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Abstract

Presented paper is focused on comparison of three types of steel for production of tubes with shaped
internal surface for applications in energy producing industry. Simulations were performed in Deform-
3D software with usage of finite elements method. Steels 20MnCr5, C10 and 34CrNiMo6 were selected
for simulations. Obtained results are showing deformation, stress, strain and temperature during cold
drawing of tubes with shaped internal surface and also resulting comparison of three tested materials
depending on the course of load during the forming process. As a conclusion of the presented research
is comparison of presented three steels according to the simulation results. Presented paper has potential
to increase knowledge base in the area of forming tubes with shaped internal surface. Obtained results
can contribute to a proper selection of tool material, coatings and process set up for forming process of
tubes with shaped internal surface.
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1. INTRODUCTION

Individual industrial sectors are focusing especially on energy industry, which can be
considered as a rapid developing and expanding area due to narrow cooperation and direct
transfer of research and development knowledge into the manufacturing process. Research and
development in above mentioned industry area is oriented on production process of final
products or product with precise tolerance considering on final surface requirements [1-5].
From this point of view are finding reducing method of usage raw materials and energy
efficiency even for small pieces manufacturing. General research described in presented article
was realized by several researchers. Description of analysis process of cold drawing was
realized based on fatigue tests in the article by Gerin et al., where was monitored behaviour of
specifically designed tool on testing material [6]. Deformation simulations in the process of
cold drawing technology for stainless steel platinum tubes using software environment
Abaqus/Explicit was described by authors Linardon et al., who created simulation model with
movable clamp [7]. Simulations using Finite Elements Method (FEM) were implemented also
in research realization describing case studies of model creation for the cold drawing process
using conical convergence bushing with inner tool [8]. Simulation analysis in environment of
software Deform FE was realized research of relation between tube and flange. Connection was
made by radially expanding tool segments in internal tube areas. Created model was monitored
from the reason of procedures determinations for initial drawing processes and due to
description of forming deformations at axial tube drawing [9]. Simulation and subsequent
experimental verification were realized also research focused on description of continual tube
cold drawing forming using CSPB process and description of parameters such as radius, stress,
tension, gap and so on. Based on results was set assumptions about next supporting measures
[10]. Software description of tube forming process are often using Lagrange or Lagrange-Euler
methods, which is part of simulation software QForm 3D. Using methods used in simulation
are described by steel forming problematics in the process of forming [11]. Simulations in
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research process of tube drawing offer determination of mechanical properties, initial structural
changes, also heat transfer during manufacturing process using CFD simulation described in
case study by Reggio et al. [12]. Problematic was researched also by several other researchers
such as [13-30]. Based on above described is clear, that creation of prototypes in tube forming
and tools to obtain tube with internal grooving have significant role in the research and
development areas with direct implementation into practice. Above described overview confirm
not only subjected research, but also importance of result implementations of predictions
obtained by simulation analysis into selection of the most suitable material for drawn grooved
tubes. Base idea of presented research formed from long term data collect from practice, as in
energy industry are mostly used tubes with smooth surface despite the fact, that grooving tubes
offer positive increase of devices performance. Detail analysis grooving tubes is clear the
significant progress and contribution in energy industry and for processes of energy transfer.
The main problem and reason of using smooth tubes is demanding process of manufacturing
tubes and connected forming tools. In the fact of this was realized research, which is described
in presented article using simulation analysis, which are basis for experimental verification.
Original contribution of the paper consists of the behaviour prediction of the pipes during the
pulling process, thus avoiding various errors and determining early precautions. Obtained
knowledge from simulation predict properties and behaviour of testing materials, which create
qualitative background in selection of the most suitable drawn grooved tubes. Since there is a
very few research published from the problematic of tubes drawing and especially form the
problematics of forming grooved tubes dealing simulations of process. Presented research is
aimed to enhance knowledge to the description and optimization of the grooved tubes forming
process.

2. MATERIAL AND METHOD

Usage of pipes has a great benefit in the energy industry such as heat exchangers with the
benefit of reducing the load on the pumps. Grooved pipes have the role of a centrifugal force,
where water is separated from the steam fraction. This is due to the displacement of water to
the inner walls of the pipes. For right selection of the most suitable material drawn tubes is
required inventory of the properties of those materials. The selection of three materials was
subsequently simulated in the Deform-3D software program.

The first tested is steel C10, the products of which are made of bright steel. This steel is
intended for general technical purposes. The second tested steel under the designation 20MnCr5
is considered as steel with improved machinability. The third tested material is steel
34CrNiMo6. This material is suitable for quenching and tempering. Standard EN 10263-4:
2001 is intended for various steel wires and rods intended for cold drawing or extrusion [31].

Table I: Chemical composition of used materials [32].

Steel C [%] Si [%] | Mn [%] P [%] S [%] Cr[%] | Mo [%] | Ni[%]
20MnCr5 | 0.17-0.22 | max.0.4| 1.1-1.4 | max. 0.025 | max.0.035 | 1-1.3 - -
C10 0.07-0.13 | max. 0.4| 0.3-0.6 | max. 0.045 | max. 0.045 - - -

34CrNiMo6 | 0.3-0.38 | max. 0.4| 0.5-0.8 | max. 0.025 | max. 0.035 | 1.3-1.7 | 0.15-0.3 | 1.3-1.7

During the first step of carrying out experiment, it is necessary to determine and set the
initial values. These are entered in Deform-3D software, especially for tube, die and mandrel.
Specified parameters will provide a clear record of simulation measurements, with the help of
which we can better determine the material that is more suitable for us.

The principle of the tubes drawing consists in reducing the diameter by means of a die and
a grooving mandrel (Fig. 1). The pipe is compressed at one end and drawn through the dies.
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The die usually has a conical cross-sectional shape, which task is to change the resulting tube
diameter. The mandrel is intended to reduce and change the shape of the inner diameter of the
tube. The mandrel is free to rotate depending on the bite in the inner walls of the tubes (so-
called groove appearance). A bearing located on the opposite side of the mandrel has the task
of facilitating a smoother rotation of the spline.

Figure 1: Model used for drawing tubes cold.

3. RESULTS AND DISCUSSION

3.1 Simulation analysis

After the determination of input data to simulation software, there was carried out the
experiments. The first experiment consisted of C10 steel simulation and data analysis. The
analysis showing the deformation of the tube has one of the main positions in the area of
conditions, which helps us to determine the accuracy of such simulations.
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Figure 2: Simulation of deformation (left) and total displacement (right) — C10.

Analysis consists of the deformed tube composition, grooving mandrel and die. If the
material used is properly designed, there is no major damage to the tube. It was in the proposal
of the C10 material that the damage that was greatest in one of the materials tested occurred.
The greatest deformation was in the area of the inner grooves of the tube. In this area, it was a
measured value of 1.03, which was still at the optimal level compared to the other
measurements. When the outer diameter of the pipe was reduced, deformations of 0.516
occurred. The same value was also measured to reduce the inner diameter before grooving. The
right side of Fig. 2 consists of simulations of the resulting analysis of the total displacement
under the influence of the drawn tube used through the forming die and the grooving mandrel.
The resulting value is, of course, different than during the simulation. This value varies
depending on the length of the drawn tube and the change in the reduced diameter. Fig. 3 shows
the simulation of the resultant analysis recorded on the length of 154 mm. At the beginning
before drawing the tube, the total extrusion was set to 0 mm. During the drawing and reducing
the tube, the pipe length of 195 mm was extended by 50 mm. This course of the resulting
analysis was the same for the other two materials tested.
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Figure 3: Simulation of the strain effective (left) and stress effective (right) — C10.

To analyse the strain efficiency, can be noticed that the direction of drawing the tube
through a die to reduce the diameter. While reducing the tube at the outside diameter, a strain
effective was 0.507. The inner diameter area was recorded at 1.01. Value 2.03 the points of
deformation and grooving with the assistance of a mandrel. This value was also the highest
measured value. In the stress effective analysis, a die was used to reduce the diameter and
grooving mandrel. Looking at the detail in the figure, it is possible to see more precisely the
area of the exact points of efficiency of the mechanical stress. The greatest mechanical stress
value was 670 MPa. This was located on the outside diameter (the area between the die and the
drawn / formed tube) changed, as well as the internal grooving process. In places where only
the beginning of changes in the outer diameter occurred, the measured value was 503 MPa. At
the places where the drawn tube had first obtained its final shape, the measured value was
419 MPa. It gradually decreased to 83.8 MPa, which was also a constant value.
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Figure 4: Simulation of the temperature (left) and velocity (right) — C10.

The temperature analysis (Fig. 4) is another significant simulation process. The initial
temperature for simulation was set to 20 °C. This is a temperature that is also set as the normal
operating temperature. During the simulation of tube reduction and forming, the maximum
temperature was 118 °C. This temperature was recorded just in places of reduced pipe diameter
and at the same time the formation of grooves in the inner walls of the tube. Subsequent drawing
of the tube decreases the temperature to 93.6 °C. With the “support” of temperature analysis
can be determined the needs for the use coatings. The purpose of coatings is to keep the
temperature of the pipes at an optimum and constant temperature, but also to make the passage
through the die smoother. The latest analysis showing the overall velocity simulation during
the extension of the tube is shown in Fig. 4 on the right side. The tube is also elongated during
this process. For this measurement in the simulation, a value of 100 mm/sec was measured.
This is a constant value (constant) during the drawing process. This process was identical in the
analysis of all three materials tested.

When analysing the second material, the simulation was carried out using the same
measurements as for the first material. Initial resp. input values were entered under the same
conditions as for the first material selected. In the first simulation analysis (Fig. 5), the damage
simulation was higher than in the second material design. The maximum damage was measured
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at 0.910. The area of the greatest deformation was located at the points of the internal grooving,
namely the area of the internal edges of the grooves. There was a slight deformation of 0.455
between the inner and outer diameter of the tube. This deformation was caused by the reduction
of the tube diameter from the initial to the desired one.
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Figure 5: Deformation simulation (left) and strain effective (right) — 20MnCr5.

During the simulation of the strain-effective a measured maximum value of 1.76 was
recorded. This was located on the entire surface of the internal grooves which were pressed into
the tube material by means of a grooved mandrel. In the area of the inner reduced diameter, the
strain effective was measured at 0.878. Strain after drawing and reducing was the same around
0.439.
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Figure 6: Stress effective simulation (left) and temperature simulation (right) — 20MnCr5.

When analysing the stress effective (Fig. 6), the maximum value recorded was lower in
comparison to the first material tested (C10). For the second proposed material, it was recorded
at a maximum value of 630 MPa. This was at the point where the tube diameter was reduced
through the die and at the same time the grooves were formed in the inside diameter of the tube.
Although the area of mechanical stress at reduction is greater than the first material tested, it is
still a mechanical stress that is lower by 40 MPa. The area of initial diameter forming (the
beginning of diameter reduction to the desired diameter) reached the mechanical stress effective
of 472 MPa. In the case of temperature analysis also, the initial temperature (i.e., prior to the
simulation) is 20 °C. Since this is the same test as the first material, the same input values need
to be determined. The resulting analysis shows the region of the highest recorded temperature
on value 156 °C. This is the area where internal grooving was created along with reducing the
diameter. The inner grooves of the tube were formed by pressing the mandrel into the tube wall,
which resulted in a temperature rise in these places. In the area of reduction of the diameter to
the desired value, 122 °C was measured. This was then stabilized at 105 °C. Compared to the
first material (C10), the latter has a higher temperature in the drawing process.

The resulting analysis of the third material was also carried out under the same conditions
as in the first and second cases. The input values for all three materials were identical, precisely
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because of the test to select the most suitable material for the drawn tube. As in the first and
second case of the simulation, in the third case, the damage simulation was performed as first
step. Fig. 7 presents area of greatest damage just at the internal grooving points. More precisely,
it is a recorded value of 0.860, which is only in the area of the edges located in the indented
groove into the pipe material. On the whole surface of the indented groove the area of damage
is lower, namely 0.688. In the process of reducing the diameter to the desired, tube damage was
recorded at 0.344. In this test, it is the damage of the tube that is most advantageous for the
third material being tested.
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Figure 7: Deformation simulation (left) and strain effective (right) — 34CrNiMo6.

During the analysis of strain effective, the maximum and minimum locations (areas) were
monitoring to obtain process behaviour. The maximum strain was recorded at 1.61. That was
in the area along the inner perimeter of the tube. From the internal grooves to the external
diameter through the material, the strain decreased. From the value just behind the inner groove
towards the outer diameter, a value of 0.644 was recorded. It was only 0.322 on the outside
surface. Based on to this analysis we can see the difference of the proposed materials.

The efficiency of mechanical stress was one of the main tasks in simulation. As a result of
analysis, the maximum obtained value of stress was 543 MPa. It was precisely the place of the
greatest reduction in diameter along with the production of the internal groove. It is the place
where the diameter is reduced and the grooves are formed with the help of the mandrel, which
is most often and most loaded in the analysis of damage, stress efficiency, mechanical stress
and temperature analysis. During gradual drawing the mechanical stress decreases to a constant
value of 90.5 MPa from the point of reduction of the tube diameter through the die.
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Figure 8: Simulation of the temperature (left) and velocity (right) — 34CrNiMo6.

The thermal analysis simulation (Fig. 8) is one of the main factors for the subsequent
selection of the right coating. This is necessary for smoother and trouble-free running through
the dies and mandrels. Just as the previous temperature simulation so the maximum temperature
of 117°C was recorded just when the groove was formed by the mandrel. Although the
temperature range is identical to the first and second material, the heating temperature is the
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lowest. At the reduction site, the temperature was recorded at 93.1 °C. Gradually moving away
from the diameter reduction site, the material temperature decreased to value 80.9 °C.

3.2 Analysis of obtained results

For all tested materials, according to the results of the simulation, there were drawn shapes of
the curves — dependence of load on time, load on stroke, load on step.

The first graph (Fig. 9) consisting of a graph of the load (y-axis) of the drawn pipe versus
time (x-axis). This is a course where the beginning of the drawn tube through the die begins to
reduce the tube profile to the required diameter. At the same time, the first penetration of the
mandrel into the tube material is recorded. This rise is recorded in the graph, where the time is
recorded 0.26 sec. Currently there was a rapid increase in the load of 151.8 kN. After a time of
1.53 sec, the program determined the average load of the overall analysis at 169.11 kN. In the
second case, this is solved as a dependence of the stroke (x-axis) of the drawn tube to the load
(y-axis) course throughout the simulation period. The graph also shows the first run of the
forming tool into the tube material. It is a thread grooving. The first bite into the material was
at a stroke of 24 mm and a load of 151.8 kN. After the overall analysis, the program determined
the average load of 169.11 kN at 100 mm stroke. The third graph is a representation of step
(x-axis) versus load (y-axis) for the first C10 material tested. The first run of the forming tool
under a load of 151.8 kN was measured by the program at the step 240. The course of the whole
analysis shows that the course is chaotic during the entire rotation of the forming tool around
its longitude axis. After one turn, the load course stabilizes. The resulting post-stabilization
analysis were determined at a load of 169.11 kN at an average step value of 1000.
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Figure 9: Shapes of the curves — C10.

The graphical analysis of the second material (Fig. 10) points to the drawing pattern from
the first lead of the mandrel to the result which averaged as optimal. As with the first material,
the second tool tested first simulation was at 0.26 sec. During this start-up there was a high load
increase of up to 160.8 kN. Subsequently, the drawing already after start-up began to slightly
optimize the load ranging from 160 KN to 182 kN. The program therefore determined at
1.53 sec. average load value of 171.1 kN. The second graph (Y vs. Stroke) shows the overall
progress from the start of the drawing to the optimum value which is averaged at the end by the
program. The first recorded value was when the forming tool was first pressed into the tube
material. This value was recorded at a stroke of 24 mm where the load was 160.8 kN. Gradual
drawing (diameter reduction) and groove formation was subsequently recorded as optimized
diameter. The resulting 100 mm stroke was a load of 171.1 kN. The results of graphical
interpretation (load vs. step) the step value was in the range of 161 kN to 181 kN. After

105



Sutak, Hatala, Mital, Duplakova, Botko: Comprehensive Analysis of Cold Formed Tube in ...

measuring, the program determined the optimum load value of 171.08 kN. The aim was to
determine the optimal value after step 1000.
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Figure 10: Shapes of the curves — 20MnCrb5.

As with the first and second material, the analysis of the third material also shows the
drawing process of the tube with the aid of a die and a forming mandrel (Fig. 11). Graphical
interpretation of load vs. time is the analysis from the first run of the forming mandrel into the
inner walls of the tube to the final one, which was determined to be optimal for the material. At
the first start-up at 0.26 sec. load increased to 145.18 kN. After the first start-up, the load ranged
from 134 kN to 158 kN. For this range, the program evaluated at 1.53 sec. average load value
of 146 kN. During the simulation was also investigated the load vs. stroke. Results was recorded
throughout the drawing time through the die and mandrel. The first record was determined at
the first tool entry into the material at a stroke of 24 mm. A load of 145.18 kN was recorded at
this point. Subsequent drawing of the tube through the die to form the internal groove at a stroke
of 100 mm was determined by the program with an optimum load of 146 kN. This optimum
value comprised between 136 kN and 156 kN.
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Figure 11: Shapes of the curves — 34CrNiMo6.
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Figure 12: Shapes of the curves — load vs. step (red — C10; blue — 20MnCr5; grey — 34CrNiMo6).

In comprehensive evaluation of obtained results (Fig. 12), for C10, load was in the range of
159 kN to 179 kN. The second test material (20MnCr5) was in the range from 161 kN to
181 kN. The third test material (34CrNiMo6) ranged from 136 kN to 156 kN. At step 400 (after
the first tool start), the program recorded the lowest load of the third material value 138 kN. For
the second material, this was a 168 kN load. The first material at step 400 recorded the same
load as the second material (168 kN). The variation in the span of the boundaries for loading
the materials while drawing the tube through the die was sufficient for the correct material
selection.

Y Load vs. Stroke
240

230
220
210
200
190
180
170
160
150
140
130

120
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
Stroke [mm]

Y Load [kN]

v
L

Figure 13: Shapes of the curves — load vs. stroke (yellow — C10; blue — 20MnCr5; green — 34CrNiMo6).

In the second comprehensive evaluation of obtained results (Fig. 13), the loads are the same
as in the previous graph. However, for stroke dependence, these were recorded values indicating
the most appropriate material. For the third material a stroke of 24 mm and a load of 145.18 kN
at the first tool entry were recorded. It is below 150 kN, which is much lower compared to the
first and second test material. These exceed the threshold.
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Figure 14: Shapes of the curves — load vs. time (green — C10; purple — 20MnCr5; yellow —34CrNiMo6).
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During the third comprehensive evaluation of obtained results (Fig. 14), when the first start
of the tool was detected, it was 0.26 sec. After the time of 0.8 seconds, the material differences
under load were minimal (smallest). The first material at that time had a load of 158 kN, the
second material had a load of 161 kN, and the third material had a load of 155 kN.

4. CONCLUSION

Obtained results offer information about strength analyses in the Deform-3D simulation
software program during the simulation of tube drawing, stresses in the area of diameter
reduction, smaller deformations, mechanical but also temperature differences. Described
research and obtained results can be used in subsequent research of forming tools for tube
productions with inner grooving surface and can be used as reference sample in the area of
research of next material types. From a practical point of view, this paper provides complete
information about tested materials, which create qualitative background in selection of the most
suitable material for drawn grooved tubes. Results of the simulations shows:

e Maximal obtained stress value was 670 MPa.

e Maximal temperature on the edge of groove during forming was 118 °C.

e Maximal value of strain was recorded in the groove at value 2.03 compared to 34MnCr5 at

1.61.

e Highest value of the load was observed for the material 20MnCr5 — 181 kN.

o Lowest value of the load was observed for the material 34CrNiMo5 — 136 kN.

e Overall curves of load show that course for 34CrNiMo5 reaches lower values compared to
20MnCr5 and C10.

When designing the forming tool, it is also necessary to consider also the lead-in part of the
tool. Incorrect geometry can be the cause of “cavitation". These micro-cracks formed during
the drawing of the tubes through the die and with the aid of the grooving mandrel, are formed
after a time of so-called "cavities" (vacuum bubbles), where a micro-explosion occurs. Such
simulations can predict the behaviour of the pipes during the drawing process, thus avoiding
various errors and determining early precautions. The result was a comparison of three tested
materials, where with the help of the resulting analyses it is possible to determine the most
suitable material for drawn grooved tubes.
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