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Abstract

The Rotary Draw Bending (RDB) process is widely used in industry for the
precise forming of metallic tubes. However, springback after plastic deformation
compromises dimensional accuracy, requiring careful compensation in tooling de-
sign and process parameters. With increasing demands for lightweight structures
and complex geometries, optimising the bending process has also become crucial to
improve the product quality and reduce material waste.

This thesis aims to characterise the springback behaviour and the elongation in-
duced during the RDB process, in order to understand the factors influencing elastic
recovery and strain distribution in the bent tube. Numerical simulations using finite
element method in ABAQUS were carried out on metallic tubes made from different
materials, with a focus on SS304, S235, Fe510, AL2017A and Ti 99.5. Additionally,
a series of experimental tests were conducted using SS304 and S235 materials with
thicknesses of 1.5 mm and 2 mm, in order to evaluate the influence of variables such
as centerline radius (CLR), bending angle, and final elongation. It was concluded
that the CLR has a significant impact on springback behaviour. The influence of
tube thickness was analysed for 1 mm, 1.5 mm and 2 mm tubes numerically but
only minor differences were observed - the maximum 0.86 mm between thicknesses
for ACLR when using Al2017A, corresponding to an error of 3.87%.

Higher CLR values correspond to increased springback in radius, whereas lower
CLR values result in greater springback in angle. This trend was seen in both
numerical and experimental results, though there was a discrepancy in the magni-
tude of the results. This study enhances dimensional control in the RDB process
by proposing data-driven guidelines based on experimental evidence and advanced

modelling techniques.

Keywords: Springback; Tube bending; Finite element simulation; Experimental

validation; Numerical simulation.






Resumo

O processo de dobragem por estiramento rotativo é amplamente utilizado na in-
dustria para a conformacao precisa de tubos metalicos. No entanto, o retorno elastico
apés a deformagao plastica compromete a precisao dimensional, exigindo uma com-
pensacao cuidadosa no projeto das ferramentas e nos parametros do processo. A
medida que aumenta a procura de estruturas leves e geometrias complexas, torna-se
crucial otimizar o processo de dobragem para melhorar a qualidade do produto e
reduzir o desperdicio de material.

Este projeto tem como objetivo caraterizar o comportamento do retorno elastico
e o alongamento induzido durante o processo de dobragem, de modo a compreender
os factores que influenciam a recuperacao elastica e a distribuicao de tensoes no tubo
curvado. Foram efectuadas simulacoes numeéricas utilizando métodos de elementos
finitos no ABAQUS em tubos metdlicos de diferentes materiais, com destaque para
SS304, S235, Feb10, AL2017A e Ti 99.5. Adicionalmente, foi efectuada uma série
de ensaios experimentais com dois materiais (SS304 e S235) com espessuras de 1,5
mm e 2 mm, com o objetivo de avaliar a influéncia de variaveis como CLR, o an-
gulo de dobragem e o alongamento final. Concluiu-se que o CLR tem um impacto
significativo no comportamento do retorno elastico.

A influéncia da espessura do tubo foi analisada para tubos de 1 mm, 1,5 mm
e 2 mm, mas apenas foram observadas pequenas diferencas - o maximo de 0,86
mm entre espessuras para AC LR quando se utiliza AI12017A, correspondendo a um
erro de 3,87%. Para valores mais elevados de CLR observou-se um maior retorno
elastico no raio, enquanto que para valores mais baixos de CLR um maior retorno
elastico no angulo. Esta tendéncia foi observada em ambos os resultados numéricos e
experimentais, embora tenha havido uma discrepancia na magnitude dos resultados.
Este estudo melhora o controlo dimensional no processo RDB, propondo diretrizes

baseadas em dados e em provas experimentais e técnicas de modelacao avancadas.

Palavras-chaves: Retorno elastico; Dobragem de tubo; Simulacao de elementos fini-

tos; Validacao experimental, Simulacao numérica.
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2030 Sustainable Agenda Framing

Given the objectives and scope of this thesis, analysing phenomena such as
springback and stretching in the RDB process, specifically when using an eMOB
(electrical bending machine), represents a significant advancement in sustainability
within the tube bending industry. This research aligns with several of the 17 Sus-
tainable Development Goals (SDGs) outlined in the United Nations’ 2030 Agenda

for Sustainable Development, such as:

e Goal 7. Affordable and Clean Energy: The use of electric tube bending ma-
chines enhance energy efficiency and sustainability in manufacturing. Unlike
traditional hydraulic or pneumatic systems, they consume power only when
needed, reducing energy usage and emissions. This approach lowers the man-
ufacturing carbon footprint and supports the integration of renewable energy

sources, aligning with global sustainability goals.

e Goal 9. Industry: Innovation, and Infrastructure. By the development of more
efficient bending processes and improved understanding of material behaviour,

such as springback and stretching.

e Goal 12. Responsible Consumption and Production: Improving the under-
standing of springback and stretching during forming processes can reduce ma-
terial waste from overcompensation, trial-and-error, and rejected parts. This
results in more precise manufacturing, better resource utilisation, and a lower

environmental impact.
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Chapter 1

Introduction

Rotary draw bending (RDB) is a widely adopted metal forming technique, par-
ticularly in industries such as aerospace, automotive, and general manufacturing,
where high-precision tube bending is essential [1]. With the growing demand for
lightweight structures and complex geometries, optimising the RDB process has
become increasingly important to enhance product quality and minimise material
waste [2]. Figure 1.1 illustrates the fundamental stages of the RDB process, includ-
ing the springback phenomenon, which constitutes the primary focus of this study.
Through tube bending, the material undergoes elastic-plastic deformation, upon un-
loading, the elastic component of the deformation is partially recovered, leading to
springback, a geometric deviation from the intended final shape. Understanding and
mitigating this effect is critical for achieving accurate and repeatable bend geome-
tries in advanced manufacturing applications. In Figures 1.2a and 1.2b, it is possible

to visualise some of these applications [3].

(ST
ﬂAngulo de Retorno Eléstico
\ i
\ i
i

(Springback)

(a1¢f duw)d)
BIRPIOW

(o1 duwyd)
BIRPIOW

eAmou |
ap puaweLay

/ Ferramentade
i Encurvamento |
\ (BendDie) [

(o1 puog)

(21 puag)
ojusueAmOUy |
3P BIUAWELIID]

WO

Mordaga Encosto / Paralela Encosto / Paralela Encosto / Paralela
(Clamp Die) (Pressure Die) (Pressure Die) (Pressure Die)

t <

Figure 1.1: Representation of RDB process and springback phenomenon, adapted
from [4].




1. Introduction

(a)

Figure 1.2: Applications of RDB in different fields: a) Aeroengine [2] and b) Naval

and offshore flowlines [5].

In RDB process, several other phenomena can arise such as: cracking, distortion,
wall thinning and wrinkling. These phenomena are a result of uneven stress distri-
bution between the intrados and extrados (Figure 1.3), ultimately compromising
bend quality [2]. Many of these issues arise from operator-related errors, including
the application of excessive force on the pressure die, which can misalign the wiper
die and damage the mandrel. Additionally, improper tool selection, that result from
incorrect sizing, material incompatibility, or inadequate setup, often contributes to
premature tool wear and part rejection. Ensuring consistent, high-quality bends

thus requires careful tool selection, proper setup, and regular maintenance [6].

Intrados

PR

Extrados

Figure 1.3: Intrados and Extrados, based on [7].

Figure 1.4 illustrates springback, a phenomenon of particular interest and a cen-
tral key in this thesis, which can translate into changes in radius and/or angle in
the final product. In addition to springback, tube stretching during the bending
process is also investigated. Tube stretching happens when the length of the tube
after bending is not the same as the starting tube. These phenomena are strongly
influenced by several process parameters, including the centerline radius (CLR),

tube diameter (D), wall thickness (t), and bending angle («), all of which must be

2



carefully considered to accurately predict and control the final tube geometry.

Pressure Die
Mandrel "‘/ p Remove
S
AN I _
\ : Mandrel Ball Tmm—— ) )
L] ==
~.
W S Tube

CLR \ Clamp Die

KQ Die

Figure 1.4: Representation of springback when bending a tube with RDB, adapted
from [8].

Traditional methods for predicting and controlling these phenomena often rely on
empirical approaches, which tend to be time-consuming and inefficient. To address
these limitations, finite element models are increasingly used to provide faster and
more accurate predictions. Finite Element Analysis (FEA) has become a valuable
tool, especially for evaluating material behaviour under complex forming conditions
[9]. Many commercial metal forming processes involve nonlinear material responses,
significant deformation, and complex sliding contact between tools and workpieces,
making FEA inherently complex.

To manage this complexity, different solution strategies are employed, notably
implicit and explicit approaches. The implicit method is efficient for static and
quasi-static analyses due to its unconditional stability with respect to time incre-
ment size. However, it struggles with discontinuous nonlinearities—such as stick/slip
friction—where computational cost and memory usage rise sharply with model size,
potentially causing convergence issues. On the other hand, the explicit method is
advantageous for complex 3D contact problems. Its computational cost per incre-
ment scales with model size, and it avoids memory-related constraints. The size of
each time increment depends only on element dimensions and material properties,
not on model complexity [10].

An important consideration is whether parts are modelled as shells or rigid bod-
ies. In the automation of finite element modeling (FEM), using deformable shell
elements offers key benefits: they reduce manual error, enhance computational effi-
ciency, and allow rapid adjustment across simulation scenarios. Furthermore, they
provide reliable input for developing analytical models to predict process behaviour,

thereby supporting optimisation of the tube bending process.



1. Introduction

1.1 Motivation

The increasing demand for lightweight and strong components across various
industrial sectors has driven the widespread adoption of tubular structures. RDB is
one of the most prevalent techniques used to shape these tubes, because it can create
precise bends with small radii and consistent quality. However, the RDB process
is still complex, mainly due to the combined effects of springback and material
stretching during bending.

Springback leads to deviations from the intended geometry, resulting in increased
manufacturing variability, reduced dimensional accuracy, and the potential need for
iterative tooling adjustments or costly post-processing. Accurate prediction and
control of springback are essential to achieving the required tolerances, especially in
high-performance applications where even minor geometric deviations can compro-
mise structural integrity or assembly precision.

This thesis is motivated by the need to develop a deeper and more quantita-
tive understanding of the springback and stretching phenomena in RDB processes,
particularly for materials such as steel, aluminium and titanium alloys. By systemat-
ically analysing the influence of key parameters—such as bend radius, wall thickness,
and material properties—this work aims to contribute to more accurate predictive
models and better-informed process design decisions. The goal is to improve the
geometric and mechanical quality of bent tubes while reducing manufacturing costs
and enhancing process efficiency.

Ultimately, the findings of this research may serve as a foundation for optimising
RDB in both simulation and pratical applications, facilitating the production of

high-performance tubular components in demanding engineering environments.

1.2 Objectives

This thesis aims to study the RDB process using Finite Element Analysis (FEA),
along with experimental validation. The goal is to achieve accurate results when
bending a tube on the first try, which means having proper calibration of the bending
angle, to correct springback and stretching, without manual adjustments.

To achieve the goals, it was established some sub-objectives for this thesis:

e Develop a numerical model to simulate the RDB process using the Finite
Element Method;



1.3. Structure of the Document

e Analyse the influence of different metallic materials on the bending process,

focusing on phenomena such as springback and tube stretching;

e Establish a Design of Experiments (DoE) to systematically study the effects

of variables such as CLR, bending angle, material and thickness;

e Validate the numerical model by comparing simulation results with experi-

mental data.

In a nutshell, the thesis aims to understand the RDB process and evolve the
actual acknowledgement of this field, providing more useful information for the in-

dustry.

1.3 Structure of the Document
This thesis is divided into five chapters:

e Chapter 1 : Introduction

Chapter one discusses RDB, the primary focus of this thesis. It outlines the

thesis’s objectives and the motivation behind it.

e Chapter 2 : State of art : Rotary Draw Bending Process

Chapter two gives a contextualization of RDB and what have been developing
in last years by analysing studies; it starts by explaining the process and its
components; then defines the main variables for this thesis; and finally provides

an overview of the possible defects with the analysis of several studies related.

e Chapter 3 : Methodology

Chapter three provides a comprehensive overview of the tasks that were per-
formed. It delves into the characterization of the materials, offers description
of the FEM simulation, outlines the experimental methodology employed, and
gives an explanation of the 3D digitalization processes. Each section aims to
emphasise the importance of these tasks in relation to the research objectives
and to convey the complexities involved in each methodological approach com-
bined with 3D digitalization.



1. Introduction

e Chapter 4 : Results

Chapter four starts by presenting all the results from the simulation and the
experimental test and the corresponding comparison, doing an initial analysis
of them. Also details the validation of previous data through experimental

methods.

e Chapter 5: Conclusions

This chapter puts in a nutshell all the conclusions achieved during the devel-

opment of this thesis and some possible future works.



Chapter 2

State of Art: Rotary Draw Bending Process

A tube is typically a long, narrow cylinder—or other similar geometry—with
openings at both ends, commonly used for transporting liquids, gases, and other
substances. Various manufacturing methods are employed in the production of cir-
cular tubes, including extrusion, roll forming, and butt-seam welding (e.g., electric
resistance welded pipes). Tubes are essential components across a wide range of
industrial sectors, driven by the increasing demand for lightweight, high-strength,
and high-performance products.

To meet these requirements, several tube bending techniques have been devel-
oped, such as stretch bending, roll bending, push bending, compression bending,
pure bending, laser bending, and rotary draw bending. Each method offers distinct
advantages and is suited to specific materials, geometries, and application domains
[2]. The choice of the most suitable process depends on factors such as thickness,
diameter and application of the tube to be formed. Among these processes, RDB
offers a good compromise between precision and repeatability of the result. Some
innovations promote the transition from traditional hydraulic actuators to faster and
more precise electric motors, increasing competitiveness in terms of productivity and
efficiency [11].

Among the listed methods, RDB is considered the most precise, especially for ap-
plications involving thin wall thicknesses and small bending radii. However, the com-
plexity of the process increases considerably with a decreasing centerline radius-to-
diameter ratio (CLR/D) and an increasing diameter-to-thickness ratio (D/t), both
of which negatively affect formability and dimensional stability [12].

As with all forming processes, RDB presents both advantages and limitations.
With advancements in digital manufacturing technologies, computer numerical con-
trol (CNC) has been integrated into mandrel rotary draw bending (MRDB) systems
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to improve accuracy, repeatability, and automation. CNC integration enables pre-
cise control over bending parameters, facilitating high-volume production without
compromising quality standards [13].

In Figure 2.1 represents the normal force applied in pressure die over the nor-
malised bending angle, illustrating the process window for producing high-quality
bent tubes is extremely narrow. This window corresponds to the most demanding
bending operations—characterized by small radii and thin walls. The boundaries
of this window are typically defined by two critical failure modes: cracking on the

outer surface of the bend and wrinkling on the inner surface [12].
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Figure 2.1: Process window of the pressure die’s normal force F),;,, over the normal-

ized bending angle o/« [12].

To fully comprehend the RDB process, it is essential to first understand the
mechanical behaviour of the tube during bending. As shown in Figure 2.2a, the
tube cross-section contains a region surrounding the neutral axis (NA) where the
induced stresses remain below the material’s yield strength, resulting in purely elas-
tic deformation. In contrast, regions located further from the NA are subjected to
stresses that exceed the yield limit, leading to plastic deformation. Plastic deforma-
tion implies that the material has surpassed its elastic limit and will not return to
its original shape upon unloading [14]. A critical aspect of this deformation process
involves the stress distribution across the tube wall. As shown in Figure 2.2b, ten-
sile stresses develop on the extrados (outer region of the bend) due to stretching,
while compressive stresses occur on the intrados (inner region) due to material com-

pression. These opposing stresses are balanced at the neutral axis, where the net
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stress is theoretically zero. This stress gradient across the tube wall can result in
undesirable effects such as wall thinning on the extrados and thickening or wrinkling
on the intrados—phenomena that compromise structural integrity and dimensional
accuracy of the bent tube.

The exact location of the neutral axis and the distribution of internal stresses
are influenced by several parameters, including material properties, tube geometry,
and tooling/machine setup. These factors collectively dictate the quality and final
shape of the bent component. Bending hollow tubes presents greater complexity
than bending solid bars or sheets, primarily due to the heightened risk of defect

formation caused by the non-uniform stress state around the tube circumference [6].

Plastically formed zones TENSION

Springback forces

neutr
axis

Neutral axis COMPRESSION

Elastically formed zone

(a) (b)

Figure 2.2: Visual representation of: a) zones of plasticity and elasticity, with forces

represented [14] and b) distribution of stress along the diameter of the tube [6].

2.1 Process and Components

Figure 2.3 illustrates a schematic representation of the typical RDB tool configura-
tion and setup. The RDB process consists of several key steps: positioning the tube,
securely clamping it, performing the bending operation using appropriate tooling,
and subsequently unloading the formed part. To achieve accurate and defect-free
bends, a combination of primary and auxiliary tools is employed. The clamp die,
bend die, and pressure die are fundamental components of the tooling configuration,
each playing a critical role in constraining, guiding and forming the tube. In ad-
dition to these, optional tools such as the mandrel, wiper die, and booster may be
used depending on the application and material. These auxiliary components are

specifically designed to minimise common defects such as wrinkling, wall thinning,
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and ovalisation, especially in challenging bending scenarios involving tight radii or
thin-walled tubes.

Bend Die Wiper Die

Mandrel

Clamp Die Pressure Die

Figure 2.3: Setup representation of rotary draw bending manufacturing process [6].

The clamp die plays a crucial role in preventing tube slippage during the RDB
process. By securely pressing the tube against the straight portion of the bending
die, it ensures a firm grip throughout the operation. This component moves syn-
chronously with the bend die and contributes directly to defining the bending angle.
The bend die itself is the central element of the setup, primarily responsible for
determining the CLR of the bend.

The pressure die provides additional radial support and maintains contact with
the outer surface of the tube. It travels longitudinally along the tube during bending
and prevents excessive deformation by distributing forces evenly. The die includes a
cavity tailored to the tube’s diameter, allowing for controlled axial movement while
maintaining contact pressure.

The wiper die is positioned at the intrados of the bend and is specifically designed
to mitigate wrinkling, which is a common defect in tubes with thin walls and tight
bend radii. Typically manufactured from copper or other soft alloy, the wiper die is
considered a consumable component due to progressive wear from repeated friction
and mechanical contact during operation.

The mandrel offers internal support to the tube and plays a key role in main-
taining the structural integrity of the tube during bending. It helps prevent cross-
sectional deformation and wrinkling on the intrados. Mandrels are typically made
from aluminium-bronze or hardened chromium steel, and they are available in vari-
ous configurations, including fixed and articulated (ball-type) designs. The selection

of mandrel type and number of balls is often guided by empirical nomograms, such

10
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as the one shown in Figure 2.5, which was developed by SSAB [14], a global leader in
advanced steel production. This nomogram considers key geometric parameters, in-
cluding the D/t and CLR/D ratios. In addition to SSAB’s guidelines, there are other
manufacturers providing recommendations for tool and mandrel selection based on
tube geometry and bending requirements.

The booster , which is not represented, applies a longitudinal thrust force in the
direction of the bend. This axial force can be precisely adjusted before or during the
bending operation to regulate material flow, reduce tensile elongation, and prevent
wall thinning at the extrados.

The collet, which is represented in Figure 2.4, is the component that secures the
tube within the bending machine’s carriage or trolley. It ensures accurate positioning

and consistent feed during the bending operation.

Positioning Car

Pressure Die

Clamp Die

Collet

.._n’gi’ <
Y

Bend Die

Figure 2.4: Representation of some components in a real Emob.
Finally, it is essential to emphasise that all of the previous tools must be appropri-

ately sized and configured according to the specific tube dimensions (diameter, wall

thickness, and material) to ensure high-quality and defect-free bending outcomes.

11
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Type of mandrel Dit Number of
balls
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Figure 2.5: Nomogram that predicts the necessity of using a mandrel based on the

D/t and CLR/D ratios [14].

2.1.1 Variable Definition

For the dimensions associated with the process, it is essential to establish a clear
and consistent nomenclature for use throughout this thesis. Figure 2.6 illustrates
the primary dimensions considered.

The geometry of the tube and the bend is characterised by the following pa-
rameters: outside diameter (D), inside diameter (d), wall thickness (t), outer radius
(Rout), inner radius (R;,), centerline radius (CLR), bending angle («), and bend
length (L).

12
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Tangent point
Oiside diameter (D)

b
= Inside diameter (d)
r

Tangent point -
Bending angle (o)

Tube lengeh (L)
Thickness (1) = | — ube lengt

Centerline

Figure 2.6: Schematic illustration of a bent tube with a graphical depiction of the

applied nomenclature, adapted from [14].

Some of these variables will change during the process due to elastic recovery
(springback) and material deformation, so it is necessary to account for their varia-

tion:

e C'LR; corresponds to the initial centerline radius, i.e. before the unloading (be-
fore springback) and CLR corresponds to the centerline radius after unloading

(after springback);

e «; corresponds to the initial bending angle, i.e. before unloading (before
springback) and « corresponds to the bending angle after unloading (after

springback);

e [; corresponds to the initial length of the tube, i.e. before bending and L
corresponds to the length of the tube after unloading (after springback).

In addition to the primary parameters, three derived variables are introduced
to quantify critical effects of the bending process. The springback in angle (A«),
which is defined in Equation 2.1. The springback in radius (ACLR) is defined in
Equation 2.2. Finally, the tube elongation (AL) is defined in Equation 2.3.

Aa = |a — o (2.1)

ACLR = |CLR — CLR| (2.2)

13
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AL =|L - L] (2.3)

2.2 Phenomena that Influence the Geometry of the
Product

In the RDB process, as in any manufacturing operation, defects may arise despite
efforts to minimise or even eliminate them. These phenomena primarily result from
uneven distributions of tension and compression stresses along the intrados and
extrados of the tube during bending. Such stress affects the quality of the bend and
consequently increases production costs. Common phenomena include cracking,
cross-sectional distortion, wall thinning, wrinkling, and springback [2].

The quality of the bend is highly dependent of operator skills. For example,
excessive force applied to the pressure die can cause displacement of the wiper die,
leading to wrinkles and even mandrel cracking. Overloading the tooling not only
accelerates tool wear but also imposes unnecessary stress on the bending machinery.
Additionally, the use of damaged tools reduces the overall effectiveness of the bending
system, as the performance and durability of the setup depend on the condition of
all components. Bending with compromised tools not only generates higher scrap
rates but also shortens tool lifespan considerably. Another critical source of defects
is the improper selection of tooling. For instance, employing a mandrel that is
undersized relatively to the tube diameter can result in wave-like deformations and
wrinkles, potentially causing damage to the wiper die. Suboptimal material choices
for tooling or incorrect tool configurations further degrade process performance.
Therefore, ensuring correct tool selection, rigorous maintenance, and precise setup
is essential to achieve consistent, high-quality bends [6].

Predictive systems have been developed to assess the risk of defects and opti-
mise tooling configurations. A notable example is the system proposed by Strano
[11], which integrates numerical methods, fuzzy logic, and empirical rules into a
computer-based automatic process design framework. This system has demonstrated
its effectiveness by producing feasible bending processes and high-quality products,
as validated in trials conducted at Sicamb in Italy. However, it currently lacks the
capability to evaluate the economic feasibility of the suggested processes.

Several specific phenomena are commonly encountered in tube bending:
e Cracking occurs when tensile strain exceed the material’s ductility limits or

14
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when process parameters are improperly set. This defect typically appears on

the outer bend radius (extrados), where tensile strain is highest.

Wrinkling arises on the intrados due to compressive stresses that cause local
thickening and instability, as illustrated in Figure 2.7a. Wrinkling compromises
the tube’s strength, stiffness, and fatigue life, while also accelerating tool wear

and potential damage.

Wall thinning on the extrados and wall thickening on the intrados are in-
evitable to some degree, as shown in Figure 2.7b. Although these effects can
be mitigated, they cannot be fully eliminated and may lead to fracture if not
properly controlled. The use of a mandrel helps manage the pressure distribu-

tion and reduce these defects [2].

Cross-sectional distortion involves the deformation of the tube’s originally cir-
cular cross-section into an oval or other irregular shape, depicted in Figure
2.7c. This distortion results from uneven force distribution during bending

and can be minimised by employing internal supports such as mandrels [6].

Springback refers to the elastic recovery of the tube after unloading, which
reduces the bend angle or increases the bend radius, as shown in Figure 2.7d.
This phenomenon diminishes bending accuracy and can negatively affect the

fitting and sealing performance of the tube in its final application [2; 15].

15
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tmax

a) b) c

Tube Shape Radial Growth Angle Springback

d)

Figure 2.7: Main Defects found in bending process: a) Wrinkling; b) Wall thin-
ning/thickening; c)cross-section distortion; d) Springback, adapted from [6].

Next, several studies on the relationship between certain defects and processing

parameters will be analysed to support improved interpretation and discussion later.

As mentioned previously, wrinkling and cracking are key indicators for deter-
mining process limits. Borchmann et al. [12] present a fuzzy control system based
on the forces applied during the bending process. This system utilises pressure dies
and collet tools to prevent wrinkles without requiring operator intervention. The
tools are calibrated to apply only the necessary force, which minimises tool wear and
reduces the risk of cracking. Additionally, integrating thermal cameras could further
decrease the likelihood of cracking by detecting critical temperature changes, as tem-
perature gradients serve as indicators of potential cracks. Early detection can help
address the issue before it escalates. In Figure 2.8, three different bends performed
at varying speeds are shown, along with the temperature variation corresponding to
each bend. For X5CrNil8-10 (1.4301), it can be concluded that higher speeds lead

to higher temperatures and an increased probability of cracking and wrinkling.
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Figure 2.8: Maximum temperature at the outer tube bend throughout the entire
bending process, considering variations in collet speed, along with corresponding
thermal camera images, for X5CrNil18-10 (1.4301) with an outer diameter of 22 mm

and a wall thickness of 1 mm [12].

Still concerning wrinkling defects, Li et al. [16] studied the influence of mandrel
in such defects, when bending thin walled aluminium tubes. Their study reveals
that tubes with larger diameters exhibit greater sensitivity to process parameters
than those with smaller diameters. Furthermore, the mandrel’s dimensions signifi-
cantly affect this behaviour, a conclusion that is supported by finite element (FE)
simulations presented in their work. Figure 2.9 illustrates the effect of mandrel
extension on the wall thinning rate. It is evident that an increase in mandrel exten-
sion correlates with a higher thinning rate. The length of the mandrel extension is
a critical parameter: insufficient extension length may result in wrinkling, whereas
an excessively long mandrel can lead to fracture on the tube’s outer surface [16].

In addition to the effect of mandrel extension, the same study conducted exper-
iments to investigate the influence of the number of balls on both the wall thinning
rate and cross-sectional distortion. The results are presented in Figures 2.10a and
2.10b. In the case of wall thinning, a lower number of balls yielded improved results,
which can be attributed to the reduced friction between the balls and the tube.
Fewer balls obstruct the material flow less, allowing increased tangential strain and
consequently leading to less pronounced wall thinning. Conversely, regarding cross-
sectional distortion, a higher number of balls resulted in a reduced percentage of

distortion. This improvement is likely due to the enhanced support provided by a

17
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greater number of balls, which helps maintain the circular shape of the tube more
effectively [16].
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Figure 2.9: Influence of the extension of the mandrel with 2 balls in the wall thinning

% [16].
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Figure 2.10: Influence of number of balls in the: a) wall thinning rate and b) cross-

section distortion [16].

Considering that the diameter of the balls can also influence the result of the

bend, so it was also conducted experiments using 2 balls in the mandrels, with

18
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different diameters, and the results are in Figures 2.11a and 2.11b. A ball with a
smaller diameter yields better results for wall thinning because it produces less fric-
tion between the ball and the tube inner surface, resulting in lower tangential strain.
However, this smaller diameter can also lead to more severe cross-section distortion,
as it is less effective at maintaining the circular shape of the tube compared to a

larger diameter [16].
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Figure 2.11: Influence of diameter of balls in the: a) wall thinning rate and b) cross-

section distortion [16].
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Figure 2.12: Differences in wrinkles areas [17].

A different approach regarding the wrinkling was explored by Borchmann et al.
in 2019 [18], in which the detection of wrinkles was the focus. The study focused in

the application of a laser line scanner, combined with a force measuring sensor in
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RDB process, to detect them, both in straight area and in bend area as represented
in Figure 2.12. The research was then improved, and new results were presented in
2020 [17].

In the first stage, the impact of the speed factor and the offset of the pressure
die was analysed. For a better understanding of the speed factor: If the speed factor
is 1, the distance travelled by the collet and the distance travelled by the tube are
equal and if is 0.8, the distance travelled by the collet is 80% of the distance travelled
by the tube [17]. With the results of Figure 2.13 it is possible to see the big influence
of these parameters and the importance to achieve a perfect equilibrium of them. If
the pressure die offset is 0 mm, the collet’s velocity can be increased. However, if

the pressure die offset increases, the collet’s velocity needs to be lowered.
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Figure 2.13: Influence of the pressure die offset and the collet velocity on the wrinkle

development [17].

One established method for measuring and detecting wrinkles involves using a
precision probe to trace the path along the bending angle. However, in this study,
the second experimental stage employed a more comprehensive measurement system
comprising three distinct pieces of equipment: a tension-compression sensor, a laser
line sensor, and three load cells. The experimental tool setup used is illustrated
in Figure 2.14. The tension-compression sensor was mounted on the mandrel to
record the force profile acting on this tool. The laser line sensor was positioned
behind the wiper die holder, ensuring that the laser line scanned the tube surface

specifically in the wiper die region. Additionally, three load cells were installed: one
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on the pressure die, one on the mandrel, and one on the wiper die, enabling precise
measurement of the forces exerted at each location. The test specimens consisted of
X5CrNil8-10 (1.4301) stainless steel tubes, with an outer diameter of 40 mm and
wall thicknesses of 2 mm, 1 mm, and 0.8 mm, respectively [17].

force measurement
force measurement _of the pressure die

of the mandrel I I |
$1. 7

front

i — ——
back f a, (“
force measurement ‘detection of
of the wiper die the tube contour

Figure 2.14: Schematic illustration of the experimental setup [17].

To gain a deeper understanding of the data, it is essential to analyse the corre-
lation between the forces exerted on the wiper die and the occurrence of wrinkles in
the straight leg area, as well as the relationship between the forces on the mandrel
and the wrinkles in the bend area. These insights are derived from the analysis of
the corresponding graphs. Figure 2.15 presents the force data on both the wiper
die and the mandrel for the three mentioned material thicknesses, with variations
in the offset position of the pressure die. In Figure 2.15a, it can be observed that,
across the three pressure die positions, all measured forces increase. Notably, at the
333.4 mm position, the force shows a more significant increase at a bending angle of
60°. Figure 2.15b reveals that the number of wrinkles increases as the pressure die
position is raised. The positions at 333.8 mm and 334.0 mm exhibit similar force
behaviour and remain wrinkle-free. However, at the 334.2 mm position, wrinkles
begin to appear at a bending angle of approximately 70°. A further increase to the
334.4 mm position leads to a marked change in forces at a bending angle of 55°, in-
dicating the onset of wrinkle formation. In Figure 2.15¢, the wrinkles become more
pronounced at the highest position analysed (336.0 mm). At 335.8 mm, wrinkles
start to form at a bending angle of 35°, though they are less severe in comparison
[17].

On the other hand, Figure 2.15 illustrates the data for the same forces, this
time focusing on the variation of the speed factor. Figure 2.15a shows that only

noticeable wrinkles appear in the straight leg area. This indicates that the forces
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on the wiper die will be the first to experience any changes, even if those changes
are not very significant. Notably, at 40°, there is a steeper increase as the speed
factor rises. Figure 2.15b clearly demonstrates the effect of wrinkles in the straight
and bent areas on the forces acting on the wiper die and mandrel, respectively. At
a speed factor of 0.90, wrinkles are only detected in the bent area and changes in
mandrel forces are only observable at 30°. However, at a speed factor of 0.94, both
types of wrinkles are presented, but they are detected at different angles by different
tools. The mandrel identifies the wrinkles in the bend area at 30° while the wiper
die detects the wrinkles in the straight area at 80°. Figure 2.15¢ shows only wrinkles
in the straight area. A pattern emerges among all the speed factor values in the
mandrel forces. However, a noticeable change occurs in the wiper die forces at speed
factors of 0.98, 1.00 and 1.04, particularly at 50° for the speed factor of 1.04 [17].
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Figure 2.15: Reaction forces for wiper die and mandrel, when varying the speed
factor, for different thicknesses: a) t=0.8 mm b) t=1 mm c¢) t=2 mm [17].

In summary, Borchmann [17] demonstrated that wrinkles forming in the straight
section of the tube are detected using a laser line scanner alongside a force sensor
mounted on the wiper die. These wrinkles induce alternating transverse forces as a
result of bulging behavior. A similar, though less pronounced, effect is observed on
the pressure die. Meanwhile, near the clamp die, the force sensor on the mandrel
identifies wrinkles as they pass through the mandrel balls during bending, causing
fluctuations in the tensile forces.

Another complex phenomenon that has been extensively studied considering the
numerous factors that can influence it, is the springback. These investigations offer

critical insights into the variables that govern springback behaviour. Murata et

22



2.2. Phenomena that Influence the Geometry of the
Product

al. [19] specifically examine the effect of the hardening exponent on springback
behavior through FEM. Their study focuses on a tube with a diameter (D) of 38.1
mm, wall thickness (t) of 1.8 mm, and a CLR of 171.5 mm, using the material
properties summarised in Table 2.1. The results are represented in Figure 2.16 and
it is possible to conclude that the springback percentage does not exceed 7%, which

means that the hardening exponent has little effect in this phenomenon.

Table 2.1: Simulation parameters. [19]

Parameter Value
Yield stress, Y (MPa) 200
Hardening exponent, n 0.1, 0.3, 0.5, 1.0
Hardening coefficient, K (MPa) 180
Young’s Modulus, E (GPa) 193
Poisson’s ratio, v 0.32
Tube’s initial diameter, Dg (mm) 38.1
Tube’s initial thickness, ¢y (mm) 1.8
Bending stroke, S (mm) 250
Bending factor, R/Dg 4.5
10

Press bending

D=38.1mm, t;=1.8mm R'D=4.5

-
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|
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Figure 2.16: Influence of hardening exponent in springback [19].

Finally, Zhan et al. [15] developed an analytical elastic-plastic springback model

grounded in static equilibrium conditions, which explicitly incorporates variations
in young’s modulus (E), wall thickness (t), and the neutral layer position (D,). This
model was validated using Ti-3A1-2.5V tubes subjected to various loading conditions.
The results demonstrate that including these material and geometric variations sig-
nificantly enhances the model’s predictive accuracy, reducing the overall error by

67.5%. Among the parameters studied, variations in wall thickness had the most
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substantial effect, contributing to an error reduction exceeding 40%, whereas changes
in young’s modulus yielded a comparatively smaller impact, reducing error by over
20% [15]. Figure 2.17 illustrates how springback varies with several key variables.
It reveals an approximately linear increase in the springback angle with increasing
tube diameter, strength coefficient, and relative bending radius. Conversely, spring-
back decreases as wall thickness, hardening exponent, and poisson’s ratio increase,

although the latter two factors exert only a minimal influence.
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Figure 2.17: Springback variation with a) outer diameter, b) wall thickness, c)

strength coefficient, d) hardening exponent, e) poison ratio and f) relative bending
radius [15].
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2.2. Phenomena that Influence the Geometry of the
Product

An important and complex aspect of springback is its influence on the curvature
of the bend. Li et al. [20] conducted a comprehensive investigation into the spring-
back behaviour of high-strength thin-walled tubes (HSTT) subjected to multi-die
RDB. Their study combined experimental testing, analytical modelling, and three-
dimensional finite element (FE) simulations to provide a detailed understanding of
the phenomenon. The materials selected for this study—Ti-3A1-2.5V, 5052-O alu-
minum alloy, and 1Cr18Ni9Ti stainless steel—were chosen to represent a range of
mechanical properties and deformation behaviours. The findings revealed that an-
gular springback arises primarily from elastic recovery occurring in both the bent
region and the straight tube ends. In contrast, radius growth is confined to the bent
section and does not depend on the bending angle. This distinction is critical for
accurately predicting and controlling springback in bending operations.

Controlling springback remains challenging due to the inherent variability in
material properties and processing parameters. Variations in material behaviour
can significantly amplify springback deviations, especially at higher bending angles,
complicating the precision of forming processes. Figure 2.18 illustrates the com-
parative influence of the different materials on springback under identical bending
conditions. Among these, steel shows slightly higher springback than aluminium,
a phenomenon attributed to residual elastic strain observed after bending and the
subsequent retraction of the tube walls [20]. These insights underscore the neces-
sity of carefully considering material selection and process parameters to effectively

manage springback in manufacturing.
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Figure 2.18: Impact of the material in springback [20].
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2. State of Art: Rotary Draw Bending Process

Another interesting analysis performed in the previously mentioned study was
the impact of different mechanical properties in the radius springback. Notably,
the properties that have the greatest impact are young’s modulus (E), the strength
coefficient (K), and the normal anisotropic exponent (R), affecting the springback
in radius.
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Figure 2.19: Comparison of the springback taking into account the mechanical prop-

erties [20].

Additionally, Figure 2.20, the influence of the bending angle on angular spring-
back and radius springback is illustrated. As the bending angle increases, angular

springback also increases, while radius springback tends to stabilise.
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Figure 2.20: Impact of bending angle in the springback [20].
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2.3. Final Remarks

To mitigate inaccuracies caused by springback, a two-level compensation strat-
egy was developed, targeting both angular and radial deviations to improve bending
precision. This approach ensures that the deformation remains free from wrinkling
and within acceptable limits of wall thinning and cross-sectional distortion by care-
fully selecting appropriate tooling and processing parameters. The strategy employs
either three-dimensional finite element (3D-FE) modelling or a linear fitting method
to iteratively adjust the bending radius, thereby compensating for radial springback.
By continuously comparing the simulated geometry with the target shape, the bend
die radius is refined through successive iterations until the deviation falls within a
predefined tolerance range, ensuring accurate and consistent tube bending results.
Following the compensation of the bending radius, a similar iterative procedure is
applied to correct for angular springback. The designed bending angle is adjusted
by incorporating a predicted springback value to obtain a compensated angle, which
is subsequently validated through 3D-FE simulation. If the resulting angle deviates
beyond the specified tolerance, further iterations are performed by incrementally up-
dating the angle until convergence is achieved. This two-stage compensation process
effectively ensures that both the final bending radius and angle closely match the
intended design specifications, thereby enhancing dimensional accuracy and forming

reliability in tube bending operations [20].

2.3 Final Remarks

The RDB process is distinguished among bending techniques for its exceptional
accuracy and versatility across a wide range of industrial applications. However, its
complexity stems from the intricate interplay between mechanical forces, material
behaviour, and process parameters. Common phenomena such as wrinkling, wall
thinning, cross-sectional distortion, cracking, and springback are predominantly in-
fluenced by stress distribution, tooling configuration, and the intrinsic properties
of the material. Consequently, careful selection of tooling and process parame-
ters—such as pressure die force, mandrel type, and wiper die alignment—is critical
for effective defect mitigation.

Extensive research has demonstrated the significant impact of variables includ-
ing tube diameter, wall thickness, bending angle, and material characteristics on
springback and deformation outcomes. Advanced tools like FEM, analytical models,
and sensor-based control systems have proven invaluable in predicting and under-

standing these phenomena, thereby facilitating more precise and repeatable bending
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2. State of Art: Rotary Draw Bending Process

processes.

Particularly, material properties, such as young’s modulus and strength coeffi-
cient, as well as tooling design elements, including mandrel ball count and diameter,
exert a decisive influence on process stability. Despite these advances, springback
remains a persistent challenge, often requiring iterative compensation strategies to
achieve dimensional accuracy. These observations underscore the importance of
combining numerical modelling with experimental validation to optimise RDB op-
erations and ensure the dimensional and structural integrity of the final components.

The subsequent chapters will detail the methodology employed in this thesis,

followed by a comprehensive analysis of the results and final conclusions.
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Chapter 3

Methodological Framework and Procedures

This chapter outlines the methodology adopted to investigate the influence of ma-
terial properties on the tube bending process, with a particular focus on springback
and stretching behaviour. To ensure the accuracy and reliability of the experimental
and numerical results, a combined approach involving physical testing and numerical
simulation, supported by a systematic design of experiments (DoE), was employed.

Key process parameters were selected as input variables, including tube diameter,
centerline radius of the bending tool, tube material and thickness, and bending
angle. These parameters were systematically varied to understand their individual
and combined effects on the bending response.

Numerical simulations were performed using the FEM, which allowed for a de-
tailed analysis of the mechanical behaviour of the tubes during bending, including
stress distribution and deformation patterns. These simulations were essential for
predicting critical outcomes, such as springback and material stretching.

To validate the numerical models, experimental tests were conducted under con-
trolled conditions, replicating the same parameter combinations used in the sim-
ulations. Comparing the simulated and experimental results provided a basis for
evaluating the accuracy of the FEM predictions and refining the models when nec-

essary.

3.1 Materials

To investigate the influence of material properties on springback, five materials
with different ultimate tensile-to-yield stress ratios were selected: Fe510, SS304,
S235, Ti 99.5, and AL2017A. This ratio is a critical factor in sheet metal bending,

strongly affecting the springback response and is strongly correlated with the extent
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3. Methodological Framework and Procedures

of elastic recovery after deformation, as a higher value typically indicates that the
material stores more elastic energy during forming, which is subsequently released
upon unloading, resulting in greater springback. To enable a more comprehensive
analysis of this phenomenon, the selected materials include intentionally cases with
similar ultimate tensile-to-yield ratios but differing yield strengths [21].

Fe510 is an unalloyed structural steel, predominantly available in round and sheet
forms. It is widely used in welded constructions due to its versatility and strength.
Its primary applications include structural frameworks, bridge components, cranes,
platform structures, and wind turbine towers [22].

SS304 is a chrome-nickel stainless steel that is non-hardenable. It exhibits good
oxidation resistance up to 850°C; however, it is recommended for use only up to
300°C to avoid intergranular corrosion. SS304 can be easily welded without requir-
ing pre-treatment or post-treatment and possesses good machinability. It is well
suited for deep drawing applications due to its excellent elongation properties. Fur-
thermore, its corrosion resistance improves with higher polishing quality. Typical
applications include the chemical and food industries, handrails, handles and railings
[23].

S235 is an economical construction steel suitable for structural applications, ma-
chine parts, hardware, and various support elements. This steel is commonly used
in cold-drawn or turned conditions. While it is generally not recommended for heat
treatment, carbonitriding or nitriding may be applied under specific circumstances
[24].

Ti 99.5 corresponds to Grade 1 commercially pure titanium, noted for its excep-
tional ductility and formability, the highest among the four standard grades of pure
titanium. It offers excellent corrosion resistance in both oxidising and mildly reduc-
ing environments, including those containing chlorides. This grade also maintains
good toughness at low temperatures and exhibits excellent weldability, machinabil-
ity, and formability under both hot and cold working conditions. Besides its corro-
sion resistance, Ti 99.5’s formability and weldability are key advantages. Titanium
Grade 1 tubes find extensive use in the defence industry [25].

AL2017A is an aluminium alloy enriched with copper, resulting in high mechani-
cal properties and increased yield strength. It is among the most durable and reliable
materials utilised in the aerospace industry [26].

The chemical compositions of these materials are summarised in Table 3.1 , Table
3.2 and Table 3.3 presents their mechanical properties (information from supplier),

including ultimate tensile strength (UTS), which reflects the maximum stress the
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3.1. Materials

material can withstand before fracture, and yield strength (YS), which marks the
onset of permanent deformation. The UTS/YS ratio provides insight into the elastic
recovery capacity, while the material density (p) indicates mass per unit volume.
Poisson’s ratio (v) describes the ratio of lateral contraction to axial elongation under
stress. Elongation (a) represents the material’s ductility, and young’s modulus (E)
quantifies its stiffness under elastic deformation.

To characterise the plastic deformation behaviour of each material, Swift’s law
was employed. This empirical law, given by Equation 3.1, defines the stress—strain
relationship in the plastic region through three material-specific parameters: the
strength coefficient (K), the reference strain (g¢), and the hardening exponent (n).

These parameters are listed in Table 3.4.

o=K(eg+ep)" (3.1)

This model provides the basis for the construction of hardening curves used in the
numerical simulations, allowing for the accurate prediction of plastic flow during

bending.

Table 3.1: Chemical composition of the ferrous materials.

Element C Si  Mn P S Cr Ni Cu

55304 0.07 1 2 0045 0.03 19.5 10.5 -
Fe510 0.22 055 1.60 0.030 0.030 - 0.012 0.55
5235 0.17 - 14 004 0.04 - 0.009 -

Table 3.2: Chemical composition of the non ferrous materials.

Element C Si Mn Cr Ni O H Fe Ti Al Cu Mg Zn
Ti 99,5 0.08 - - - 0.03 0.18 0.015 0.2 Bal - - - -
Al2017A - 08 1 0.1 - - - 0.7 015 Bal. 45 0.8 0.25
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Table 3.3: Mechanical properties of the materials.

Material UTS (MPa) YS (MPa) p (g/cm?) v A (%) E (GPa) UTS/YS

55304 205 215 7.85 0.30 0.40 195 2.349
Feb10 510 355 7.85 0.28 0.21 206 1.437
5235 360 235 7.85 0.28 0.22 206 1.532
Ti 99.5 410 180 451 0.34 0.25 105 2.278
Al2017A 370 240 2.70  0.28 0.15 70 1.542

Table 3.4: Swift’s law parameters for the different studied materials.

Material ~— n €0 K (MPa)

55304 0.208 0.0011 886.6
Feb10 0.178 0.0017 749.3
5235 0.121 0.0011 533.9
Ti99.5 0.215 0.0017 707.0
Al2017A  0.153 0.0034 575.5

Figure 3.1 presents the hardening curves of the five materials studied, plotted up
to a strain of 0.2, which corresponds to the typical strain range encountered in tube
bending operations. Among these, SS304 exhibits the most pronounced hardening
behaviour, characterised by a continuous increase in stress at higher strain levels.
This behaviour is consistent with its relatively high hardening exponent, indicating
a strong capacity for strain hardening. Conversely, S235 and AL2017A display
limited strain hardening, with their stress levels reaching a plateau at relatively
low strains, consistent with their lower hardening exponent values. Fe510 and Ti
99.5 demonstrate intermediate hardening behaviour, with a gradual yet sustained

increase in stress as strain progresses.
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Figure 3.1: Hardening curves for all materials: SS304, S235, Feb10, Ti99.5 and
Al2017A.

After reviewing the data presented in the previous tables, it is evident that the
five materials differ in both their chemical compositions and mechanical properties,
which determine their suitability for various applications. SS304 contains significant
amounts of chromium (19.5%) and nickel (10.5%), imparting excellent corrosion re-
sistance. It exhibits a high tensile strength of 505 MPa coupled with a relatively low
yield stress of 215 MPa, resulting in a high ultimate tensile-to-yield strength ratio
(UTS/YS) of 2.35. This ratio indicates that SS304 can undergo considerable plas-
tic deformation before failure. Feb510 provides a balanced combination of strength
and ductility, featuring a higher yield stress (355 MPa) than SS304 and a slightly
greater tensile strength (510 MPa). In contrast, S235 presents lower strength (360
MPa tensile strength) but remains a cost-effective choice for less demanding struc-
tural applications. Ti 99.5 is characterised by its low density (4.51 g/cm?®) and high
elongation (0.215). As a nearly pure titanium grade, it contains minimal amounts
of other elements. Al2017A exhibits the lowest density among the materials stud-
ied (2.7 g/cm?®) and possesses an excellent strength-to-weight ratio—reflecting its
mechanical strength relative to its weight—attributed to alloying elements such as
copper (4.5%), magnesium, and manganese. While it does not reach the absolute
strength levels of steel, its combination of lightness and strength (370 MPa of tensile

strength) makes it highly advantageous for specialised applications.
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3.2 Finite Element Model

A FEM was employed to simulate the bending process and predict the behaviour
of the bend. Developing a deeper understanding of this process enables more accu-
rate outcome predictions and supports the calibration of the bending machine. The
simulations were conducted using ABAQUS, a widely recognised and powerful finite
element analysis (FEA) software extensively utilised in both academia and industry
for addressing diverse engineering challenges.

The computational scripts used in this study were adapted from a thesis by
Santos [27]. Figure 3.2 provides an overview of the workflow and the various scripts
implemented. Python scripts are employed to automate the modelling, simulation,
and extraction of results within ABAQUS. These scripts are to parameterising the
RDB process, thereby ensuring efficiency, accuracy, and repeatability throughout
the simulation workflow. Furthermore, they enable rapid adjustments to a range of

bending conditions, facilitating flexible and robust analysis.

Input:

. . Input:
» Material properties . 'pl'ube geometry after
* Geometry bending

characteristics: D, t, L;

Simulation Bending stage Sl oE
stage
+  Output: * Output:
+  Tube geometry » Tube geometry after
after bending springback

M CLRi + CLR
Oy ¢ a

L

Figure 3.2: Fluxogram of the numerical approach.

Two primary scripts were developed for this study: one dedicated to the bending
stage and the other to the springback stage. The first script simulates the tube bend-
ing process, while the second model the elastic recovery that occurs after unloading
[27].

In the bending stage was simulated using a dynamic explicit finite element model,
where the tube was defined as a deformable shell part, and the bending die, pressure

die, and tube end were represented as analytical rigid bodies to reduce computa-
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3.2. Finite Element Model

tional cost. The bend die was characterised by its CLR, the pressure die by its
length (L), and the tube by its outer diameter (D) and thickness (t). The tube was
discretised using S4R shell elements with reduced integration and five integration
points through the thickness. A convergence study determined an optimal mesh
nodes around the perimeter and along the length. Node placement was optimised
to support accurate calculation of the centerline radius after deformation. Bound-
ary conditions were applied such that the bend die rotated at a prescribed angular
velocity of 10 rad/s around the global Oz axis, achieving a maximum bending angle
of 200°, while the pressure die translated in coordination with the tube to prevent
undesired deformation. Contact interactions were modelled using surface-to-surface
definitions: the tube-bend die contact used a friction coefficient of p = 0.1, while
the tube-pressure die contact was defined as frictionless (¢ = 0) due to the lack of
relative motion. These settings enabled accurate force transmission during bending.
A dynamic explicit analysis was conducted to capture the plastic forming behav-
ior. Prior to unloading, critical nodal positions were extracted from the deformed
tube to calculate the instantaneous centerline radius, providing essential data for
evaluating the tube’s bending characteristics. Figure 3.3 illustrate the tooling ge-
ometry and mesh configuration used in the simulation alongside their respective

mesh configurations. [27].
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Figure 3.3: Representation of the tools and mesh: a) before and b) after the bending

process

The springback stage begins with the deformed geometry obtained from the
bending simulation, using the existing stress and strain fields as the initial state.
All tooling is removed, and only the tube is considered. A static implicit analysis
is conducted to simulate the elastic recovery of the tube, with a single boundary
condition applied (fixing one tube end) to prevent rigid body motion while allowing
free springback. No contact interactions are included in this stage. The simula-
tion outputs the final tube geometry, from which springback radius (ACLR) and
springback angle (A«) are calculated, as defined in Equations 1 and 2. These met-
rics are essential for assessing dimensional accuracy after forming. Springback was
evaluated at twenty intermediate bending stages between 10° and 200°, providing
a detailed understanding of recovery behaviour. For each stage, the tube geometry
before and after springback is compared, and the von Mises equivalent stress distri-
bution is visualised on the outer surface. The simulation scripts include automated
post-processing routines to extract key numerical results such as springback metrics,

stress fields, and final geometry. The parameterised structure of the scripts allows
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3.2. Finite Element Model

for rapid modification of variables like tube diameter, thickness, bending die radius,
and bending angle, facilitating efficient execution of parametric studies [27].

Minor modifications were made to the original scripts to enhance usability and
improve the simulation process. For example, the tube model was divided into
four equal partitions to optimise node management. Additionally, a feature was
implemented to measure the length of the bend both before and after springback.
This was achieved by developing a script that extracts node coordinates from both
the bending and springback simulations. These coordinates are then processed to
accurately calculate the bend length and the CLR.

For the calculation of the CLR before and after springback, the center of the circle
was first determined, followed by the calculation of the radius for each node coor-
dinate using equations 3.2 and 3.3. The average of these radii was then computed.
The center point (Xcenger and Yeenser) was calculated separately for the coordinates

before and after springback along with the coordinates of which point (z;,; and ;).

CLRZ = \/(mmz - Xcenter)2 + (yzm - Y;:enter)2 (32)

CLR = \/(l'fm - Xcenter>2 + (yfm - Kenter)z (33)

Beside that, the bending angle before and after was also calculated using the
Equations 3.4 and 3.5. For that a node at the end of the tube was strategically

chosen for the calculation, using its coordinates before and after the unloading.

180

a; = (atan2(1,0) — atan2(yini, Tini)) * — (3.4)
T
180

a = (atan2(1,0) — atan2(ypin, T fin)) * — (3.5)
T

At last, the length of the tube was calculated using the coordinates and the sum
of distances between the consecutive nodes align with the CLR line, as the example
of Figure ??a). The Equation 3.6 was used for calculate the length of the tube using
the coordinates before SB and after SB.

L= Vlri—a)+ (5 —y)? (3.6)
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Figure 3.4: Example of representation of a) all the nodes, b) the nodes used for
calculations, ¢) numerical simulation representing the springback for a bending angle
of 90° with a CLR of 120 mm (CLR120).

After having these values, the analysis consisted of calculating the ACLR, Aa,
AL and comparison, as will be shown later by graphics. These results will be shown

in Section 4.1.2

3.3 Design of Experiments

The Design of Experiments (DoE) was developed considering a tube with a fixed
diameter of 30 mm, while varying the material, thickness, bending angle and CLR.
Since these variables could generate an infinite number of combinations, the study
focused on five selected materials, three thicknesses, and two CLR values. The
bending angle was varied from 0° to 200° in increments of 10°. Figure 3.5 illustrates

the DoE configuration employed in this study.
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S .

-

Figure 3.5: DoE for numerical analysis.

3.4 Experimental Approach

In the experimental analysis, tests were performed using two CLR of 120 and
160 mm, two materials( SS304 and S235). For each material, two thicknesses were
considered (1.5 and 2.0 mm). Bending operations were carried out at five different
angles: 45°, 70°, 90°, 150°, and 180°.

The experimental tests were conducted in an eMOB 52 (Figure 3.6a) placed in
a workshop at FEUP. In Figure 3.6b it is presented a different view of the machine,

for better understanding of the dimensions.

(a) (b)

Figure 3.6: Different representations of the machine used: a) eMOB 52 at FEUP
workshop and b) perspective view of eMOB 52 [28].
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AMOB provides a very interactive and user-friendly software for operators al-
lowing an easy and light experience. Figure 3.7 shows the machine’s software that

controls all ten axes. The axes are identified by letters starting by:
e X : longitudinal movement corresponding to the tube feeding;
e Y : rotation around the tree axis controlling the bending angle;
e 7 : rotation around the tube axis allowing to change the bending plane;
e T : opening and closing movement of the clamp;
e E : movement of the pressure die along the tube axis;
: vertical movement of the tree;
: horizontal movement of the tree;

: movement of the mandrel;

a z =2 =

: movement of the pressure die against the tube;

[ ]
o]

: movement of the clamp die.
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Figure 3.7: Representation of the axis in the AMOB’s software.

It was followed the DoE presented in previous chapters, but only for thicknesses
1.5 and 2 mm, two materials (SS304 and S235) and regarding five bending angles:
45°,70°, 90°, 150°, 180°.
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All material was catalogued for easier organisation as seen in Figures 3.8a and
3.8b. Then the programs were developed and implemented for each combination. It

was very important to keep all the tests consistent, for that it was maintained the

same velocity in the machine and the welding of the tubes was always keep upwards.

Figure 3.8: Organisation and cataloguing of the tubes, regarding the material, thick-

ness and the corresponding CLR and bending angle.

In Figure 3.9, it is possible to see the five angles that will be done in the experi-

ments. The results are shown in Section 4.2.

45° 70° 90° 150° 180°

1

Figure 3.9: Tube with the five angle that will be analysed. In order: 45°, 70°, 90°,
150°, 180° (Example of the figure: SS304 thickness=1.5 mm CLR120)
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3.4.1 3D Digitalization with Hexagon

A 3D digitalisation of every bend was done in Amob facilities with Hexagon

machine equipped with Bending Studio XT. In Figure 3.10a, it is possible to see the

equipment, and in Figure 3.10b the software used.

Figure 3.10: a) Hexagone machine installed in AMOB; b) Bending Studio XT soft-

ware.

BendingStudio XT is a comprehensive software solution that integrates every
stage of the tube and wire manufacturing process, encompassing design, produc-
tion, and quality control. By consolidating all relevant data sets associated with a
part, the software enables manufacturers to monitor, quantify, and visualise changes
throughout each phase. Through the integration of CAD data, bending corrections,
and inspection plans within a unified platform, BendingStudio XT streamlines work-
flows, thereby enhancing accuracy and efficiency across the entire production cycle
[29].

Specifically developed to support systems such as Tubelnspect, Absolute Arm,
and Absolute Tracker—other advanced measurement devices by Hexagon Bend-
ingStudio XT combines high-speed performance with adaptability for both manual
and automated inspection processes. Its user-friendly interface facilitates efficient
data management, simplifying the documentation and control of every manufac-

turing stage. Whether handling small components or large-scale tubes, the software
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ensures precise measurement and correction capabilities, thereby supporting reliable
production across a diverse range of applications and geometries [29].
Regarding the process of digitalisation, there are some important aspects such

as:

e position the tube with the part that has been attached to the clamp pointing

towards the right side of the arm, which is a pre-definition of the machine;

e make sure to digitilise the point that touches the table, because this means

that more than half of the tube is digitilised;

e make sure that every part of the tube has been scanned, since the software
makes fictitious short cylinders to design the tube. If the tube is not digitilised

in its majoraty, it means that what the software represents may not be reality.

After digitisation, BendingStudio XT produces a detailed report containing es-
sential information for analysis, which can be selected based on convenience. This
report presents the best-fit alignment between the reference tube and the measured
tube. It provides several critical dimensional parameters, including the straight-
line distance between the tube’s two ends, known as the End-to-End Distance, and
the rolled-out length, which corresponds to the total length of the bent tube. This
measurement is particularly important for evaluating stretching and bending effects,
which are fundamental to springback analysis. Additionally, the report details the
lengths of the straight sections, rotation angle, bending angle, and CLR. An example
of such report is provided in Section A, while Figure 3.11 highlights a key section
from the report. It is also important to clarify that the term “Nominal” refers to
the reference CAD tube (optimal geometry), whereas “Actual” denotes the tube as

measured after bending.
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End length results - BentPartComp

Component Property Value [mm]
Actual Nominal Act-Nom
BentPartComp End-to-end distance 816.37 783.51 32.85
BentPartComp Rolled-out length 1,505.33 1,500.00 533

Bending elements - BentPartComp

No. Length [mm] Rotation [deg] Angle [deg] Radius [mm]

Actual Nomina Act-No | Actual Nomina Act-No | Actual Nomina Act-No | Actual Nomina Act-No
| m I m | m | m

BE1 171.79  170.00 1.79 - - - 40.60  45.00 -440 17430 160.00 14.30
BE2 199.47 200.00 -0.53 -89.63  -90.00 0.37 13577 14500 -923 12691 120.00 6.91
BE3 171.92  170.00 1.92 -89.74  -90.00 0.26 82.89 90.00 -7.1 128.99 120.00 8.99

BE4 351.30 34215 915 - - - - - - - - -

Figure 3.11: Excerpt from the generated report with parameters of the tube.

3.4.2 3D Digitalisation with ATOS Triple Scanner

A different approach for scanning the tubes after bending was considered to guar-
antee the reliability and accuracy of the previous method using Hexagon machine.
This method relies on the comparison between the expected geometry of the tube
after bending and the actual geometry due to springback. For this analysis, the
ATOS triple scanner was used.

ATOS is a high-resolution, optical 3D scanning system widely used in indus-
trial metrology. It delivers rapid and precise three-dimensional measurement data,
supporting the optimisation of engineering processes and enhancing manufacturing
efficiency. The system is extensively applied across various industries for the inspec-
tion and analysis of components such as sheet metal parts, tooling, turbine blades,
prototypes, as well as injection-molded and cast parts. ATOS captures complete
part geometries in the form of dense point clouds or polygon meshes, providing ac-
curate surface and geometric data essential for comprehensive analysis and quality
assurance [30]. In Figure 3.12 it is represented the equipment and the setup of the
tube with the targets.
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(a) (b)

Figure 3.12: Scanner setup: a) ATOS triple scanner b) tube for scanning.
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Chapter 4

Results

This chapter presents the results of all simulations and experimental tests, ac-
companied by detailed explanations and justifications of key findings. The analysis
focuses on comparisons between different materials, as well as the influence of the
thickness, centerline radius and bending angle used. Particular attention is given to

how these factors affect springback and overall deformation behaviour.

4.1 Numerical Analysis of RDB Process

The numerical results obtained through the methodology described in Section 3.2
are presented in this section, with particular emphasis on the mesh convergence
study, the process simulation data for the materials selected (SS304, S235, Fe510,
Al2017A, Ti99.5) and thicknesses (1 mm, 1.5 mm and 2 mm), as well as the data

for a real case scenario.

4.1.1 Mesh Convergence

Before proceeding with the full numerical analysis, a mesh convergence study
was conducted to ensure the reliability and accuracy of the simulation results. This
analysis was performed using Fe510 material and 200° bending angle, chosen due to
its high UTS. The mesh in the finite element model (FEM) is defined by two key

parameters:
e The number of elements along the tube’s perimeter (cross-section);

e The number of elements along the tube’s length.
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4. Results

The goal of the mesh convergence study is to verify that critical simulation
outputs, such as the springback radius, remain stable as the mesh is refined. The
optimal mesh is defined as the coarsest configuration that delivers converged results,
balancing accuracy and computational efficiency.

In the mesh convergence analysis, the number of elements across the tube’s
cross-section was initially fixed at 24, while the number of elements along the tube
length was varied. Two CLR values (120 and 160 mm) were analysed to determine
whether geometry had a significant influence on mesh sensitivity. For each mesh
configuration, the post-springback CLR value was extracted and is presented in
Table 4.1.

As shown in the table, increasing the number of elements along the tube from 15
to 120, results in only a marginal variation in the springback radius—about 0.02%
for CLR120 and 1.4% for CLR160. However, this increase leads to a substantial
rise in computational time, from under 2 minutes to over 14 minutes. These trends
are also illustrated in Figure 4.1, which plots the CLR after springback (ASB) for
both CLR values as a function of the number of longitudinal elements. The curves
clearly show that after 60 elements, the change in CLR becomes negligible, indicating
mesh convergence. Based on this analysis, the configuration with 24 elements in the

cross-section and 60 along the tube’s length was selected as optimal.

Table 4.1: Influence of mesh density on CLR after springback and computational
time for Fe510 with a 200° bend.

Number of nodes Computational
CLR (mm)

Cross section  Along tube time (min:s)

CLR120_.24_15 24 15 119.351 1:43
CLR120-24_30 24 30 121.067 2:54
CLR120-24_60 24 60 121.81 5:28
CLR120_24_120 24 120 121.847 14:36
CLR160_-24_15 24 15 159.214 1:54
CLR160-24_30 24 30 160.735 2:53
CLR160-24_60 24 60 162.095 5:20
CLR160_24_120 24 120 161.417 15:20
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Figure 4.1: Data of CLR after springback (ASB) from : a) CLR120 and b) CLR160
when there are 24 elements in cross section and the elements along the tube are

varied.

Figure 4.2 presents the von Mises stress distribution for each mesh configuration
described in Table 4.1. The subfigures (a) through (h) display the stress response
under the same bending conditions (e.g. velocity), varying only the CLR, allowing
a direct comparison of mesh sensitivity. As the mesh becomes progressively finer, a
slight increase in the maximum von Mises stress values is observed. Moreover, the
refinement leads to a more continuous and evenly distributed stress field, particularly
in regions with high curvature and stress concentration. This enhanced uniformity
in the stress contours reflects improved numerical stability and resolution. These
observations support the conclusion that mesh refinement contributes significantly
to simulation accuracy, especially in complex deformation scenarios such as tube

bending with springback.
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Figure 4.2: von Mises stress distribution for different elements along the length for
CLR120 in left side: a) 15, ¢) 30, e) 60, g) 120 and for CLR160 in right side b) 15,
d) 30, f) 60, h) 120. 50



4.1. Numerical Analysis of RDB Process

Following the selection of the optimal number of elements along the tube’s length,
a second mesh convergence analysis was performed to evaluate the influence of cross-
sectional discretisation. This step is critical to ensure that the numerical model accu-
rately captures stress gradients and deformation behaviour across the tube perime-
ter.

In this analysis, the number of elements along the tube length was fixed at 60, as
defined previously, and the number of elements around the cross section was varied:
12, 24, and 48. The results are summarised in Table 4.2, which presents the CLR
values after springback and the corresponding computational times for two CLR
values (120 mm and 160 mm). However, the reduction in CLR between 24 and 48
elements is minimal — only about 1.1% for CLR120 and 0.9% for CLR160 — while
the computational time increases more than fourfold, from approximately 5 minutes
to over 22 minutes.

Based on the trade-off between accuracy and efficiency, the mesh configuration
with 24 elements in the cross section and 60 along the tube length was confirmed
as optimal. This setting captures the essential mechanical behaviour of the bending
process while maintaining a reasonable simulation time.

Figure 4.4 illustrates the von Mises stress distribution for tubes modelled with
different mesh configurations, as outlined in Table 4.2. The images on the left —
(a), (c), and (e) — correspond to the CLR120 configuration, while those on the right
— (b), (d), and (f) — represent CLR160. In both cases, the mesh is progressively
refined from top to bottom by increasing the number of elements in the tube’s cross-
sectional perimeter.

This improvement is particularly evident in the CLR160 configurations (right
column), where the stress concentration zones are captured with greater clarity and
resolution in the finer meshes. These results reinforce the conclusion that refining the
cross-sectional mesh enhances the numerical model’s ability to accurately represent

stress fields in complex deformation regions.
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4. Results

Table 4.2: Data for elements along the tube length after choosing the number of

elements in cross section.

Number of nodes Computational
CLR (mm)
Cross section Along tube time (min:s)
CLR120.12_60 12 60 122.548 1:54
CLR120-24_60 24 60 121.81 5:28
CLR120-48_60 48 60 120.44 22:19
CLR160_12_60 12 60 163.325 1:42
CLR160-24_60 24 60 162.095 5:20
CLR160-48_60 48 60 160.591 23:12
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5120 glﬁo
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Figure 4.3: Data of CLR after springback (ASB) from : a) CLR120 and b) CLR160

when there are 60 elements along the rube and the elements along the cross section

are varied.
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Figure 4.4: von Mises stress distribution for different elements in cross section for
CLR120 in left side: a) 12, ¢) 24, e) 48 and for CLR160 in the right side b) 12, d)
24, f) 48.

Finally, the influence of the number of integration points through the shell thick-
ness was analysed. Integration points are specific locations within each element
where key quantities—such as stress and strain—are evaluated. These points play a

crucial role in capturing through-thickness gradients, which are especially relevant
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4. Results

in bending-dominated problems involving elastic recovery, such as springback.

As shown in Table 4.3 and Figures 4.5a and 4.5b, increasing the number of inte-
gration points from 5 to 11 resulted in negligible variation in the predicted center-
line radius (CLR) after springback—Tless than 0.02% for both CLR120 and CLR160.
However, this refinement led to a significant increase in computational time, nearly
doubling between the two configurations.

Based on these results, the use of 5 integration points through the shell thickness
was deemed sufficient to ensure numerical accuracy while maintaining computational

efficiency. All the results presented throughout this chapter were obtained using this

configuration.

Table 4.3: Data for integration points after having the best mesh.

Integration points CLR (mm) Computational time (min:s)

CLR120_5 ) 121.81 5:28
CLR120.9 9 121.816 9:25
CLR120_11 11 121.831 9:19
CLR160_5 ) 162.095 5:20
CLR160-9 9 162.148 9:45
CLR160_11 11 162.136 9:58
1244 164
= 1227 — 162
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Number integration points Number integration points
(a) (b)

Figure 4.5: Data of CLR after springback (ASB) for : a) CLR120 and b) CLR160

when the integration points are varied.
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4.1. Numerical Analysis of RDB Process

Based on the balance between numerical accuracy and computational efficiency,
the final mesh configuration selected for all subsequent simulations consisted of 24
elements along the tube’s cross-sectional perimeter, 60 elements along its length,

and 5 integration points through the shell thickness.

4.1.2 Influence of Material and Tool Geometry

Following the methodology described in Section 3.2, numerical simulations were
performed for each material, centerline radius and wall thickness combination. The
results are presented in terms of the three key variables under investigation: spring-
back in radius (ACLR), springback in angle (A«), and tube elongation (AL). Fig-
ures 4.7 through 4.11 display the results for each material. For each material, results
obtained with a CLR of 120 mm are shown on the left, while those with a CLR of
160 mm are presented on the right. Subfigures (a) and (b) show the springback
in angle (Aa), (c) and (d) show the springback in radius (ACLR), and (e) and (f)
present the tube elongation (AL). Figure 4.6 shows the results for SS304, Figure 4.7
for S235, Figure 4.8 for Fe510, Figure 4.9 for A12017A, and Figure 4.10 for Ti99.5.

For this study, the bending angle was varied from 30° to 180°, allowing for a
comprehensive assessment across a wide range of typical forming scenarios. The
analysis is structured into three main parts: the influence of tube thickness, the
influence of different centerline radii, and the comparison between materials.

Regarding wall thickness, the results suggest that its influence, while not domi-
nant, is consistent across all materials. In general, tubes with greater wall thickness
tend to exhibit increased springback and reduced elongation.

This trend is clearly illustrated in the case of SS304. When comparing tubes
with wall thicknesses of 1 mm and 2 mm for a CLR of 160 mm, as shown in Figure
4.6, the thinner tube exhibits a more extensive plastified region, indicated by the
grey area. This greater degree of plastic deformation implies that the 1 mm tube
undergoes less elastic recovery, resulting in reduced springback. This behaviour is
confirmed by the simulation results presented in Figure 4.7. Furthermore, it can be
observed that the influence of thickness becomes more pronounced as the bending
angle increases, and this effect is particularly evident in the springback behaviour
of the radius (ACLR).

This relationship between thickness, plastic deformation, and elastic recovery is
consistent across the other materials analyzed. Although the quantitative effects

vary depending on each material’s mechanical properties, the overall behaviour re-
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mains qualitatively similar. Therefore, while wall thickness may not be the primary

driver of springback, it remains an important consideration in precision forming

processes.
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Figure 4.6: Comparison of plastic area between a) 1 mm and b) 2 mm thicknesses
for SS304 when CLR160, after springback.
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Figure 4.7: Effect of tube thickness on bending response when analysing SS304:

(a—b) angular springback, (c—d) radial springback, and (e—f) final tube length for

CLR = 120 mm and 160 mm.
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Figure 4.8: Effect of S235 tube thickness on bending response: (a—b) angular spring-
back, (c—d) radial springback, and (e—f) final tube length for CLR = 120 mm and
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Figure 4.9: Effect of tube thickness on bending response when analysing Fe510:

(a—b) angular springback, (c—d) radial springback, and (e—f) final tube length for

CLR = 120 mm and 160 mm.
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Figure 4.10: Effect of tube thickness on bending response when analysing AI2017A:
(a—b) angular springback, (c—d) radial springback, and (e—f) final tube length for
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Figure 4.11: Effect of tube thickness on bending response when analysing Ti 99.5:

(a—b) angular springback, (c—d) radial springback, and (e—f) final tube length for

CLR = 120 mm and 160 mm.
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4. Results

A more detailed analysis was performed for the case of 1.5 mm wall thickness,
focusing on materials SS304 and S235. As illustrated in Figures 4.12a and 4.12b,
the effect of CLR on angular springback is clearly evident. Significant differences
in the springback angle (A«) are observed between the two CLR configurations,
underscoring the sensitivity of springback to geometric parameters in the bending
process. In particular, the CLR120 configuration exhibits more pronounced angular
springback compared to the larger CLR case, despite both following a similar overall
trend. Additionally, the difference in angular springback between the two CLR
values increases progressively with the bending angle, indicating that the influence of
CLR becomes more critical at higher deformation levels. Specifically, for a bending
angle of 180°, increasing the CLR results in a springback reduction of 0.703° for
SS304 and 0.807° for S235, highlighting the significant impact of CLR on higher

bending angles.
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Figure 4.12: Influence of CLR in springback in angle for thickness 1.5 mm for a)
SS304 and b) S235.

Figures 4.13a and 4.13b further illustrate the significant influence of the CLR,
this time with respect to springback in radius (AC'LR). The results clearly demon-
strate distinct variations in springback in radius across the different CLR configu-
rations, reinforcing the role of geometric parameters in shaping the final outcome
of the bending process. In the case of CLR160, the springback in radius is particu-
larly pronounced, whereas for CLR120, the values tend to stabilise, approaching a
plateau. This behaviour can be explained by the less severe bending associated with
a larger CLR, such as CLR160, which induces lower levels of plastic deformation
and, consequently, results in less significant springback. As shown in Figures 4.14a

and 4.14b, the CLR160 configuration exhibits a smaller plastified region (indicated
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4.1. Numerical Analysis of RDB Process

by the grey area), which implies a higher springback compared to the CLR120 case.
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Figure 4.13: Influence of CLR in springback in radius for thickness 1.5 mm for a)

$S9304 and b) $235.
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Figure 4.14: Analysis of plastified area (grey area) for thickness 1.5 mm for SS304
when CLR is a) 160 mm or b) 120 mm.

Regarding elongation, the results presented in Figures 4.15a and 4.15b indicate
that the configuration with a CLR of 120 mm exhibits greater elongation for both
materials. Additionally, the differences in elongation between the two materials re-
main nearly constant as the bending angle increases, wiht a maximum value between
them of 0.454 mm. This difference can be attributed to the equivalent plastic strain
distributions presented in Figure 4.16. The CLR120 configuration exhibits a higher
equivalent strain value (0.1314) compared to CLR160 (0.09877), which supports the
observed increase in elongation associated with CLR120. In this figure, it is possible
to observe that the regions of highest deformation are concentrated at the extrados

and intrados of the bent section, as expected. The smaller bending radius in the
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CLR120 setup promotes more extensive plastic deformation in these areas, resulting

in higher elongation and reduced springback compared to the CLR160 configuration.
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Figure 4.15: Influence of CLR in elongation of the tube for thickness 1.5 mm for a)
SS304 and b) S235.
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Figure 4.16: Equivalent plastic defomormation for SS304 when a) CLR120 and b)
CLR160.

To further understand the role of material behaviour in the rotary draw bending
process, a comparative evaluation was conducted across the selected materials. The
material comparison will focus on three primary case studies: Fe510 versus SS304,
Fe510 versus 5235, and Al2017A versus S235, using the data presented in Figure
4.17. As a general observation, the materials can be ranked in descending order of
springback tendency as follows: A12017A, Ti 99.5, SS304/Fe510 (which exhibit very
similar behaviour), and S235. This trend highlights A12017A as the material with
the highest springback and S235 as the one with the lowest. Additional observations,
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4.1. Numerical Analysis of RDB Process

which are consistent with previously discussed results, include the following trends:
springback in angle increases with the bending angle; springback in radius decreases
as the bending angle increases and tends to stabilise; and elongation increases pro-

gressively with the bending angle.
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4.1. Numerical Analysis of RDB Process

The comparison between SS304 and Feb10 serves as a starting point in this
analysis. Although these materials present distinct mechanical properties overall,
the similarity in the simulation results can be attributed to the fact that both exhibit
nearly identical hardening behaviour around €, ~ 0.15 — the range of plastic strain
typically developed in the bent region during the rotary draw bending process.

As seen in Figure 3.1, the hardening curves of SS304 and Feb510 converge in
this strain range, which explains why both materials show nearly identical trends in
springback and elongation under the same bending conditions. This interpretation
is further supported by the von Mises stress distributions shown in Figures 4.18a
and 4.18b, which reveal similar stress fields and regions of concentration, despite a
modest difference in peak stress values (approximately 30 MPa).

Additionally, Figures 4.19a and 4.19b indicate that the equivalent plastic strain in
both materials differs by only 0.00163, reinforcing the conclusion that their mechan-
ical response under bending is effectively the same due to their aligned behaviour
within the relevant plastic strain range. These values are consistent with the de-
formation levels discussed earlier, particularly around €, ~ 0.15, further supporting

the similarity in forming behaviour between SS304 and Fe510.
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Figure 4.18: von Mises stress distribution of a) SS304 and b) Fe510 when the CLR

is 160 mm and the thickness is 1.5 mm.
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Figure 4.19: Equivalent plastic deformation of a) SS304 and b) Fe510 when the CLR

is 160 mm and the thickness is 1.5 mm.

Moving on to the analysis of Fe510 versus S235, these two materials exhibit some
similar mechanical properties as the Young’s Modulus, but differ significantly in their
hardening behaviour. In such cases, springback tends to be more pronounced in the
material with higher strength — in this case, Fe510. This trend can be explained by
the stress—strain behaviour illustrated in the left plot of Figure 4.20, where higher
strength steels (like Fe510) exhibit greater elastic recovery upon unloading. Despite
both materials having the same elastic modulus, the greater stress level in Fe510
leads to a larger elastic recovery upon unloading, which results in increased spring-

back. In Figure 4.17, it is possible to see that Feb510 consistently exhibits greater

springback in radius and angle than S235, as expected.
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Figure 4.20: Influence of elastic modulus, yield strength and work hardening in

different materials [31].

Finally, the comparison between Al2017A and S235 involves two materials with

distinct mechanical properties but similar hardening behaviour. This observation
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highlights the dominant influence of Young’s Modulus on springback behaviour. Al-
though Al2017A and S235 exhibit similar hardening behaviour (characterised by
comparable hardening exponents (n)) the significant difference in Young’s Modulus,
approximately 130 GPa, leads to markedly different springback responses. AI2017A,
having the lower modulus, shows a much higher springback, underscoring the pri-
mary role of elastic stiffness over hardening in this context. As illustrated in the
right plot of Figure 4.20, aluminium alloys such as AI2017A possess a considerably
lower Young’s Modulus compared to steels, which leads to a larger elastic recovery
region during unloading, and so a higher springback.

An additional aspect of interest is the analysis of the von Mises stress distri-
bution throughout the RDB process. Figure 4.21 illustrates the evolution of stress
across 20 sequential tube configurations after springback (SB1-SB20, corresponding
to bending angles from 10° to 200°), highlighting the progression of deformation
in Al2017A tubes with a wall thickness of 1.5 mm and a CLR of 160 mm. This
sequence provides valuable insights into the gradual accumulation of stress during
bending. At the initial stages, the stress is relatively low and uniformly distributed;
however, as the bending angle increases, pronounced stress concentrations develop,
particularly at the intrados and extrados regions of the tube. By the final configura-
tion (SB20), the highest stress levels are observed, reflecting the material’s response
to significant plastic deformation. This analysis emphasises the critical importance
of monitoring stress evolution during RDB to ensure effective process control and

to minimise the risk of failure or excessive distortion.
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Figure 4.21: Evolution of von Mises stress across 20 tube configurations (10°-200°).

4.2 Experimental Validation

This section presents the validation of the numerical model by comparing the
simulation results with experimental data, for 2D bends and 3D bends. Additionally,
the repeatability of the process and accuracy of the Hexagon measurement machine

are analysed.

4.2.1 2D Bending Analysis

To validate the numerical model developed in this study, a direct comparison was
carried out between the simulation results and experimental measurements for 2D
tube bending, following the methodology outlined in Section 3.4. The experiments
and simulations were performed under identical conditions, using the same combi-
nations of material (SS304 and S235), wall thickness (1.5 mm and 2 mm), centerline
radius (CLR120 and CLR160), and bending angles (45°, 70°, 90°, 150°, and 180°).

Figures 4.22 to 4.25 present this comparison in terms of angular springback (Aa),

springback in radius (ACLR), and tube elongation (AL). Figure 4.22 corresponds
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to SS304 with a thickness of 1.5 mm for both CLR values, while Figure 4.23 shows
results for S235 with wall thicknesses of 1.5 mm and 2 mm, also for CLR120 and
CLR160. Figure 4.24 displays the results for SS304 and S235 with a thickness of
2 mm and CLR160, and Figure 4.25 refers to the case with 2 mm thickness and
CLR120 for both materials.
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Figure 4.22: Comparison between experimental and numerical data regarding spring-
back in angle and radius as well as elongation of tubes: a), ¢) and e) correspond to
SS304, CLR120 and thickness of 1.5 mm combination and b), d) and f) correspond
to SS304, CLR160 and thickness of 1.5 mm.
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Figure 4.23: Comparison between experimental and numerical data regarding spring-

back in angle and radius as well as elongation of tubes: a), ¢) and e) correspond to
S235, CLR120 and thickness of 1.5 mm combination and b), d) and f) correspond
to 5235, CLR160 and thickness of 1.5 mm.
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Figure 4.24: Comparison between experimental and numerical data regarding spring-
back in angle and radius as well as elongation of tubes: a), ¢) and e) correspond to
S235, CLR160 and thickness of 2 mm combination and b), d) and f) correspond to
SS304, CLR160 and thickness of 2 mm.
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Figure 4.25: Comparison between experimental and numerical data regarding spring-
back in angle and radius as well as elongation of tubes for SS304 and S235 when the
CLR is 120mm and thickness is 2 mm.

After analysing all the data, a clear distinction between numerical and experi-
mental results can be observed in Ao and ACLR, while variations in AL are less
pronounced. However, although some discrepancies exist in terms of magnitude, the

curves generally follow similar profiles, particularly as the bending angle increases.
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The numerical predictions of AL align closely with the experimental measurements
across all configurations, indicating that the model performs well in capturing the
global deformation of the tube. In contrast, the discrepancies observed in Aa and
ACLR are more difficult to interpret and likely result from a combination of con-
tributing factors. Despite the offset between the experimental data and the nu-
merical predictions, a consistent trend is noticeable across the corresponding plots,
indicating that the numerical model captures the overall response reasonably well.

Several factors may contribute to the observed discrepancies, particularly in the
predictions of Aa and ACLR. Firstly, a relevant aspect is the uncertainty regarding
the material mechanical behaviour of the tested tubes. Since no material charac-
terisation tests were conducted, the mechanical properties used in the simulations
were based solely on supplier data. This mismatch could significantly affect the
correlation between experimental and numerical outcomes, since the constitutive
model adopted (based on the von Mises yield criterion with isotropic Swift hard-
ening) may not capture the full complexity of material behaviour under multi-axial
and non-proportional loading conditions that can occur during tube bending.

In addition to material uncertainty, modelling assumptions can also impact the
accuracy of the predictions. The use of shell elements with reduced integration,
although computationally efficient, may be insufficient to accurately capture stress
and strain gradients through the tube thickness. Employing solid elements could im-
prove the fidelity of the model, especially in capturing through-thickness behaviour
during springback.

Another relevant point concerns the solver configuration. One stage of the sim-
ulation was carried out using an explicit solver, which may introduce unintended
dynamic effects in a quasi-static process like rotary draw bending. A static formula-
tion would likely reduce these influences and improve correlation with experimental
results. Furthermore, in the springback step, a default damping factor was used
without calibration. Exploring alternative damping values could potentially en-
hance the accuracy of elastic recovery predictions. Finally, it is important to note
that the experimental measurements are limited to the final geometry, with initial
reference values for bending angle and radius of curvature assumed based on equip-
ment settings. As such, the observed differences may also stem from uncertainties in
the experimental setup and measurement assumptions, not only from the numerical
model. In contrast, the evaluation of tube elongation (AL) is considered more reli-
able, as both the initial and final lengths were measured experimentally. This initial

baseline likely contributes to the closer agreement observed between numerical and
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experimental results for AL. On the other hand, the lack of reference data for o and
CLR highlights the need for more comprehensive experimental procedures, particu-

larly before springback, to ensure more accurate validation of numerical simulations.

To ensure the reliability and credibility of the experimental final geometry data,
a repeatability analysis was conducted by measuring two tubes bent under identical
conditions. Both tubes were made of SS304 with a wall thickness of 2 mm, a CLR
of 120 mm, and a bending angle of 180°. Repeatability in measurement refers
to the ability to obtain consistent results when the same procedure is repeated
under the same conditions, using the same equipment and operator. In this study,
repeatability was addressed by maintaining controlled environmental conditions and
ensuring uniform parameters throughout the bending process.

Table 4.4 presents the values obtained from the two measurement reports gen-
erated by Hexagon BendingStudio XT, specifically regarding the deviations in CLR
(ACLR), bending angle (A«), and tube length (AL). It can be observed that the
relative error for each variable is minimal, indicating a high level of consistency. As
a result, the measurement method demonstrates good applicability and reliability

for this type of analysis.

Table 4.4: Comparison between the two tubes measurements.

CLR (mm) Bending angle (°) Length (mm)

Tubel 126.52 168.99 827.48
Tube2 126.44 169.08 826.97
Relative error (%) 0.067 0.050 0.062

Due to unexpected deviations between experimental and numerical in some of
the initial measurements, an alternative measurement technology was employed to
reassess one of the test tubes, following the methodology of sub-section 3.4.2. Specif-
ically, a stainless steel tube (SS304) with a wall thickness of 2 mm, a CLR of 120 mm,
and a bending angle of 180° was selected for this re-evaluation. The measurement
was carried out using the ATOS Triple Scan system developed by GOM.

After the scanning process, the resulting geometry was compared with an ideal
CAD reference tube, as shown in Figure 4.26. Based on this comparison, the CLR
and bending angle were determined. The CLR was determined by selecting three

points along the arc of the bend and constructing a best-fit circle through these
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points. The radius of this circle was then measured and combined with the tube’s
outer radius to obtain the CLR. The bending angle was measured by creating ref-
erence axes along the straight sections at both ends of the tube. These axes were
constructed by fitting cylinders to the end segments, and the angle between the two

axes was calculated to determine the overall bending angle.
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Figure 4.26: Comparison between optimal CAD and scanned geometry.

The scan results are presented in Table 4.5. When compared with the Hexagon
measurements obtained under identical material and geometric conditions, the dif-
ferences observed are minimal, thereby confirming the consistency and reliability of

the measurement processes.

Table 4.5: Values of CLR and bending angle from ATOS and Hexagon measure-

ments.

CLR (mm) Bending angle (°)

ATOS 127.33 169.11
Hexagon 126.44 169.08

4.2.2 3D Bending Analysis

Following the analysis of two-dimensional bending cases, the validation of the nu-
merical model was extended to more complex geometries involving three-dimensional

bending. The comparison between numerical and experimental results for 3D tube
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configurations provides an additional layer of validation, offering insight into the
model’s predictive capabilities under more realistic and industrially relevant condi-

tions. The specific case under analysis is illustrated in Figure 4.27.

—_
100 mm 100 mm

(a) (b)

Figure 4.27: Real case for validation.

The analysis strategy for this case was conducted on a bend-by-bend basis, as the
entire part was not fully simulated. This approach is appropriate due to the absence
of tangency points between bends, resulting in straight sections that separate each
bend. However, it is important to note that this strategy is not applicable when
tools with a variable CLR are used, as the geometry and deformation become more
complex and interdependent.

The case for validation is composed by:

e bend of 45° with CLR 160
e bend of 145° with CLR 160 with rotation of -90°

e bend of 90° with CLR 160 with rotation of -90°

Table 4.6 presents a comparison between numerical predictions and experimental
measurements for both bending angle and CLR in each individual segment, enabling

a direct assessment of the model’s accuracy in a multi-bend 3D configuration.
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Table 4.6: Comparison of numerical and experimental data from real validation case.

Bending angle (°) CLR (mm)

Numerical Experimental Numerical Experimental

45° - CLR160 0.3 4.4 3.4 14.3
145° - CLR120 24 9.23 1.7 6.91
90° - CLR120 1.1 7.11 2 8.99

Regarding the variation in tube length, the results are summarised in Table
4.7. The numerical value was obtained by consulting the elongation plot for the
corresponding material and thickness (see Figure 4.7e), from which the individual
contributions of each bend were extracted and summed. The resulting value (6.2
mm) shows good agreement with the experimental measurement (5.33 mm), with a
difference of less than 1 mm, which confirms the model’s ability to accurately predict

cumulative elongation in multi-bend configurations.

Table 4.7: Results for variations in tube length.

Numerical 0.843.44+2=6.2 mm

Experimental 5.33 mm

Overall, the results demonstrate good agreement between the numerical and
experimental data, particularly regarding trends in springback behaviour and final
tube geometry. This correlation confirms that the model is generally robust and
capable of capturing the key physical phenomena involved in the RDB process.

Nevertheless, some deviations were observed, especially in the angular springback
values. These discrepancies can be attributed to several factors. First, simplifica-
tions inherent in the numerical model such as neglect of tool wear, and assumptions
regarding friction, can limit its accuracy. Second, uncertainties in the experimental
measurements, including potential errors in 3D scanning and variations in material
properties, may also contribute to the observed differences.

Despite these limitations, the validation results suggest that the model is suffi-
cient for predictive purposes and can be used as a tool for optimization of the RDB

process.
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Chapter 5

Conclusions

This thesis focused on analysing the RDB process with respect to springback and
stretching phenomena using a numerical approach. The primary objective was to
simplify the understanding of the manufacturing process by employing FEM through
ABAQUS software. Additionally, the study aimed to evaluate the influence of key
process parameters, namely the bending angle (), CLR and tube thickness (), on
the final geometry and deformation behaviour.

The following conclusions were drawn concerning the effect of process parameters:

1. Increasing the CLR reduces angular springback, but leads to an increase in
springback at the radius. The elongation is higher for lower CLR, as a result of
increased plastic deformation, particularly in the extrados of the tube. For the
range of CLRs analysed, the impact on tube elongation is relatively minimal,

with a maximum difference of 0.545 mm observed.

2. A larger bending angle results in increased angular springback, a decrease in
radius springback, and a greater elongation of the tube’s overall length. This
elongation occurs because of the higher degree of plastic deformation in the

extrados of the tube.
In relation to material properties and geometric factors:

1. Tubes with greater wall thickness exhibit higher angular and radial springback,
although the impact on total tube elongation is comparatively less significant.

In general, tube thickness has a low impact on the variables studied.

2. Despite AI2017A and S235 exhibiting similar hardening behaviour, A12017A

demonstrates higher springback in angle, radius, and total length. This can
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5. Conclusions

be primarily attributed to its lower young’s modulus, which plays a more

dominant role in the bending response than the hardening parameters alone.

3. SS304 and Fe510 exhibited nearly identical bending responses, driven by their
similar hardening behaviour. Both materials showed comparable springback,
elongation, and stress distribution, indicating consistent forming behaviour

under identical conditions.

Despite the differences observed between the experimental and numerical data,
a consistent trend is evident, indicating that the proposed approach is promising
and progressing in the right direction for future discoveries. The application of two
3D digitisation methods demonstrated the consistency of the experimental results,
thereby enabling the identification of potential discrepancies between experimental
and numerical results. However, it is important to note that the experimental mea-
surements are limited to the final geometry, with initial reference values assumed
based on equipment settings (e.g., bending angle and curvature radius). As such,
the observed differences may also be the result of uncertainties in the experimental
setup and measurement assumptions, not solely from the numerical model. These
aspects will be further investigated and refined in future work.

These findings emphasise the importance of considering both geometric and ma-
terial characteristics when aiming to control springback and deformation in the RDB

process.

5.1 Future Works

Although the numerical model yielded satisfactory results, several aspects can be
improved in future work. The current use of shell elements with reduced integration,
while efficient, may not fully capture the through-thickness behaviour of thin-walled
tubes. Employing solid elements with suitable formulations could enhance the ac-
curacy of stress and deformation predictions.

Additionally, the bending simulations were conducted using an explicit dynamic
solver. Despite the kinetic energy remaining lower than the internal energy, indi-
cating limited dynamic effects, a static implicit approach may better represent the
quasi-static nature of the bending process, eliminating residual inertial influences.

In the springback step, the default damping factor in ABAQUS was used. A
sensitivity analysis on this parameter could contribute to more accurate predictions

of elastic recovery. Furthermore, although the deformation levels were relatively
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5.1. Future Works

low, future models would benefit from incorporating experimentally derived material
data to ensure a more accurate representation of mechanical behaviour and to reduce
reliance on generic datasets.

To build upon the insights gained in this study, future work should also focus
more in reproducibility. This includes ensuring consistent outcomes under identical
input conditions, both in simulations and experiments. Additional bending trials are
recommended to evaluate the repeatability of the results and validate the robustness
of the methodology.

Additionally, measuring the bending angle and curvature radius prior to spring-
back will be explored to increase the accuracy and reliability of the experimental
results.

The inclusion of tooling such as a mandrel and wiper die in both numerical and
experimental setups would also be an important improvement. These tools play
a crucial role in industrial tube bending, particularly for tight radii or thin-walled
tubes, helping to minimise defects like wrinkling or cross-sectional distortion and
enabling a more realistic simulation of actual manufacturing conditions.

Finally, expanding the study to cover a broader range of tube geometries and
materials would provide a more comprehensive understanding of the process. Ad-
ditionally, the integration of artificial intelligence and machine learning techniques
could support the analysis of large datasets, helping to optimise process parameters
and predict outcomes such as springback and defect formation more efficiently, only

after having an accurate numerical model.
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Report of real validation from Hexagon Machine
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