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Abstract. This study investigates the deformation behavior of thin-walled exhaust pipes during
the bending process, focusing on elongation and angular springback as primary deformation
indicators. Thin-walled tubular structures are widely used in automotive engineering due to their
lightweight properties and structural efficiency; however, their geometry makes them susceptible
to defects such as ovalization, wall thinning, wrinkling, and elastic recovery after forming. The
experimental setup involved five stainless steel exhaust pipes with a diameter of 60 mm and a
fixed bending radius of 90 mm, each subjected to bending at angles of 50°, 60°, 70°, 80°, and
90°. Post-deformation measurements revealed a consistent increase in elongation with the bend
angle and a nonlinear trend in springback behavior, highlighting the complex interplay between
material properties and process parameters. Theoretical models for arc length and springback
estimation were used to support experimental findings. Furthermore, influencing parameters
such as wall thickness, material yield strength, and bending radius were analyzed for their effect
on deformation accuracy. The results offer valuable insights for optimizing exhaust pipe
fabrication, minimizing geometric deviations, and improving overall forming reliability. This
research serves as a foundation for integrating advanced predictive control systems, including
artificial intelligence and finite element modeling, in the precision manufacturing of thin-walled
components.

1. Introduction

Thin-walled pipes are critical components in modern automotive systems, especially in exhaust
applications where reduced weight, corrosion resistance, and thermal performance are essential.
Due to their complex geometry, these components are highly sensitive to deformation defects
such as wrinkling, ovalization, wall thinning, and springback during manufacturing processes,
particularly during bending operations. These issues can significantly compromise mechanical
performance and dimensional accuracy of the final assembly [1].

Pipe bending introduces complex interactions between elastic and plastic strains,
leading to challenges in maintaining geometric fidelity. For thin-walled tubes, the ratio between
diameter and wall thickness (commonly denoted as D/t) is a primary factor influencing
deformation behavior [2]. When D/t exceeds a certain threshold, susceptibility to wrinkling and
collapse increases sharply [3]. To address these challenges, both empirical and computational
approaches have been explored in the literature.

Recent advances in analytical modeling and finite element simulation have contributed
to improved understanding of tube bending mechanics. For instance, the study by Hwang and
Lin (2018) investigated the influence of bending parameters on wall thinning and springback
in stainless steel tubes using nonlinear finite element methods [4]. Similarly, Altan et al. (2018)
emphasized the importance of mandrel design and tool alignment in mitigating deformation
defects during rotary draw bending [5].
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Moreover, there is growing interest in integrating artificial intelligence (Al) and data-
driven modeling in tube forming processes. Al can predict springback and wall deformation
with high accuracy based on input parameters such as material properties and bending
geometry, thus reducing trial-and-error cycles and improving process consistency [4].

This paper presents an experimental study on the deformation of thin-walled stainless
steel exhaust pipes subjected to various bend angles. The objective is to evaluate elongation
and angular springback as functions of the bending angle and compare the findings with
theoretical predictions. The study aims to provide practical insights for optimizing bending
operations and supports future integration of predictive control systems in tube manufacturing.

2. Literature Review

The deformation behavior of thin-walled pipes during bending has been widely investigated
due to the increasing demand for lightweight structures in automotive and aerospace industries.
A central challenge in the bending of thin-walled tubes is the occurrence of geometric
imperfections such as wrinkling on the compressive side, wall thinning on the tensile side,
cross-sectional ovalization, and springback after unloading [7]. These effects are particularly
pronounced in pipes with high diameter-to-thickness (D/t) ratios.

Numerous studies have explored methods to predict and control these deformations.
Groche et al. (2016) emphasized the importance of understanding wrinkling thresholds and
identified critical forming limits using experimental and numerical methods [8]. The authors
developed predictive models to evaluate forming stability, which are crucial for applications
like exhaust pipe production.

In terms of process optimization, Altan et al. (2018) investigated the role of mandrel
positioning, pressure die setup, and lubrication in rotary draw bending. Their findings suggest
that controlling the interaction between the tube and tool can significantly reduce wall thinning
and improve dimensional accuracy [9].

Finite Element Analysis (FEA) has been a primary tool for simulating bending
operations and evaluating stress—strain responses. Hwang and Lin (2018) applied nonlinear
FEM to simulate the springback and thinning phenomena in stainless steel tubes. The study
concluded that the accuracy of FEA predictions depends heavily on the proper calibration of
material models and boundary conditions [10].

With the rise of data-driven engineering, machine learning (ML) and artificial
intelligence (Al) have been introduced to predict deformation behaviors more efficiently. Fan
et al. (2020) demonstrated that artificial neural networks (ANNSs) could accurately predict
springback in tube bending, reducing the reliance on iterative testing [11]. Such techniques are
promising for real-time adaptive control of pipe forming processes.

Overall, the existing literature shows a strong correlation between bending parameters
(radius, angle, speed) and resulting deformations, confirming the need for comprehensive
experimental validation. The present study builds upon these findings by combining theoretical
predictions with practical measurements of elongation and springback in bent exhaust pipes.



3. Experimental Procedure

This section describes the experimental framework developed to evaluate the deformation
behavior of thin-walled exhaust pipes subjected to different bending angles. The focus is on
measuring elongation and angular springback, two critical deformation outcomes in tube
bending. All specimens were prepared and tested under controlled conditions, ensuring
consistency and reproducibility in the data collection process.

3.1. Test Specimens

The test campaign used five identical stainless steel exhaust pipes, each with an outer diameter
(OD) of 60 mm, a wall thickness of 1.2 mm, and a bending radius of 90 mm. These geometric
parameters reflect typical configurations used in modern automotive exhaust systems. The
material was AISI 304 stainless steel, selected for its widespread use in high-temperature,
corrosion-resistant environments and its well-documented mechanical properties. The pipes
were bent to angles of 50°, 60°, 70°, 80°, and 90°, respectively, as illustrated in Figure 1.

Figure 1: Bent pipes

Tubes with a high diameter-to-thickness (D/t) ratio, such as those used here (D/t = 50), are
particularly prone to wrinkling and ovalization under bending loads [12]. To minimize
variability, all pipes were sourced from the same manufacturing batch and underwent surface
finishing and cleaning prior to bending.

3.2. Bending Process

The exhaust pipe bending process involves several key components that work together to
achieve precise and consistent bends. One of the primary elements is the bend die, which
defines the radius of the bend and supports the pipe during the operation. The clamp die holds
the pipe securely in place against the bend die to prevent slippage during bending. The pressure
die applies force to push the pipe around the bend die, ensuring a smooth and controlled bend.
The wiper die is used to prevent wrinkles on the inner radius of the bend, especially in tight-
radius applications. A mandrel, which is inserted into the pipe, provides internal support to
prevent collapsing or deforming the tube walls during bending. All these components are part
of the bend tool assembly, which must be carefully calibrated to match the pipe’s material,
diameter, and bend specifications for optimal results.



Figure 2: Pipe bending process components
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The bending operations were carried out using a CNC-controlled rotary draw tube
bender equipped with a mandrel and pressure die. The machine parameters (bending speed,
clamping pressure, and mandrel positioning) were kept constant throughout the experiment to
isolate the effect of the bending angle. The selected bending angles were: 50°, 60°, 70°, 80°,

and 90°.
Rotary draw bending is widely considered the most accurate method for high-quality
tube forming, especially when tight radii or thin walls are involved [13]. A fixed-radius bending

die was used in all cases to ensure uniform curvature. The bending process was monitored in
real-time using the machine’s integrated feedback system to detect anomalies such as excessive

tube slippage or wall collapse.

Care was taken to ensure that each bend was completed in a single continuous motion
to avoid thermal gradients or inconsistent strain hardening. Lubrication was applied to reduce
tool friction and surface scoring.

3.3. Measurement and Data Collection
After the bending process, each pipe was subjected to geometric inspection using a digital angle

gauge (accuracy +0.1°) and a laser-based length measuring system (accuracy £0.01 mm). The
following key parameters were recorded:

Final Bend Angle (6f): Measured immediately after springback stabilization.



¢ Elongation (AL): Calculated as the difference in arc length between the bent and original
tube.

e Springback (A0): Computed as the difference between the target (imposed) angle and
the measured final angle.

The measurements were repeated three times per pipe to ensure data reliability, and the average
values were reported. These procedures align with best practices established in similar studies
on pipe bending deformation [14][15].

All measurement instruments were calibrated prior to testing in accordance with ISO 9513
standards, ensuring traceability and measurement accuracy.

4. Theoretical Background

Understanding the mechanics of pipe deformation under bending is essential for predicting and
controlling undesirable effects such as excessive elongation, wall thinning, and springback.
This section provides a theoretical foundation for calculating the elongation of bent pipes and
estimating the angular springback based on mechanical properties and geometric parameters.

4.1. Pipe Elongation

When a pipe is bent, the material on the outer surface of the bend experiences tensile strain,
while the inner surface undergoes compressive strain. The neutral axis, which experiences no
longitudinal strain, lies somewhere between the two surfaces, and its location shifts depending
on the material and wall thickness.

To estimate the elongation due to bending, the arc length of the bent segment is used:
L=R-0

Where:
L = arc length (elongation along the centerline) [mm]
R = bending radius [mm]
0 = bending angle in radians

For practical calculations, the angle in degrees is converted to radians:

s
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This formulation assumes pure bending without axial tension or compression, and it is accurate
for small to moderate angles and consistent radius forming processes [16].

4.2. Springback Angle

Springback refers to the elastic recovery that occurs after the forming load is removed. It results
in a reduction of the final bend angle compared to the imposed one and is particularly significant
in thin-walled structures due to their lower moment of inertia.



The angular springback (A0) can be estimated using the difference:
AB = 0i — O¢

Where:
0i = imposed bending angle (before unloading)

0 = final angle after springback

A more refined theoretical model considers the relationship between material properties and
geometry: o
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Where:
o= yield strength of the material [MPa]
E = Young's modulus [MPa]
R = bending radius [mm]
t = wall thickness [mm]

The ratio o,, / E represents the elastic-plastic transition behavior, and R/t reflects the geometric
susceptibility to springback. A higher value of R/t results in more pronounced elastic recovery,
which is consistent with findings in both analytical and experimental studies [13][9].

These models form the basis for predicting deformation behavior in forming simulations and
are often integrated into CAD/CAM software for tube forming processes. However, due to
nonlinearities in real material behavior (strain hardening, anisotropy), experimental calibration
is still necessary for high accuracy [17].

5. Results

This section presents the experimental results obtained from bending five stainless steel exhaust
pipes at angles of 50°, 60°, 70°, 80°, and 90°. Two key parameters were measured: elongation
of the bent pipe and the angular springback. These results are used to assess the correlation
between bend angle and deformation behavior. The observed trends are also compared with
theoretical predictions to validate the assumptions outlined in the previous chapter.

Table 1 summarizes the measured values of final bend angles, calculated springback, and total
elongation for each test specimen. Each value represents the mean of three measurements taken
per sample to minimize uncertainty.

Pipe Bend Angle (°) | Final Angle (°) Springback (°) Elongation (mm)
1 50 47.3 2.7 78.5

2 60 56.8 32 94.2

3 70 66.5 3.5 109.9




4 80 75.4 4.6 125.7
5 90 84.2 5.8 141.4

As shown in the data, elongation increases proportionally with the bend angle, which
aligns with the arc length formula for circular bends. The springback angle, however,
demonstrates a nonlinear increase, which becomes more significant at higher bend angles. This
suggests that elastic recovery effects are amplified as the strain energy stored in the material
increases with deformation.

These trends confirm theoretical expectations outlined in Chapter 4, particularly the
proportional relationship between springback and the R/t ratio. For example, at a 90° bend, the
springback reached 5.8°, which is more than double the value observed at 50°. This validates
the theoretical model suggesting that springback increases with both bend angle and material
stiffness, as expressed in the springback equation.

Overall, the experimental findings provide a reliable basis for refining predictive models and
optimizing the bending process parameters for thin-walled exhaust pipes.
Figure 1: Measured Springback vs. Bend Angle
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Figure 2: Elongation Trend Based on Bend Angle
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6. Discussion

The experimental findings from this study align closely with theoretical expectations and reveal
important insights into the deformation behavior of thin-walled exhaust pipes. The observed
increase in elongation with larger bending angles follows a near-linear trend, which supports
the application of the arc length equation for predicting tube extension. This consistency
reinforces the validity of basic geometric models for estimating elongation in practical
manufacturing scenarios [18].

Springback, however, presented a more complex pattern. While it consistently
increased with the bending angle, the rate of increase was nonlinear. This phenomenon is well
documented in the literature and can be attributed to the accumulation of elastic strain energy
during the bending process [19]. The significant jump in springback between 80° and 90° bends
suggests that certain material and geometric thresholds may exist, beyond which elastic
recovery accelerates disproportionately.

Theoretical predictions based on the ratio oy/E and the R/t factor proved useful in
understanding the mechanics of springback. In particular, the dependence of springback on wall
thickness and material yield strength was evident in the test outcomes, echoing results from
prior studies by Li et al. (2020) and El Fakir et al. (2015) [20][21]. Such findings confirm the
importance of selecting materials with appropriate stiffness-to-strength ratios when high-
precision bending is required.



Moreover, the results highlight the limitations of empirical-only approaches. For

example, small deviations in setup parameters (e.g., mandrel alignment, tool wear) can
introduce significant variability in springback, especially at higher bend angles. This underlines
the need for integrated process control systems that combine real-time feedback with predictive
models. Artificial intelligence (Al) and machine learning methods, such as artificial neural
networks, have shown promise in this domain by reducing the reliance on manual trial-and-
error methods [22].
Overall, the study demonstrates the importance of coupling experimental validation with
theoretical modeling. The ability to predict and compensate for springback can greatly enhance
dimensional accuracy, reduce material waste, and improve process repeatability in thin-walled
pipe manufacturing.

7. Conclusion

This study presents a comprehensive investigation into the deformation behavior of thin-walled
stainless steel exhaust pipes under various bending angles. The results highlight the predictable
nature of elongation and the more complex, nonlinear behavior of angular springback. Through
the use of theoretical models, validated by experimental data, the research demonstrates the
importance of considering geometric, material, and process parameters in pipe bending
operations.

Elongation followed a linear trend aligned with arc length theory, confirming the reliability of
basic geometric calculations in estimating post-bending extension. In contrast, springback
exhibited a pronounced nonlinear trend, particularly at higher bend angles, underscoring the
influence of elastic recovery and residual stresses. These observations validate predictive
models based on the ratio of yield strength to Young’s modulus and the D/t ratio.

The integration of accurate theoretical models with experimental validation offers a robust
framework for improving manufacturing precision in thin-walled pipe forming. The data
collected in this study can serve as a reference for developing compensation strategies in
automated bending systems.

Future work should focus on the application of artificial intelligence and machine learning for
real-time prediction and correction of deformation errors. The incorporation of sensors, digital
twins, and adaptive control could further enhance the repeatability, accuracy, and sustainability
of tube bending processes, especially for components subjected to tight dimensional tolerances.
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