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Abstract: A welded stainless steel tube is a component used in several industrial applications.
Its manufacturing process needs to follow specific requirements based on reference standards.
This calls for a predictive analysis able to face some critical issues affecting the forming process.
In this paper, a model was adopted taking into account the tube geometrical parameters that was able
to describe the deformation process and define the best industrial practices. In this paper, the effect of
different process parameters and geometric constraints on ferritic stainless steel pipe deformation is
studied by finite element method (FEM) simulations. The model sensitivity to the input parameters is
reported in terms of stress and tube thinning. The feasibility of the simulated process is assessed
through the comparison of Forming Limit Diagrams. The comparison between the calculated and
experimental results proved this approach to be a useful tool in order to predict and properly design
industrial deformation processes.
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1. Introduction

Stainless steels are nowadays used in many applications targeting corrosion resistance coupled
to mechanical resistance [1,2]. In particular, they are employed in automotive [3], construction and
building [4–6], energy [7–11], aeronautics [12], food [13–15] and three-dimensional (3D) printing [16]
applications. Stainless steels find application in automotive field, thanks to their ability to be worked
into complex geometries [17–19]. Compared to the most common techniques, the metal forming is
used to manufacture complex geometries in efficient way. In order to demonstrate compliance with
the most relevant standards, many quality tests are commonly carried out in the industrial sector:
this implies a strong increase in terms of cost and time-consumption.

The modelling and simulation of manufacturing processes is a well-established prerequisite
for cost-effective manufacturing and quality-controlled manufacturing plant operation. Therefore,
the management and control of manufacturing, which have the potential to be game changers, are a
key issue. A game-changing technology is one which either directly provides a new and advantageous
method of manufacture or else provides an important missing link, thereby enabling a method of
manufacturing which would not otherwise be viable or so significantly advantageous. This should be
based on the development and application of models able to support manufacturing process stability
and product quality.

In the case of ferritic steels, for example, the plastic processing of welded pipes is characterized
by a poor behavior homogeneity [20]; because of the nature of this material, characterized by
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an intrinsic inhomogeneity, a certain percentage of tests will not be reliable. The quality control,
performed after the manufacturing process, is generally carried out by means of tensile tests according
to specifications. In many cases, the measured tensile properties are found to be not sufficient
to guarantee compliance with the required standards. The numerical simulation of sheet metal
forming processes has become an indispensable tool for the design of components and their forming
processes [21,22]. This role was attained due to the strong impact in reducing the time to market and
the cost of developing new components in industries ranging from automotive to packing, as well
as enabling an improved understanding of the deformation mechanisms and their interaction with
process parameters. Despite being a consolidated tool, its potential for application continues to be
discovered with the continuous need to simulate more complex processes, including the integration
of the various processes involved in the production of a sheet metal component and the analysis
of the in-service behavior. The request for more robust and sustainable processes has also changed
its deterministic character into stochastic to be able to consider the scatter in mechanical properties
induced by previous manufacturing processes.

In this framework, many tube bending approaches have been developed in response to the different
demands of tube specifications, shapes, materials and forming tolerances [23–25]. Many mathematical
models able to describe the steel plastic deformation behavior have been developed, considering the type
of material and application field [26]. All of these approaches require the analysis of the mechanical
properties, considering the steel in its macroscopic and microscopic structure. Another relevant
characteristic concerns the anisotropic behavior caused by the plastic deformation due to the pipe
manufacturing. He et al. [27] reported about the occurring mechanisms, accurate prediction, and
efficient controlling of multiple defects/instabilities during bending forming. Wu et al. [28] investigated
the effects of the temperature, bending velocity, and grain size on the wall thickness change, cross-section
distortion, and spring-back of a tube in rotary draw bending. Liu et al. [29,30] analyzed the effect of dies
and process parameters on the wall thickness distribution and cross-section distortion of a thin-walled
alloy tube. Tang [31] deduced several bending-related equations to predict the stress distributions of
bent tubes, wall thickness variation, bending moment, and flattening based on the plastic-deformation
theory. Al-Qureshi et al. [32] derived the approximate equations of tube bending to predict spring-back
and residual stress quantitatively with assumptions of the ideal elastic-plastic material, plane strain
condition, absence of defects, and “Bauschinger effect”. E et al. [33] derived an analytical relation
to predict stress distributions, neutral layer shift, wall thickness change, and cross-section distortion
based on in-plane strain assumption in tube bending with the exponential hardening law. Li et al. [34],
based on the plastic-deformation theory, established the analytical prediction model for spring-back,
taking into account the tube specifications and material properties. Jeong et al. [35] proposed equations
able to calculate the bending moment and spring-back of bent tubes, considering the work hardening
in the plastic-deformation region. The cross-section distortion formula was deduced based on the
virtual force principle by Liu et al. [36]. It is noted that, though many factors cannot be considered,
such as contact conditions and unequal stress/strain distributions, the analytical models are still very
useful to estimate and predict the forming quality for tube bending.

Considering the complexity of the tube bending forming process, the finite element numerical
simulation method has been widely used to explore the bending deformation under various forming
conditions [37–39]. The main goal of simulations is to predict the behavior of different tubes’ geometries
during the bending process or the cold metal forming of steel sheets. In fact, a proper procedure
of tube bending and a correct simulation of pipe yielding, after bending, turns out to be critical.
Several approaches devoted to ferritic and austenitic stainless steel grades are based on the Von Mises
and Johnson–Cook criteria [40,41]. Such criteria describe the elastic-plastic behavior of isotropic
materials, defining the stress induced as a function of the deformation, strain rate, and temperature.
A step forward is based on Hill’s criterion, which introduces different equations for orthotropic and
anisotropic materials [42,43].
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In this paper, the deformation process of a ferritic stainless steel tube is simulated by means of a
commercial software package adopting Hill’s criterion. The results of the simulations are compared
to those coming from experimental tests, with the aim to develop a tool able to predict the bending
behavior of stainless steel tubes easily applicable in industrial applications. As a matter of fact, even if
many researchers are active in this field and fundamental papers have been published, stainless steel
tube bending is commonly performed in industries just based on an empirical approach (trial and error).
The main novelty of the paper is to present an approach able to cover the gap between fundamental
theoretical research and industrial application, putting in evidence the effect of bending process
parameters. A proper forming process can therefore be designed by the comprehension of the effect of
different pipe geometric parameters on the plastic deformation operation, thus allowing an optimum
process fitting to the component under examination.

2. Materials and Methods

2.1. Materials

The steel chemical composition of the selected material (EN 1.4509 441) and the geometrical
parameters of the tubes considered in this paper are reported in Tables 1 and 2, respectively.

Table 1. Chemical analysis of 441 (main elements, mass. %).

Steel Grade C Cr Ni Mo Ti+Nb Fe

441 0.02–0.04 17.5–18.5 − − 0.55% Balance

Table 2. Materials selected for the simulations with their geometric characteristics.

Steel Grade Tube Diameter [mm] Tube Thickness [mm]

441 40; 45; 50; 55; 60 1.0; 1.2; 1.5; 1.8

2.2. Methods

The steel, for each combination of diameter and thickness, has been tested according to the
UNI EN 69892−1 and UNI EN 6892−2 standard. A Formability Limit Diagram (FLD) determination
has been carried out to describe the sample deformation paths. This type of diagram contains the
Formability Limit Curve (FLC), which shows the maximum capacity of a material to be deformed,
calculated by carrying out repeated Nakazima tests and measuring the deformation along the two
perpendicular directions [44]. Based on this test, the strains are measured with the conventional grid
method, plotting a pattern of circles on the specimen. Such circles are deformed into ellipses during the
deformation process. On these ellipses, strains are measured on minor and major sizes, thus identifying
on the FLC diagram the deformation state points of the material. The materials properties needed as
input parameters for the subsequent modelling are reported in Table 3. They include the steel density,
Young modulus, Poisson ratio, Lankford value, and strain hardening coefficient.

Table 3. Steel properties [2].

Density [ g
cm3 ] Young Modulus [ N

mm2 ] Poisson Ratio Lankford Value Strain Hardening

7.8× 10−9 210,000.0 0.30 1.30–1.40 0.20–0.25

2.3. Model

The FEM model used in such an investigation is based on the rigid-plastic variational
principle following:

π =

∫
V
σ

.
εdV −

∫
SF

FiuidS, (1)
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which defines the allowed deformation rates. In Equation (1), the incompressibility condition can be
driven by adding a penalty constant α, as reported in Equation (2):

π =

∫
V
σ

.
εdV +

∫
V

α
2

.
εV

2dV −
∫

SF

FiuidS, (2)

thus:

δπ =

∫
V

=
σδ

.
εdV + α

∫
V

.
εVδ

.
εVdV −

∫
SF

FiδuidS, (3)

where σ,
.
ε, εV, Fi, ui are the average stress, deformation coefficient, volume deformation coefficient,

surface stress, and speed of the pipe, respectively. The 8-nodes element is adopted to simulate the
pipe bending process. The position (x,y,z) and speed vectors (ux, uy, uz) of node-i are therefore defined
as follows:

x =
∑8

i=1 Ni(ξ, η, ζ)xi,

y =
∑8

i=1 Ni(ξ, η, ζ)yi,

z =
∑8

i=1 Ni(ξ, η, ζ)zi,

ux =
∑8

i=1 Ni(ξ, η, ζ)ux,

uy =
∑8

i=1 Ni(ξ, η, ζ)uy,

uz =
∑8

i=1 Ni(ξ, η, ζ)uz,

(4)

where ξ, η, ζ are the co-ordinates in the cell space.
The model takes into account of the friction subjected to the pipe during bending according to the

Tresca model [20]:

f = −
2
π

mk tan−1
(

us

u0

)
t, (5)

where m is the friction factor, k is the effectve shear stress, us is the speed of the pipe, and t is the
unit vector in the us direction. Therefore, a FEM model has been implemented, considering the tube
as discretized with a 4 × 4 mm ×mm mesh. The pressure die, wiper die, and bending die tools are
discretized, according to the theory of plastic deformation, such as rigid body.

The input related to the shape of tools are described in Figure 1.
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Figure 1. Tools for the bending simulation.

The input tools sizes are reported in Table 4.

Table 4. Adopted bending tool sizes.

Mandrel [mm] Upper Pressure Die [mm] Offset Swiper Die [mm] Bending Radius [mm]

750 750 100 100
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The other related tools’ geometric parameters are calculated by simulation. Internal spherical
elements supporting the bending process (so called balls) are present even if they are not reported in
Figure 1. In this paper, four balls with 3.3 mm decreasing diameter sizes are considered. The starting
diameter of the first ball is calculated by decreasing the tube diameter by the same measure. It is worth
mentioning that an additional support machinery element (called a booster) is not taken into account
in the calculations.

The numerical calculation was performed using the Altair HyperWorks™ (2017 version, Troy,
MI, USA, commercial software). Such software is able to take into account the material properties
reported in Table 3 together with the true stress–true strain steel curves. As far as concerns the tensile
material properties, five true stress–true strain curves have been considered, aiming to obtain an
average curve. The above materials properties, in particular, are collected in a file readable by the
commercial package solver (namely, RADIOSS™). The solver is able to take into account the strain rate
by reading the tensile curves performed at different deformation rate conditions. This software allows
the adoption of the Hill 48′ yield function. Such a function is known to be ideal for small-sized tubular
geometries [45] as a constitutive equation for stainless steel behavior, taking into account the following
parameters in order to simulate the bending process:

• bending radius;
• bending angle;
• rotational speed;
• bending temperature.

The analysis of the simulation outputs is carried out through mappings of the values calculated
by the solver (e.g., internal stress, thinning, and deformation). An example of the obtained maps is
reported in Figure 2.
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Figure 2. Stress mapping on bent tube.

In order to analyze the parameters’ effects on the final process and its feasibility, the maximum
stress values obtained on the mappings will be considered in order to consider the critical points of
the geometry.

3. Results and Discussion

The effects of the geometric and operational inputs parameters described for the tubes’ plastic
deformation are reported below.

3.1. Effect of Tube Diameter

In this section, the effect of the tube’s diameter on the bending process is analyzed, keeping the R/D
ratio as a fixed value. R/D = 1 is considered being such a value significative in order to simulate what
is commonly performed in the industrial bending process. The tube’s stress behavior as a function of
the diameters is reported in Figure 3.
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Figure 3. Mean maximum stress behavior as a function of diameter size for 441 steel with a 1.5 mm thickness.

The results allow us to evaluate an effect of about 5% of the tube’s diameter on the internal stress.
The same effect is also found for the tube’s thinning (Figure 4). Such results well fit with what is
expected from common industrial experience. In addition, they allow us to estimate the stress and
thinning loss as a function of the tube’s diameter, thus allowing a process optimization for different
tube geometries.
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Figure 4. Maximum thinning as a function of the diameter size for 441 steel with a 1.5 mm thickness.

In order to evaluate the deformation capacity and support the above calculation outcomes,
the results from FLD diagrams were considered. Figure 5 shows the formability limit (%) as reached
during deformation for 441 stainless steel (diameter sizes ranging from 40 to 60 mm). The dashed red
line represents the sample breakage. The FLD diagrams confirms that the deformation of the various
geometric elements is affected by the diameter size. The results show that an increase in the diameter
size will allow a decrease in the breakage risk. Such a result allows us to design the forming process
for different pipes sizes, avoiding pipe breakage.
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3.2. Tubes Thickness Effect

The stress and the tube’s thinning dependence on the thickness are reported in Figures 6 and 7,
respectively. The results show that a not-significative stress distribution was found. In particular,
the total variation is lower than 2%. On the other hand, the thinning (%) increases as the tube’s
thickness increases (Figure 7). Although there have been not relevant variations in terms of stress and
thinning, the trend reported in Figure 7 is significant. As a matter of fact, while in the case reported in
Section 3.1 the thickness reduction (which is kept constant) has the possibility of being distributed
over ever larger diameters, in this case the diameter was fixed as a constant parameter; following that,
an increase in thickness led to an increase in the tube’s thinning.
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An FLD plot as a function of the tube’s thickness is reported in Figure 8. The results show that
the success of the manufacturing process depends on the tube’s thickness. Figure 8 clearly shows the
strong effect exercised by the initial thickness on the bending process success.
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3.3. Speed and Bend Angle Effects

The effect of the speed and bending angle are reported in the following Figure 9.
As far as concerns the speed, the influence of its variation for every bending angle (in the range of

30◦ and 90◦ for a common manufacturing process) has been considered. The formability limit (%) for
the combination of angle and thickness is shown in Figure 9. In particular, the geometric parameters
were fixed, together with the relationship between the diameter and the thickness.
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In order to analyze the data, the lines shown in Figure 9 have been interpolated and reported
in Figure 10 to better evaluate the influence of the speed. For this reason, the percentage variations
between the percentages of formability limits obtained at minimum and maximum feed speeds for
each angle, calculated according to Equation (6), are reported in Figure 11.

∆FLD = FLDvmax − FLDvmin . (6)
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∆FLD is closely related to the slope of the interpolated line. Figure 11 shows that in the angle region
ranging between 30◦ and 90◦ degrees (the most interesting for common industrial processes), the ∆FLD
varies almost linearly with respect to the bending angle. If higher angle values are considered the
results show that such a parameter reaches a maximum at about 120 degrees of bending, then decreases.
The motivations leading to this particular behavior need to be deeply analyzed, but currently we can
hypothesize that this is due to the stress concentration being more localized in the first 90◦ of bending.

In order to obtain more consistent results, the analysis has been repeated using conditions better
reproducing the industrial process. Higher curvature radius values (and the R/D ratio, consequently)
were considered. After that, the data were newly interpolated (Figure 12) and the FLD deltas were
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Figure 13 shows that the better choice of the R/D ratio leads to an improvement in the sample
formability. ∆FLD increases in the bending angle range 30◦–90◦; it then tends to be stable, keeping away
from breaking conditions. Such results suggests that a focus should be put on the R/D ratio on the
process. As a matter of fact, this is one of the key issues in the setup of an industrial bending process.

3.4. R/D Effect

The R/D ratio is commonly adopted as a feasibility index for the bending industrial process.
In common industrial practice, this value ranges between 1.0 and 1.5. In fact, R/D < 1 values increase
the breakage risk; on the other hand, an R/D > 1.5 is not commonly adopted in the automotive field.
The results reported in Figure 14 show a negligible effect of R/D on stresses. On the other hand,
a marked R/D ratio effect is found on the tube’s thinning (Figure 15). The results show that the tube’s
thinning decreases as the R/D increases. Additionally, in this case the results well fit with what is
expected from common industrial experience. In addition, they allow us to estimate the stress and
thinning loss as a function of the tubes’ R/D parameter.
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3.5. Experimental Validation

Six samples of 441 steel tubes (50 mm diameter and 1.2 mm thickness size) were considered for
validation. All of the considered samples have been chosen with sizes corresponding to the above
reported simulations. One of the six samples (for each group) was subjected to tensile tests in order to
measure the related stress–strain curve and reduce the uncertainty due to the use of a mean curve.
Experimental tests have been carried out according to operational parameters (e.g., rotational velocity
and bending radius), as reported in Table 5. The chosen values are those commonly adopted by
industries operating in pipe forming for the typical finishing process. Both the thicknesses reached
during the bend along the backbone at specific angles, as shown in Figure 16, were measured.

Table 5. Testing conditions.

Rotational Velocity [rad/sec] Bending Radius [mm] Temperature [◦C] Bend Angle [ϑ]

1.6235 100.0 25.0 90
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The thickness values were measured for each marked angle, and the average value was considered.
The obtained values are shown in Table 6.

Table 6. Thickness for the 441 steel samples as measured at different considered angles (mm).

Angle
Thickness (mm)

Specimen n◦ 1 Specimen n◦ 2 Specimen n◦ 3 Specimen n◦ 4 Specimen n◦ 5 Specimen n◦ 6 MeanValue

0◦ 1.169 1.200 1.180 1.124 1.250 1.235 1.193
22.5◦ 1.003 1.019 1.026 1.023 1.123 1.101 1.049
45◦ 0.982 0.993 1.002 1.058 1.157 1.016 1.035

67.5◦ 1.086 1.016 1.050 1.029 1.166 1.052 1.067
90◦ 1.200 1.180 1.180 1.152 1.149 1.161 1.166

The measured thickness variation with the angle and the percentage discrepancy between the
measured and calculated thickness as a function of the angle are reported in Table 7. In Table 7,
∆Thickness is defined as the difference between the simulation thickness and the sample mean thickness,
as conventionally adopted by companies operating in the tube forming sector.

Table 7. Comparison between the calculated and measured thickness at different angles.

Measurement
Angle

Simulation
Thickness [mm]

Sample Mean
Thickness [mm] ∆Thickness [mm] Percentage

Variation [%]

0◦ 1.168 1.193 −0.025 −2.10
22.5◦ 1.014 1.049 −0.035 −3.35
45◦ 0.876 1.035 −0.159 −15.34

67.5◦ 0.892 1.067 −0.175 −16.36
90◦ 1.171 1.170 0.001 0.06

The deviation of the model from the experimental results (maximum underestimation of 16.36%)
corresponds to 67.5 degrees. Such a deviation is probably related to the presence in the experimental
tests of an additional support machinery element (the so-called booster), which was not considered
in the simulation model. The booster effect in the industrial deformation process is that of pushing
the tube during bending in order to avoid the deformations or failure caused by the friction between
the element and the machine or by stress concentration. Its action also affects the distribution of the
thinning caused by the deformation. As a matter of fact, the tube being pushed by the booster will
have more evenly distributed stresses. As a consequence, the deformations and the thinning will take
place on a wider area and will not lead to the failure of the piece. Anyway, the accuracy between
the modelling and experimental tests is considered good and quite promising, since the discrepancy
between the calculated and experimental values is lower than 15% for an angle position lower than 45◦.
Moreover, the fact that the model appears to underestimate the thickness values allows us to consider
its results conservative with respect to the real behavior.

4. Conclusions

This paper analyzes the influence of geometric and operational parameters on the bending process
of 441 ferritic stainless steel pipes. Experimental investigations combined with simulations highlighted
the effect of each parameter, both operational and geometric, on the final results. The main novelty of
the paper is to present an approach able to bridge the gap between fundamental theoretical research
and industrial application, putting in evidence the effect of bending process parameters.

Based on the reported results, the following conclusions can be drawn:

• Pipe diameter effect on forming: If the same parameters are considered and the R/D ratio between
the radius and diameter is kept constant, an increase in the diameter size (in the typical automotive
range) will result in a −9% variation in terms of internal stresses, evaluated according to the von
Mises criterion. The thinning of the tube will decrease by −4%, and the feasibility characteristics
of the process will improve; in fact, the percentage reaching the formability limit will drop
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by −20%. The diameter size choice appears therefore to be a key issue in terms of process feasibility.
In this sense, the reported approach is a useful tool aimed to properly design, also in quantitative
terms, the forming process for different pipe sizes.

• Pipe thickness effect on forming: It is reported that a pipe thickness increase implies more safety
for the bending process. In fact, keeping the operating conditions constant, the increase from a
thickness of 1.0 mm to a thickness of 1.8 mm will lead to a reduction in the internal stresses of the
−6% f, −3% for thinning and −13% in FLD.

• The combined study of bending angle and speed has shown how the simulation has incorrect
results when the tube collapses. In non-breaking conditions, the speed has relevant importance in
terms of feasibility in the range of the bending angle 30◦–90◦.

• The simulations show the R/D ratio as the most important parameter in the bending process.
An increase in it from 1.0 to 1.5 entails a 30% reduction in thinning and a 60% increase in the
bending process success.

The comparison between the calculation and experimental results proved the reported approach
to be a useful tool in order to predict and properly design industrial deformation processes.
The experimental validation showed a deviation of the model from the experimental case, with a
maximum underestimation of 16.36%. Such discrepancy is probably related to the presence in the
experimental tests of a booster, which was not included in the simulation model.
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