat capacity, pc( N/mm? °C) 2.3584 3.5880
Conductivity, k(N/s°C) 137.0 24.6
Yield stress, oy (MPa) 195 -
Material constants, K(MPa) and m 104.33,0.18
Thermal expansion coefficient, «(mm/ °C) 2.57 X 1072 -
Conduction coefficient, h.(N/smm °C) 11.0
Young's modulus, E(MPa) 1x 10° -
Poisson's ratio, v 0.33 -
Friction coefficient, u 0.1 (variable)
Geometry data
Punch corner radius, R,(mm) 10 (variable)
Die corner radius, Rq(mm) 10 (variable)
Punch-die clearance, C( mm) 3 (variable)
Workpiece thickness, t (mm) 2 (variable)
Simulation data
Punch velocity, v,(mm/s) 1 (variable)
Initial time-step, At( s) 0.1
Convergence tolerances, Ty and 7o 0.001,0.01
Initial temperature, T, ( °C) 20 (workpiece tool)

RESULTS

The study carries out the parametric experiments investigating the effects of six parameters on the spring-back amount the
punch and die corner radii, the punch—die clearance, the friction coefficient, the punch velocity and the sheet thickness.
For these experiments, the specific parameter is taken variable while keeping the others as given in Table 1.

The parametric dependence of spring-back amount on the punch corner radius R, is represented in Fig. 3(a), where the
spring-back amount varies largely and almost linearly from -4° (spring-go) to +2.3° within the examination range of the
punch corner radius. Compared to the effects of the other parameters, as presented next, the effect of this parameter is the
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most considerable. However, the punch corner radius is directly associated with the product corner shape, so the elastic
recovery control should be done together with the suitable product shape design. Fig. 3(b) shows the parametric variation
of spring-back amount to the die corner radius Rq. From the detailed numerical data, the effect of die corner radius change
is tiny such that the overall spring-go variation is less than 0.4° within the parameter investigation range. Furthermore, the
spring-go amount becomes insensitive to the die corner radius when R¢>8 mm. We remind that the workpiece thickness
at the corner is compressed by punch load when the die corner radius becomes larger than 12 mm. The effect of the punch—
die clearance is represented in Fig. 4(a), where negative spring-back becomes relaxedalmost linearly and remarkably as
the clearance increases, similar to the punch corner radius. By the way, the punch— die clearance is related to surface
appearance and tear of products. Hence, the elastic recovery should be suppressed by considering such effects together.
On the other hand, referring to Fig. 4(b) the friction coefficient increase relaxes negative spring-back to some extent, but
it leads to the almost saturated positive spring-back when p>0.2. This trend implies that the elastic recovery can be
suppressed by using an appropriate lubricant.

Parametric variation of spingback
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Fig. 3. Parametric variation of the spring-back amount: (a) to the punch corner radius; (b) to the die corner radius
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Parametric variation of the spring-back
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Fig. 4. Parametric variation of the spring-back amount: (a) to the punch—die clearance; (b) to the friction coefficient.

Last two figures, Fig. 5(a) and (b), represent the springback variations with respect to the punch velocity V, and the
workpiece thickness t, respectively. Above all, both cases show the insignificant variation in the elastic recovery when
compared to the previous three parameters: the punch corner radius, the punch-die clearance and the friction coefficient. If
we insist on estimating, the smallest spring-back amount, for our model process, is produced with the punch velocity near
V,=5 mm/s and the workpiece thickness near either t=1.5 or 2.75 mm. However, both cases exhibit the remarkable
inconsistency in the spring-back variation, and furthermore, the workpiece thickness is a primary parameter in the part
design. Putting these characteristics together, both parameters are rather unsuitable in the springback suppression.
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Fig. 5. Parametric variation of the spring-back amount: (a) to the punch velocity; (b) to the workpiece thickness

DISCUSSION OF RESULTS

The findings from the finite element analysis provide key insights into the spring-back behaviour during the U-bending
process. One of the most significant discoveries was the impact of the punch corner radius, punch-die clearance, and friction
coefficient on the spring-back magnitude. The results revealed a nearly linear increase in spring-back angle as the punch
corner radius increased, indicating that sharper corners result in greater elastic recovery. This directly ties to the study's
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objective of improving dimensional accuracy, suggesting that controlling the punch corner radius is critical for minimizing
spring-back in tool design.

Similarly, the study found that increasing the punch-die clearance effectively reduced spring-back, emphasizing the role of
tool geometry in achieving precise product dimensions. These results align with the research objective of identifying
process parameters that can be optimized to control elastic recovery, suggesting that clearance adjustments offer a practical
method for enhancing dimensional accuracy.

The friction coefficient also showed significant influence. An increase in friction reduced negative spring-back but reached
a plateau after a certain value, indicating that while lubrication can mitigate spring-back, excessive friction may not yield
further benefits. This finding strengthens the connection to the research objective by demonstrating how managing friction
can optimize forming processes without unnecessary material wear or lubrication.

Conversely, the punch velocity and workpiece thickness had negligible effects on spring-back, which contrasts with prior
studies that suggested otherwise. This discrepancy underscores the importance of focusing on tool geometry and frictional
conditions rather than modifying velocity or thickness to control spring-back, further supporting the study’s aim of
identifying the most effective parameters for process improvement.

When compared to existing literature, these findings reinforce the importance of tool geometry and friction management
in controlling elastic recovery, consistent with previous research. However, the results also draw attention to the
overestimated role of velocity and thickness in earlier studies, suggesting a shift in focus toward more impactful variables.

While the study presents a robust framework for understanding spring-back in the U-bending process, its applicability may
be limited to this specific forming method. To generalize these findings, future research should explore these parameters
across various forming processes and materials, which would further extend the relevance of this work to broader
manufacturing applications. Moreover, integrating more sophisticated material models into the analysis could enhance the
accuracy of spring-back predictions, aligning with the broader research goal of refining predictive tools for industrial use.

CONCLUSION

This study examined the parametric variation of spring-back magnitude in plane-strain sheet metal U-bending, concerning
the principal parameters related to the process. The numerical analysis was conducted using the revised Lagrangian thermo-
elastoplastic finite element method using the Coulomb frictional contact model. We analysed the temperature, effective
strain, effective stress distributions, and the temporal reactions of the punch load and temperature through the initial
numerical experiment. The temperature fluctuation over the workpiece thickness is minimal, and the overall rise is
negligible. However, the effective strain and stress demonstrate significant variation in thickness, especially in the material
region adjacent to the punch corner. The parametric analysis revealed that the punch corner radius, punch-die clearance,
and friction coefficient significantly influence the springback amount, whereas the remaining three factors do not. The
punch corner radius and the punch-die clearance result in a nearly linear variation in the quantity of spring-back. The
friction coefficient exhibits a linear relationship with elastic recovery up to a certain value; however, any increase beyond
that point does not significantly alter the quantity of spring-back. We believe that the elastic recovery phenomenon in sheet
metal U-bending can be mitigated by effectively integrating process factors, notably the three principal parameters listed,
despite this work being conducted with a specific model process.
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