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ABSTRACT  

Plastic deformation is the most common technique adopted to manufacture complex shape pieces in the most efficient way.  Even 

higher requirements need to be faced in the different applications. In order to target such requirement quality and compliance tests 

are carried out aimed to guarantee that these standards are faced. This often means a waste of material and economic resources. A 

far as concerns welded stainless steel pipes many criticises affecting the general trend of subsequent machining need to be consid-

ered. Such critical issues are more evident in the case of ferritic stainless steel with respect to austenitic ones. Therefore, the study 

of operating and geometric parameters is fundamental in the production process of ferritic stainless-steel tubes, whose use is mainly 

for the automotive industry. The possibility to simulate by finite element method (FEM) allows to evaluate the effect of geometric 

parameters and process constraints on plastic deformation tubes capability, thus allowing to properly fit the plastic deformation 

process to the target shape as a function of the adopted steel. 
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INTRODUCTION 

 
The high mechanical and corrosion resistance [1, 2] allows 

stainless steels to be used in a wide variety of fields like 

automotive [3, 5], aeronautical [6-8], food [9, 10], energy [11, 

12], sintered [13, 14] and three-dimensional (3D) printing [15, 

16]. In automotive industry the forming process allow to 

produce very complex geometries, [17, 18] and up today 

several tests are carried out to validate the quality with the 

subsequent requirement of very high times and costs. This is 

still of greater importance in aeronautical industry: in the last 

years, a lot of research papers have been published has been 

concerning materials for aeronautics [19-21]. Relevant results 

have been achieved in preparing structural and engine metal 

alloys with optimized properties [22, 23]. The choice of the 

material to be adopted strongly depends on the type of compo-

nent, owing to specific stress conditions, geometric limits, 

environment, production and maintenance [24, 25]. The strong 

competition in the industrial aeronautic sector pushes towards 

the production of aircrafts with reduced operating costs, 

namely, extended service life, better fuel efficiency, increased 

payload and flight range. From this perspective, the develop-

ment of new materials and/or materials with improved charac-

teristics is one of the key factors [26]. As a matter of fact in the 

aeronautical industry, even a tendency to progressively replace 

steels  by composite is growing, stainless steels are still are 

commonly used for manufacturing aircraft parts such as 

landing gears, airframes, turbine components, fasteners, shafts, 

springs, bolts, propeller cones and axles [27, 28]. A successful 

solution able to optimize the production process reducing costs 

and times, is the realization of models that allow to simulate 

the procedure and confirm the quality of product. The numeri-

cal simulation is nowadays an essential tool able to improve the 

production process in terms of reliability and sustainability; 

through this method is possible to reduce time to market, cost 

of developing new components and to have a much more 

accurate knowledge of processing conditions, like forming [29-

32]. The finite element method (FEM) is one of this approach 

mainly used for the prediction of forming car body parts [33-

35], in fact is extremely important guarantee a proper proce-

dure of tube bending and a correct simulation of pipe yielding 

after bending. During the analysis is also necessary to consider 

the impact of previous production process which create disper-

sion in mechanical properties and which show a character no 

longer deterministic bust stochastic. The plastic deformation of 

pipes caused by mechanical processing, leads an anisotropic 

behavior which must be studied by mathematical models; Von 

Mises and Johnson-Cook [36, 37] criteria for example describe 

the elastic-plastic behavior of isotropic materials, Hill’s 

criterion instead defines the equations for orthotropic and 

anisotropic materials [38, 39]. 

In this paper is used a commercial software package adopting 

Hill’s criterion to study the deformation process of ferritic 

stainless-steel tubes and the results are compared to those 

resulting from experimental test. 
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MATERIAL AND METHODS 

 
The material studied in this paper is an AISI 441 stainless steel 

(X2CrTiNb18 – EN 1.4509). The chemical analysis of the 

adopted steel is reported in Table 1.  

 

Table 1 Chemical analysis of AISI 441 (main elements, mass 

%) 

Steel 

grade 
C Cr Ni Mo Others 

AISI 

441 
0.02 

17.5-

18.5 
- - TI+NB=0.55% 

 

Pipes with outer diameter OD ranging from 40 to 60 mm and 

thickness ranging from 1.0 to 1.8 mm are considered (Table 2). 

 

Table 2 Materials used for simulations with their geometric 

characteristics 

Steel grade 
Tube diameter 

(mm) 

Tube thickness 

(mm) 

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

 

Steel cold rolled and annealed coils are transformed into tubes. 

The tube has been then welded adopting laser or high-

frequency welding techniques [40, 41]. Examples of welded 

joints microstructure as achieved in the AISI 441 steel by such 

techniques are reported in Figure 1. 

The tube is then tested based on the UNI EN 69892 (6892-1 e -

2) standard. 

Tubes are bended according to a process including the adoption 

of a mandrel, with an upper pressure die of 750 mm and an 

offset swiper die of 100 mm. 

The maximum steel deformation capacity is reported in a type 

of diagram named Formability Limit Curve (FLC), contained 

in Formability Limit Diagram (FLD); these data are obtained 

by performing repeated Nakazima tests. The deformation 

process is studied by drawing a pattern of circles on the sample 

and is measured by the grid method: the circles distortion 

creates ellipses by which strains can be measured and on the 

FLD diagram is possible to identify the deformation state 

points of the material. This diagram, as shown in the Figure 2, 

contains the Formability Limit Curve (FLC) showing the 

maximum capacity of a material to be deformed, calculated by 

carrying out repeated drawing tests and measuring the ultimate 

breaking deformation along the two perpendicular directions. 

The simulation of bending process on tubes with small diame-

ters is carried out using a software that allows to exploit the 

Hill 48’ yield function [42], taking into account parameters like 

bending radius, bending angle and rotational speed. The 

numerical calculations are carried out by means of Altair-

HyperWorksTM (2017 version). The FEM model used in such 

investigation is based on the rigid-plastic variational principle 

and is reported in detail in [5]. The materials properties needed 

as input parameter for subsequent modelling include: steel 

density, Young modulus, Poisson ratio, Lankford value and 

strain hardening coefficient. Numerical values of such proper-

ties as adopted in the following calculations are reported in 

Table 3.The outputs calculated by the software are mapped to 

obtain information like internal stress, thinning and defor-

mation; the maximum values observed on the grid will be 

considered the critical point on the geometry. An example of 

the obtained maps is reported in Figure 3. 

 

 
a 

 
b 

Fig. 1 Examples of welded joins in AISI 441 stainless steel 

tubes. a) laser welded joint, b) high-frequency welded joint 
 

 
a 

 
b 

Fig. 2 Formability Limit Curve (a); Formability Limit Diagram 

with deformation state points (b) 
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Table 3 Steel properties valued adopted in the calculations 

Density  

[
𝒈

𝒄𝒎𝟑
] 

Young 

modulus 

[
𝑵

𝒎𝒎𝟐
] 

Poisson 

ratio 

Lankford 

value 

Strain 

hardening 

7.8
× 10−9 

210000.0 0.30 1.30–1.40 0.20–0.25 

 

 
Fig. 3 Stress mapping on tube ben 

 

RESULTS AND DISCUSSION 

 

In the following paragraphs are reported the effects of plastic 

deformation on the geometry of the tubes. 

 

3.1 Tubes diameter effect 

 

In Figure 4 the stresses behavior as function of the diameters is 

shown. Results show an effect of approximately 5% of the 

tubes diameter on the stresses. A similar effect is visible on the 

tube thinning in Figure 5. 

 
Fig. 4 Mean maximum stress behavior as a function of diame-

ter size for AISI 441 steel - 1.5 mm thickness 

 

 
Fig. 5 Maximum thinning as a function of diameter size for 

AISI 441 steel - 1.5 mm thickness 

 
The results are carried out fixing the ratio between bend radius 

and diameter R/D at 1.0 value. 

The FLD diagrams in Figure 6 reports the behavior of the AISI 

441 stainless steel with a diameter sizes ranged between 40 mm 

and 60 mm; such figure confirms that increasing the diameter 

decreases considerably the breakage risk. 

 
Fig. 6 Formability limit percentage as a function of the tube's 

diameter for AISI 441 - 1.5 thickness 

 

3.2 Tube thickness effect 

 

The mapping of stresses as a function of thickness is clearly 

shown in Figure 7, Results report about a not significative 

stresses distributions (< 2%) when thickness is varied.  Differ-

ent behavior is shown in Figure 8 instead, in which the thinning 

percentage increases as the tube’s thickness increases (varia-

tion about 6%). 

 

 
Fig. 7 Mean maximum stress behavior as a function of thick-

ness for AISI 441 steel - 50 mm diameter 

 

 
Fig. 8 Maximum thinning as a function of diameter size for 

AISI 441 steel - 50 mm 
 

 
Fig. 9 Formability limit percentage as a function of the thick-

ness for AISI 441 - 50 mm diameter 
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The FLD plot in function of tube’s thickness (Figure 9), shows 

that an increase of thickness improves the success of bending 

process. 

 

3.3 Speed rate and bend angle effect 

 

In this section is analyzed the influence of speed variation for 

bending angle in a common manufacture process range (30° 

and 90°), in Figure10a and Figure 10b is shown the percentage 

of formability limit for the combination of angle and thickness. 

In particular, the geometric parameters were fixed together 

with the relationship between the diameter and the thickness. 

 

 
a 

 
b 

Fig. 10 Graph 3D (a) and 2D (b) of formability limit percent-

age for each speed and angle combination 

 

Figure 10 reports an interpolation of data shown in Figure 9b, 

to have a better vision of the speed rate influence. For this 

reason, the percentage variation between the percentages of 

formability limits obtained at minimum and maximum feed 

speed for each angle, calculated according to equation (1), is 

reported in Figure 12. 

 

∆𝐹𝐿𝐷 = 𝐹𝐿𝐷𝑣𝑚𝑎𝑥 − 𝐹𝐿𝐷𝑣𝑚𝑖𝑛      (1.) 

 

In Figure 12 is possible to see that, in the angle region ranging 

the 30° and 90° degrees, FLD is related to the slope of 

interpolated line and this parameter varies almost linearly to 

the bend angle. 

To have a more specified analysis, the study has been repeated 

using values that fit better the industrial process, the curvature 

radius was increased, the interpolations were re-performed 

(Figure 13) and FLD deltas were calculated for the new data 

obtained. 

Figure 14 shows the importance of R/D ratio on the process, 

the improvement of this parameter in fact leads to an improve-

ment in the sample formability; the FLD increases in the 

bending angle range 30° - 90° and then tends to be stable away 

from breaking conditions. 

 
Fig. 11 Linear interpolation of the percentage of the radius of 

the formability limit for each combination of speed and angle 
 

 
Fig. 12 Goodness of the simulation output beyond the breaking 

of the worked piece (red dotted line) 

 

 
Fig. 13 Improved linear interpolation of the new percentages 

reached for the formability limit for each combination of speed 

angle 
 

 
Fig. 14 New difference in the percentage of radii of the forma-

bility limit between minimum and maximum speed as a 

function of the bend angle 
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3.4 Ratio between bend radius and tube diameter effect 

 

The R/D ratio is a parameter really important in industrial 

process, in standard conditions the value is between 1.0 and 

1.5, in fact for values below 1 the risk of breakage increases. In 

this case is fixed an R/D = 1 because 1.5 is not used in the 

automotive field. Performing the simulations with a constant 

diameter, increasing the bend radius, results show that the 

stresses do not vary significantly (Figure 15). On the other 

hand a marked R/D ratio effect is found on the tube’s thinning 

(Figure 16). 

 

 
Fig. 15 Maximum equivalent stress dependence on a R/D ratio 

 

 
Fig. 16 Maximum equivalent stress dependence on a R/D ratio 

 

CONCLUSION 

 

This paper analyzes the influence of geometric and operational 

parameters on the bending process of AISI 441 ferritic stain-

less-steel pipes. It is evaluated an effect of about 5% of tube’s 

diameter on internal stress and the thickness of the tube seems 

to be a determining factor for the failure and/or undesired 

deformation of the piece. The variation within the standard 

industrial operational range (between 1.0 and 1.5) of the R/D 

ratio, is extremely important because identified the transition 

between the failure and the success of the operation. Particular-

ly for AISI 441 the variation of this parameter leads to a 60% 

increase in feasibility. The study of bending angle and speed 

carried out on the rotational, has shown the tendency to diverge 

and consequently to have inaccurate results when breaking the 

piece. 

Staying in the non-breaking field instead, allowed to define a 

trend of influence for these operating parameters, showing how 

the increase in influence of the rotational speed has a strong 

impact on the feasibility of the process in the area between 30° 

and 90° of the angle of fold, while for greater angles there is a 

stabilization of the results and an effect of variation gradually 

less. 
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