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Abstract

The utilization of flexible layers in the shaping of metal sheets is currently a prominently studied
method. However, the efficacy of this approach depends on various parameters, including the material
composition of the rubber, its thickness, frictional characteristics, and others.. This study investigated
the localized diameter reduction of ST37 steel pipes using a rubber ring. We employed both
experimental and numerical methods, utilizing finite element analysis (FEA) to explore the influence
of friction between the rubber and the metal. Experiments were conducted to validate the FEA
models. Subsequently, simulations were performed with varying friction coefficients at the rubber-
metal interface. The results were analyzed graphically to understand the impact of friction on the
diameter contraction process. Our findings provided insights into the critical role of friction in this
shaping technigue and offered recommendations for optimizing the process.
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1. Introduction

In conventional methods of metal sheet forming, a mandrel and rigid metal matrix are employed to
shape the raw sheet. In recent years, there has been a notable emphasis on employing rubber layers
to exert force on the sheet. This approach shapes a diverse array of components within the aviation
industry. The advantages of using this method include reducing mold-making costs, minimizing the
possibility of creasing, and improving the surface quality of the final product. Factors such as the
limited lifespan of rubber or high energy consumption can be considered drawbacks of employing
this method [1-4]. In numerous industrial applications today, finite element methods simulate the
process. In metal sheet forming, simulation serves as a tool to forecast the behavior of raw materials
and manage factors such as creasing and tearing in the initial piece. However, a significant limitation
in process simulation is the software's inability to accurately model friction distribution in the contact
areas between the piece and the tool. Frictional behavior depends on several parameters, including
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the pressure between contact surfaces, sliding speed of the surfaces, materials of the part and mold,
surface coarseness, lubrication level between surfaces, and the type of deformation (considering
symmetry aspects). The friction sensitivity in applications like forming with flexible tools, where
contact points are more complex, becomes notably pronounced [5-7]. In recent years, numerous
studies conducted by various researchers have focused on investigating the impact of friction in
forming methods involving flexible tools. Browne and Battikha conducted valuable experimental
tests using a rubber pad to evaluate the forming process [8].

In this research, the investigation involved repeating the process with various lubricants applied to
the contact surfaces of the samples to study the occurrence of creasing and tearing in parts with
different materials. Also, Deladi [9] investigated the impact of friction in the forming method
employing rubber pad, aiming to advance the fundamental principles of stationary static in this
context. Subsequently, Felhos et al. [10] conducted both experimental and numerical investigations
into the friction behavior of a steel ball rolling on a rubber plate. In this study, both normal and
tangential forces were taken into account during the measurements. Ramezani et al. [11] employed
experimental and numerical methods to study the stamping process. Additionally, they examined the
effects of parameters such as rubber material and hardness, process speed, rubber thickness, and
friction on the quality of the process. In another study, Ramezani et al. [12] examined the effect of
friction in pipe bulging using flexible tools. In this research, theoretical models were employed to
evaluate the static friction at the interface between the rubber and the pipe. Subsequently, numerical
analysis of the process was conducted. In 2009, in another study, Ramezani et al. [13] theoretically
examined the influence of friction. They subsequently conducted numerical and experimental
investigations on the effects of both static and dynamic friction in forming an incomplete cone.
Balcerzak et al. [14] presented the results of numerical simulations and experimental tests of plastic
forming sheets made from the difficult-to-deform nickel alloy Inconel 718 with a thickness of 1 mm.
They found that one of the important aspects of plastic forming sheets using the Guerin method is the
tendency to obtain a diversified shape of the final elements. Esmailian [15], in aresearch, he simulated
and optimized the nosing forming process of metal pipes with the help of genetic algorithm. In 2023,
a new flexible multi-point incremental sheet forming process with multi-layer sheets (F-MPIF-MLS)
was proposed by Xuelei and Hengan [16]. Their results showed a noticeable reduction of wrinkling
by using the new flexible multi-point die over the conventional multi-point die system with multi-
layer sheets to form a dome shape.

This study begins with exploring the experimental and numerical investigation of pipe hollowing
using rubber tools. Subsequently, it validates the numerical findings through comparison with
experimental results and numerically examines the effect of friction. Efficiency and pressing force
under varying friction conditions are analyzed using diagrams. Finally, based on the results obtained,
the role of friction and strategies for its adjustment are investigated.

2. Introduction of the examined piece and mold

The research focuses on a tested sample comprising a st37 steel pipe. This sample features an inner
diameter of 144.9 mm a thickness of 2 mm, and stands at a height of 73.4 mm. The objective is to
achieve a diagonal reduction of 12 mm and a height reduction of 24 mm at the midpoint of the piece.
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Figure 1. Schematic depiction of the mold and its components alongside two fabricated samples.

A rubber cylinder is placed behind the piece to create a groove, which is externally constrained by a
container to prevent unintended deformations. Moreover, a matrix to fit the desired groove is placed
inside the pipe. A mandrel is utilized to employ pressing force on the rubber. The mandrel presses
the rubber layer, and the lateral strain of the rubber is utilized to alter the shape of the workpiece.

3. Governing relationships on problems

Because of their unique physical properties, elastomers and rubbers exhibit different characteristics
than other materials. These materials, capable of large elastic deformations, are called super elastic
materials. Some of these materials, like rubbers, experience a slight decrease in volume under high
strain. Therefore, they are often categorized as incompressible materials.

In finite element software, various material models employing different forms of strain energy
potential are utilized to analyze the behavior of incompressible superelastic materials. Among these
models, the Mooney-Rivlin model is renowned as a prominent structural model for superelastic
materials, particularly in incompressible natural rubber. This model includes four models
compromising 9-parameter, 5-parameter, 3-parameter and 3-parameter states. The strain potential
energy for the 2-parameter state is given as follows [16]:

W = c10 (11— 3) + Gz (I — 3) (I - 1)? @)
Where c10 and co1 represent material constants, the initial bulk modulus is also determined using the
following relationships.

K=2 2
d
K = 2(€c10+Co1) (3
(1-2v)

4. Simulating the finite elements of the process

Ansys, the finite element software utilized in this research, models the process. The model's symmetry
is exploited to simplify the problem-solving process, and the simulation is in axial symmetry mode.
This section introduces the fundamental parameters considered in the simulation.

4.1 The Utilized elements

The Hyper56 element is utilized for simulating the rubber, as it adheres to the behavioral
characteristics of Mooney-Rivlin materials. The Plane42 element is also utilized to grid the tested
sample, matrix, and container.
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4.2 Introduction of the materials

To define the material model of steel, after specifying its linear behavior, the Bilinear Isotropic
Hardening model is used to describe its non-linear behavior in the plastic region. In this model, the
material behavior is represented by two straight lines on the stress-strain curve: the slope of the first
line is the modulus of elasticity (E), and the slope of the second line is the tangential slope (E:) [17].
The sample is made of st37 steel. The specifications of this steel are presented in Table 1.

Table 1. The specifications of st37 steel [18]
E(GPa) o,(MPa) o,(MPa) v
210 245 410 0/27

The rubber used in the test is commonly found in tractor tires, with a hardness of 70 Shore [19]. The
physical characteristics of this rubber are detailed in Table 2.

Table 2. Characteristics of the rubber used in the process [18]

E(MPa) COl(MPa) Clo(MPa)
10 1/805 0/8061

4.3 Calculation of Poisson's Coefficient
The bulk modulus and deformation coefficients are utilized to calculate Poisson's coefficient for
rubber. Additionally, the related relations are:

P=ke 4)
P=o0,+0,+t0, Ande =&, t+¢,+¢, (5)

To calibrate v, according to equation 4, the rubber is placed in a container, a specific pressure is
applied, and the resulting strain is measured. From these measurements, the bulk modulus is
calculated. By inserting this value into equation 3, Poisson's ratio is determined to be 0.495.

4.4 Loading

After defining the contact elements, the necessary loading must be applied, and the problem must be
solved. The required loadings for this process include defining the line of axial symmetry,
constraining the nodes of the matrix and container in all directions, and displacing the upper nodes of
the rubber in the Y direction.

4.5 Problem solver settings

In the process of shaping with a rubber pad, numerous factors contribute to the non-linearity of the
analysis. Significant deformations in the metal and rubber, non-linear material models, and extensive
contact surfaces increase the computational requirements.
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5. Experimental testing and validation of numerical results
In this section, the experimental investigation of the process is conducted based on the results
obtained from the numerical solution. Efforts are made to minimize factors that may adversely affect
the process during testing to ensure accurate results. These factors include friction, misalignment of
mold and press components, and methods of applying force. Figure 2 compares the formed pieces
with the simulated piece after undergoing shape modification.

Figure 2. Experimental comparison of 6 mm grooved steel profile with numerical results

After the test, a notable observation is the absence of wrinkles in the final piece. This condition can
primarily be attributed to the rubber's role in preventing the piece's folding or wrinkling piece. This
behavior can be attributed to two primary reasons. Firstly, the rubber acts as a sheet gripper by
exerting pressure on the piece, thereby controlling the sheet's flow. Secondly, as pressure increases,
the rubber's surface hardens, exerting pressure on the deforming area from the back of the piece and
preventing the formation of wrinkles. This phenomenon is considered a beneficial outcome of this
process. To ensure accurate verification of these results, both experimentally and numerically,
deformation curves of the internal and external surfaces of the sample are compared using both
methods. Figures 3 and 4 illustrate this comparison.
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Figure 3. Radius change curve on the internal surface of the sample with a 6 mm groove: numerical and experimental
comparison
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Figure 4. Radius change curve on the external surface of the sample with a 6 mm groove: numerical and experimental
comparison

6. Investigating the impact of friction variation

Following the successful alignment observed between experimental and numerical investigations of
the pipe hollowing process in the previous section, this section delves into the impact of friction
within this process. This process encounters two types of friction: one between the pipe and the matrix
and the other between the rubber and the metal. In this study, the focus is on evaluating the impact of
friction between rubber and metal. Simulations are conducted multiple times to assess this effect,
using various static friction coefficients, and the results are subsequently graphically presented. In
the first diagram, the efficiency of each test is analyzed. This efficiency is defined as the ratio of the
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plastic work performed on the steel pipe to the total energy applied by the press. The initial
observation from the results is the variation in the displacement required by the mandrel to make the
first contact between the pipe's inner surface and the groove's bottom. Figure 5 illustrates the
displacement of the mandrel at the point of contact between the matrix's inner surface and the groove's
bottom for each friction factor.

Mandrel displacement (m)
N

0 0.1 0.2 0.3 0.4 0.5 0.6
Static friction coefficient

Figure 5. Mandrel displacement at the initial contact between the pipe and the bottom of the groove

The diagram shows that the mandrel displacement required to achieve the desired shape change on
the sample increases as the friction coefficient increases. Figure 6 examines the amount of pressing
force used in each simulation.
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Figure 6. Pressing force curve according to the various friction coefficients
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The diagram shows that the pressing force increases in parallel with the friction coefficient. Figure 7
presents the efficiency of the process calculated in each experiment and included in the chart.
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Figure 7. Efficiency curve according to the various friction coefficients

7. Interpretation of the results

As evident from the diagrams in the previous section, the friction coefficient can be identified as a
fundamental parameter in the process of localized pipe hollowing.

In this process, it is evident that on both the inner and outer surfaces of the rubber in contact with the
metal, the friction force prevents the movement of the rubber along the axis. As the rubber is
compressed further due to increased pressure between the rubber and the metal, the intensity of this
resistance force increases. Therefore, the axial force required to create the desired movement in the
rubber increases. This mode explains the increase in pressing force observed in Figure 6, which, in
turn, necessitates a more significant displacement of the mandrel. Another crucial aspect is the friction
coefficient's impact on the process's efficiency. Increasing the friction coefficient necessitates more
energy to overcome frictional resistance. Moreover, higher friction leads to increased pressing force
and mandrel displacement. These factors collectively demand more excellent compressibility of the
rubber. Therefore, another portion of the pressing energy is expended on compressing the rubber.
Consequently, considering these factors and the nearly constant amount of practical plastic work
performed on the pipe across different friction coefficients, the process efficiency decreases with
increasing friction.

8. Conclusion

As observed, an increase in the coefficient of friction augments the resistive force, leading to a higher
pressing force and reduced process efficiency. Consequently, based on the above findings, reducing
friction enhances the process. To address this issue, improving the quality of contact surfaces and
decreasing the roughness of metal surfaces at contact points can be effective. Additionally, employing
lubricants and thin layers with high surface smoothness can help to mitigate friction.

Based on the conducted research, the following general conclusions can be drawn:
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Increasing the friction coefficient increases the pressing force.

Increasing the friction coefficient increases the displacement of the mandrel.

Increasing the friction coefficient decreases the efficiency of the process.

Increasing the friction coefficient increases erosion on the rubber surfaces.

Increasing the friction coefficient results in less height reduction of the sample after the process.

. Increasing the friction coefficient leads to greater sample thickness in the area under deformation
after the process.
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