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Flow Forming, Tube flow forming is one of the most cost-effective production methods for creating simple
High Strength Steel Alloy, cylindrical tubes with external and internal protrusions, with or without flanges. The dimensional
Feed Rate, accuracy of tubes produced by this method is higher than that of other methods, making it widely
Finite Element Analysis. used in the aerospace industry. In this study, the flow forming process of three-roller high-strength

steel was investigated through finite element analysis and compared with experimental results.
The forming process was investigated for various mandrel rotation speeds and feed rates. By
comparing the experimental results, the effects of each parameter on the surface quality
(roughness), geometric quality and accuracy of the manufactured product (out-of-roundness,
diametral increase) were studied. The results showed that the surface roughness of the final
product increases with the increase in the feed rate. Increasing the feed rate also leads to a
reduction in out-of-roundness and thus improves the geometric quality of the final product.
Increasing the mandrel rotation speed results in a reduction in the surface roughness. Increasing
the rotation speed also result in an increase in the out-of-roundness of the product.

Extended Abstract
1. Introduction

ube flow forming is one of the most economical methods of producing simple cylindrical tubes with

external and internal protrusions with or without flanges. The use of flow forming operations instead of

machining of tubes to produce cylindrical bodies has many advantages, including the use of more raw
materials and increasing the mechanical properties of the product due to the hard work on the part. This process
has many parameters. The changes of each of these parameters can have a significant effect on the final quality
and strength of the tube. Therefore, many researchers have investigated and analyzed the effects of each of these
parameters. There are two well-known and common types of flow forming called direct and reverse flow forming.
These terms express the relationship between the direction of the metal flow and the direction of the tool movement
during the operation [1].

Tabeie and Javanroudi [2] investigated the influence of effective parameters on the quality of flow forming
tubes. They optimized the parameters that affect the quality of thin-walled tubes made of pure titanium (Grade 2)
in the flow forming process. They showed that reducing the feed rate, increasing the rotational speed up to 630
rpm and reducing the tube thickness result in better surface quality in titanium tubes. It was also found that
increasing the rotational speed more than 630 rpm has a huge effect on the surface quality of titanium tubes.
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Haghighatt and Yavari [3] investigated the effect of flow forming process on improving the mechanical properties
and changing the structure of 4130 steel used in the production of the shell of the rocket. The results of their
research showed that the production of thin-walled bodies (especially the shells of rocket) by the flow forming
method leads to an increase in the tensile strength, yield strength and hardness of the raw material. Abedini et al.
[4] experimentally investigated parameters such as penetration depth, rotation speed, and feed rate on the surface
roughness of the flow formed pieces using the Taguchi method, and the minimum roughness value with penetration
depth of 0.2 mm, feed of 0.1 mm/rev, and rotation speed of 63 rpm was obtained. The surface roughness obtained
from this optimal value was equal to 4 microns. Soleimani and Faraji [5] experimentally investigated the
mechanical properties and microstructure of 4130 steel after the reverse flow forming process. Their results
showed that the flow forming operation at each stage increases the hardness and yield strength of steel. Also, the
hard work done causes finer grain and elongation of the grains.

Considering the high cost and time-consuming nature of experimental tests, nowadays many researchers use
finite element software to design and estimate forces in the flow forming process in industry. Nadaf Oskouei et al.
investigated the forming mechanism in the flow forming process using the finite element method. They
investigated the flow forming process with the help of LS-DYNA finite element software. Their simulation results
were in good agreement with the results of other researchers and described well the phenomena of protrusion and
diameter growth [1]. Bhat and Raval [6] investigated the effect of operational parameters during the flow forming
process. The results of their research showed that axial feed and friction coefficient are the most important factors
affecting axial and peripheral forces. In addition, the friction coefficient has a significant effect on the radial force.
Also, the depth of forming has a significant effect on stress and plastic strain. Banerjee et al. [7] created a three-
dimensional finite element model in Abaqus software to simulate the reverse flow forming process. They
investigated the effect of the parameters of feed ratio, percentage of thickness reduction, and the geometry of the
rollers on the stresses, power consumption, and the dimensions of the tubes. In their research, a comparison has
been made between traditional theoretical formulations and simulated forces. They investigated the effect of feed
speed ratios and percentage of thickness reduction on the roundness of the formed tubes and compared them with
experimental results. The closeness of the estimated power to the experimental power available in the literature
shows that their simulated model is promising and strong. Singh et al. [8] developed a 3D thermo-mechanical
finite element model of flow forming using Abaqus. Simulations for roller forces and thickness reduction were
verified using analytical solutions and experimental results. The simulation results were useful for studying
variables such as stress and strain distribution during the flow forming process. Zhou et al. investigated the effect
of roller offset on the flow forming process. They found that changes in roller offset have a great effect on flow
forming forces [9]. Vural et al. [10] predicted soft failure during the flow forming process using Abaqus software.
They developed the 'VUMAT' subroutine to input plastic behavior and failure aggregation rules. Their results
showed a damaged area on the inner and outer surfaces of the workpiece for a thickness reduction ratio greater
than 40%.

In this research, the finite element model was created in Abaqus software to estimate the forces and check the
geometry of the product. The developed finite element model was validated with experimental results. After
validating the finite element model, finite element simulation was used to predict the effect of different parameters
on the quality of the final product. It should be noted that the flow forming process is very complex and has many
effective parameters such as mandrel rotation speed, feed rate, material, geometric dimensions of the roller, etc.,
the changes of each of which have a great effect on the quality of the produced parts. In this research, all the
important parameters were investigated experimentally and finite element for D6ac high strength steel, the results
of which are quite practical for researchers and similar industries.

2. Methodology

The mechanical characteristics of D6ac steel material used in this research are listed in Table 1.

Table 1. Mechanical properties of D6ac steel

Yield Strength Ultimate Strength Elongation
1345 MPa 1570 MPa 7%

The process of flow forming was carried out by the machine made by Leifeld Company. The dimensions of
the preform are according to Figure 1. The dimensions of the final product are given in Figure 2.
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Figure 2. Dimensions of the final product (mm)

In order to investigate the effect of fed rate on surface quality, dimensional and geometric accuracy of tubes, a
number of preforms have been used. All the parameters in the flow forming machine are kept constant, and the
machine was prepared for four different feed rates of 0.3, 0.4, 0.5, and 0.6 mm/rev. To investigate the effect of
mandrel rotation speed, all the parameters in the flow forming machine were kept constant and four different
mandrel rotation speeds of 90, 110, 140 and 180 rpm were applied.

The set of rollers and mandrel and preform was created according to the experimental tests in Abaqus finite
element software. The material properties were defined as elastic-plastic with isotropic hardening and mechanical
properties according to the properties of D6ac steel obtained from the tensile test. Figure 3 shows a view of the FE
model. It should be noted that the rollers and mandrel were defined as rigid and the preform was deformable.

Figure 3. FE model of flow forming process

3. Results and Discussion

In the graph of Figure 4, the effect of the feed rate on the surface roughness of the D6ac steel tube was shown.
It can be seen that with the increase of the feed rate from 0.3 to 0.6 mm/rev, the surface roughness increases by
about 97%. Increasing the feed rate brings a greater amount of longitudinal displacement of the roller on the tube;
as a result, more surface of the material is in contact with the roller in one revolution of the tube and the roughness
of the tube surface increases. The final products were dimensionally measured, and the growth rate of their inner
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diameter compared to the diameter of the preform, for different feed rate, is shown in Figure 5. As the feed rate
from 0.3 to 0.6 mm/rev, the growth of the inner diameter of the formed tube decreases by 86.8%.
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Figure 4. The effect of feed rate on roughness Figure 5. The effect of feed rate on diametral growth

Figure 6 shows the effect of mandrel rotation speed on the surface roughness of product. As the rotation speed
increases up to 110 rpm, the roughness of the tube surface decreases and increases with the further increase of the
rotation speed; therefore, in order to obtain a specific surface quality, the rotation speed parameter should also be
considered. The rotational speed of the mandrel also has an effect on the dimensional changes of the tubes. In
order to measure the dimensional accuracy, a parameter called the growth of the inner diameter of the tube was
used. Figure 7 shows the resulting graph of changes in the growth of the inner diameter of D6ac steel tube with
changes in the mandrel rotation speed. The inner diameter of the tube increases as the mandrel rotation speed
increases from 90 to 180 rpm. In addition to generating heat and increasing formability, a higher rotation speed
increases the radial force (centrifugal force) in the tube; therefore the amount of diameter growth in the tube will
be higher with an increase in the rotation speed. As a result, it can be said that with increasing advance rate, the
dimensional accuracy of the roller forming tube decreases.
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Figure 2. The effect of mandrel rotation speed on diametral

Figure 1. The effect of mandrel rotation speed on roughness
growth

Figure 8 shows the movement of nodes along the thickness of the part on the simulated model. This
displacement is measured relative to the standard position of the node, that is, relative to the diameter of the tube.
With the increase of the feed rate, the difference between the highest and the lowest displacement of the nodes is
more than the case of the lower feed rate. Figure 9 shows the effect of the mandrel rotation speed on the increase
in the inner diameter of the steel pipe. To check the amount of increase in the inner diameter in Abaqus simulation
software, movement of the nodes in the radial direction on the specified path on the inner diameter is used. with a
100% increase in rotation speed in the model, the inner diameter increases by 24.3%. The trend of changes in the
graph is in good agreement with the experimental graph, but they are different in terms of value. The reason for
the difference in the obtained values is that in the finite element modeling, the internal diameter is considered
constant and no out-of-roundness or diameter change in the preform is considered, but in the experimental sample,
due to the fact that the pre-form is machined, there is a small amount of out-of-roundness. And there is also a
change in diameter according to manufacturing tolerances.
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Figure 9. The diametral growth for different rotational speed
of mandrel

Error! Reference source not found. shows the effect of mandrel rotation speed on the displacement of nodes
on the outer surface of tube. For higher rotation speed, the displacement of nodes of the external surface is more.
Also, the difference between the maximum and minimum displacement of the nodes in the state of higher rotation
is more than that of lower rotation. The difference between the maximum and minimum displacement of the nodes
is 0.0431 mm for the rotational speed of 180 rpm and 0.03401 mm for the rotational speed of 90 rpm. With a 100%
increase in rotation speed, the amount of non-roundness on the outer surface of the steel pipe increases by 26.7%.

Figure 8. The node displacement for different speed
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Figure 10. The node displacement for different rotational speed of mandrel

4. Conclusions

In this research, the flow forming process for D6ac steel was investigated using finite element analysis and
experimental tests. The effect of various process parameters such as the feed rate and mandrel rotation speed
investigated and their effects on the surface quality and dimensional tolerance of the product were investigated.
The results are as follows:

» As the feed rate increases, the surface roughness of the final product increases. Increasing the advance rate
also leads to the reduction of out-of-roundness and thus improving the geometric quality of the final part.

+ Increasing the rotation speed of the mandrel leads to a decrease in the surface roughness. Also, increasing
the rotation speed leads to an increase in the out-of-roundness of the product.
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