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Abstract. The paper presents the research of plastic expansion of a pipe workpiece by punches
of various configurations. It is shown that interest in this process is caused by the development
of oil production, where there is a need to increase the diameter of well pipes, the automobile
industry, where the protection of the driver and passengers in case of accidents comes first.
Here, stable plastic deformation plays an important role as a good absorber of kinetic energy,
etc. Data on the problems of expanding pipe ends are given, where special attention is paid to
the destruction of the end in the form of localization of deformations and appearance of a
longitudinal crack. To eliminate this phenomen onvarious technological methods are used.
Here the influence of the design and shape of the punch on the localization of deformations
along the thickness of the workpiece is researched. Several spatial outlines of the tool are
proposed to create an effective reloading of the pipe workpiece in the deformation zone. Based
on numerical modeling, the distribution of stresses according to Mises, the displacement of the
end of the semi-finished product and logarithmic deformations in the radial direction is shown
for each standard size of the punch. Comparative results reveal an increase in the thickness of
the workpiece in the dangerous section for all presented punches. The comparison was carried
out with a reference tool that has a straight generatrix of a tapered surface. The best results are
shown by a punch with an enlarged generatrix at the end of the working stroke. Attention is
focused on conducting further research in order to study the possibility of overcritical
deformation by the proposed tool.

1. Introduction
Tubular metal parts are widely used in the structure so mechanism so ships, automobiles, airplanes,
spacecraft, electrical appliances, household and agricultural devices. Normal functioning of the oil and
gas production and oil refining, chemical, food, engineering and agricultural industries of any country
is unthinkable without pipelines. Pipe parts are also used in the construction industry as various types
of connecting elements and power welded structures.

To obtain a strong pipe connection from pipes of different diameters, adapters or expansion of the
ends of pipes of a smaller diameter are used. This operation in cold forming is called expansion. And
although the first scientific substantiation of this process was given more than 70 years ago by R. Hill
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[1], where the influence of the main parameters of the expansion on the distribution of stresses and
deformations in the selected section of the workpiece was considered, the task of further studying and
improving the expansion remains relevant at the moment. This is facilitated by the steady development
of oil and gas production, where expansion is used to increase the passage of well pipes using the
Solid Expandable Tubular (SET) technology [2, 3] or for the conservation of oil wells [4, 5]. An
intensive subject of research is the improvement of the passive protection of the automobile in a
collision with an obstacle, where plastic deformation of the tubular body elements by expanding and
bending acts as an effective absorber of kinetic energy [6, 7]. Similar tubular stabilizers are used for
soft landing of spacecraft and aircraft [8, 9]. Heat exchangers are widely used in the world, and their
designs are constantly being improved. They are used into hold and industrial ventilation and air
conditioning systems [10], in the food and oil refining industries as heaters and evaporators [13, 14], in
refrigeration systems for ships, railway transport and agricultural machinery [11,12]. The expansion
operation is used here when connecting the tube soft the tube bundle with the tube plate to seal the
intertubular space [15].

In the above examples, researchers solve various problems that are inherent in the chosen research
subject. Reducing the expansion force when pushing the ferrule through the well pipe. The solution is
achieved by reducing the coefficient friction between the tool and the pipe by using modern lubricants,
as well as by varying the geometry of the tool. The influence of the geometry of the tool and the
coefficient of friction on the expansion force was considered in papers [16-18]. In research on the
protection of automobile occupants in a collision, expansion is analyzed in the context of the stability
of the plastic deformation process. A number of papers are devoted to this problem [19-21]. When
coupling the tubes with the tube plate of the heat exchanger, it is important to take into account the
joint deformation of the tube and the plate in order to obtain a tight connection. This is achieved by
tool geometry and deformation rate control. [22, 23].

It should be especially noted that with an increase in the degree of deformation of a pipe workpiece,
in some cases, processes of localization of deformations at the end of a semi-finished product can
occur with the subsequent appearance of longitudinal cracks and destruction, which is not permissible
from the point of view of quality.[24]. Therefore, the efforts of researchers are aimed at studying
various factors of expansion that affect the increase in the degree of deformation without loss of
stability and destruction of the workpiece. Analytical dependences and numerical results of research
are proposed, which make it possible to assess the influence of the initial and acquired anisotropy on
the stability of the plastic deformation process [25, 26], the geometric dimensions of the workpiece
and the taper angle of the punch [27-29] on crack formation and the formation of a longitudinal fold on
the non-deformable part of the workpiece. Numerous methods of supporting the end of the workpiece
during expansion and changing the rectilinear shape of the generatrix of the conical surface of the tool
to increase the degree of deformation are also presented.[30-32]. Therefore, the purpose of this paper
is to numerically model the process of expansion by conical punches of various spatial configurations,
compare the modeling results, develop recommendations and substantiate further areas of research.

2. Research Methodology
The desire of researchers from various scientific schools to increase the degree of deformation of a
cylindrical workpiece in one pass of the punch results in a complication of the design of the latter,
excessive consumption of additional materials or an increase in the duration of the part manufacturing
cycle. The creation of triangular or toroidal surfaces on the straight generatrix of the punch, which
reduce the contact area of the workpiece and the tool and facilitate the lubrication conditions, leads to
a rather laborious process of manufacturing such a tool [31, 32]. The additional support of the end face
in the form of retaining rings complicates the design, and the support in the form of rings made of
casily deformable alloys leads to the consumption of this additional material. This increases the
technological cost of the operation [30, 33].

To study the process, three types of punches were proposed. They differed in the location of the
transition step along the generatrix of the tapered part. The results of the numerical experiment were
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compared with each other, as well as with the reference version of expansion, where a punch with a
straight generatrix of a cone acted as a tool. For all variants, the material and dimensions of the work
piece were identical. A material such as aluminum 5005 with the following mechanical characteristics
was modeled: yield point 69,=50 MPa; ultimate strength 6,=110 MPa; Young’s modulus E=70 GPa;
Poisson’s coefficient v=0.33, density p=2700 kg/m>. An elastoplastic isotropic model of the material
with isotropic hardening was taken, the diagram of the true hardening curve was approximate in the
form of 69,=50+0.64¢"%* [34, 35]. That is, the following assumptions were made: the initial and
acquired anisotropy in different planes was absent; during deformation the material was strengthened
equally in all coordinate directions. The workpiece external diameter D= 25 mm, wall thickness so= 2
mm, height hy= 50 mm. The geometrical dimensions of the reference punch: larger taper diameter D=
29 mm, the height fo the taper part H,= 15 mm, the angle of the generatrix of the cone to its axis of
symmetry o~15°.The expansion ratio was k = 1.38. This parameter was chosen in accordance with the
recommendations [36, 37] and ensured stable expansion without loss of stability and destruction of the
workpiece end. The geometry of the stepped punches was varied so that the broken generatrix
coincided with the points of the beginning and end of the generator of the reference punch and o,=45°
for all stepped punches (figure 1).

) s , RN "

Figure 1. Sections of 1\ 2 part of punches for expansion: a) a punch with a protrusion at the end of the
tool stroke a;=45°, az~ 9°; b) a punch with a protrusion in the middle part of the generatrix of the
toolo;=45°, o= 9.5°, as=~ 8°; ¢) a punch with a protrusion at the beginning of the tool working
strokea,;=45°, a,~= 9°; d) a reference punch with an inclined taper generatrix o;=15°.

Finite element modeling was carried out in the applied complex Simullia Abaqus - student edition,
which is supplied by "TESIS" in the free access and only limits the number of finite elements in the
assembly of the model [38].

The tool and workpiece were modeled in a 3D setting by the rotation method. Moreover, since the
problem is axisymmetric, % share of the part and the punch participated in the assembly. To imitate
the deformation process in each problem, a velocity equal to v=2.5 mm/sec directed along the axis of
the cylinder was applied to the punch, which was represented as an undeformable solid [39, 40]. Also,
the loading conditions were modeled by setting boundary conditions in displacements, while the lower
end of the workpiece was fixed during the entire loading period, which modeled a rest against a rigid
base, the ends of the workpiece were limited in displacements along two axes and rotations also along
two axes, and on the side surfaces and the upper end were restricted in rotation around the axis, which
coincides with the axis of symmetry of the workpiece..One of the main assumptions of the problem
was the friction between the workpiece and the tool, which was taken in mechanical constants in a
kinematic formulation with the final formulation of the contact and the coefficient of friction equal to
k= 0.1. The coefficient of friction was chosen on the basis of the data of works [15, 18, 36], as well as
production experience when distributing cylindrical billets made of aluminum. It takes this value when
lubricating tools with industrial oil.

When generating a finite-element grid for the tool, the free method of its construction was
determined and the element type R3D4 was selected, setting the bilinear order of the element that is
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contained in the standard library from the category of solid quadrangular ones. A hexahedral form was
chosen for the workpiece, expansion was taken as the method of its creation, element C3D8R with the
linear order from the standard library, category 3D Stress, i.e. operating in all three directions across
the whole volume was selected.

3. Results

The results of modeling the expansion process are shown in figures 2, 3, 4, 5. The figures contain
diagrams of stress fields according to Mises, displacements of the upper edge of the workpiece and
logarithmic deformations of the end of the cylinder at the end of the working stroke of the tool for
each standard size of the punch.
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Figure 2. Diagrams of deformation parameters at the end of the punch working stroke with alow tooth
arrangement: a) stress distribution according to Mises; b) displacement distribution; c¢) distribution of
logarithmic deformations.
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Figure 3. Diagrams of deformation parameters at the end of the punch working stroke with a middle
tooth arrangement: a) stress distribution according to Mises; b) displacement distribution; c)
distribution of logarithmic deformations.
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Figure 4. Diagrams of deformation parameters at the end of the punch working stroke with a middle
tooth arrangement: a) stress distribution according to Mises; b) displacement distribution; c)
distribution of logarithmic deformations.

35, Mises U, U3 LE, LE33
(Avg: 75%) +3.926e+00 (Avg: 75%)
+8.247e+07 +3.597e+00 1+2.446e-01
+7.75%9e+07 +3.268e+00 +2.133e-01
+7.272e+07 +2.938e+00 +1.821e-01
+6,7842+07 +2.609e+00 +1.508e-01
+6.2076+07 +2.279e+00 +1.196e-01
+5.809e+07 +1.950e+00 +5.832e-02
+5.322e+07 +1.6202+00 +5.7072-02
+4.534e+07 +1.291e+00 +2.581e-02
+4.347e+07 +9.6138-01 -5.443e-03
+3,859e+07 +6.319e-01 -3.670e-02
+3.371e+07 +3.024=-01 -6.795e-02
+2,884e+07 -2.702e-02 -5.921e-02
+2.396e+07 -1.305e-01
Y Y Y
Abac ODB: al Abac Abac
XJ—’ z - XOL» Z  Step: aNEE K.L. z : :
Increment 2577 ep Time Increment 25775 1llep Time “gllep Time

Primary Var: LE, LE3

Primary var: U, U3

a) 6) B)

Figure 5. Diagrams of deformation parameters at the end of the punch working stroke of the reference
punch: a) stress distribution according to Mises; b) displacement distribution; c) distribution of
logarithmic deformations.
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Comparison of the given diagrams reveals that the greatest Mises stresses affect the edge part of the
tubular workpiece in all variants, except for expansion by a punch with the tooth located in the center
of the tool. Here the middle part of the semi-finished product is subjected to the greatest stresses. The
largest value of equivalent stresses according to Mises 6i=86.2 MPa belong to the workpiece, which is
deformed by a punch with a low tooth arrangement, the workpiece that is deformed by a punch with an
upper tooth arrangement has the smallest value — 6=80.6 MPa. The movement of the end of the
workpiece in the direction perpendicular to the axis is the greatest for the workpiece, which is
deformed by a punch with a middle tooth location U = 4.5 mm, the smallest - U = 3.92 mm is for the
workpiece, which is expanded by the reference punch. The largest logarithmic deformations, which
indicate a decrease in the thickness of the workpiece, occur, as expected, at the end. The workpiece
end loaded by the reference punch is subject to the greatest deformations € = 0.13, the end of the
workpiece which is deformed by a punch with an upper tooth location is subject to the smallest
deformations & = 0.086.

Also, an interesting result of the research consists in the fact that during expansion by a punch with
a step in the middle of the generatrix, the zone of the middle part of the workpiece is subject to the
highest equivalent stresses according to Mises, where 6=85.7 MPa, while at the end, where the
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greatest stresses are to be expected, they are less than 6;=67.4 MPa. This indicates that the semi-
finished product receives the main deformation of the expansion in the middle zone, passing the step
of a sharp increase in the diameter, and when approaching the upper end of the punch practically does
not experience plastic deformations. As figure 3 demonstrates, the edge section of the semi-finished
product does not come in to contact with the punch wall, having received a greater expansion at the
punch step. This is evidenced by the largest displacement of the end face U = 4.5 mm.

4. Conclusions

The research results presented in the previous section lead to certain conclusions. The nature of the
Mises stress distribution, where the highest stresses act on the end of the semi-finished product, is
similar for all loading options, except for deformation by a punch with a step in the middle part of the
conical surface generatrix. However, their value is not the same. For a punch with a step at the top, it is
2% less, and for a punch with a step at the bottom, it is 4% more in comparison with the results of
deformation by the reference tool. The displacements of the end surfaces of the workpiece, which
indicate its increase in diameter, are practically equal to U~4.0 mm, except for deformation by a punch
with a step in the middle part. This suggests that the workpieces receive the planned degree of
expansion with the coefficient k =1.38 and the semi-finished product end bears against the tool at
the end of the working stroke. This result does not apply to the above case. However, the logarithmic
deformations acting in the radial direction and indicating a decrease in the thickness of the workpiece
differ significantly from each other. For a punch with a step at the top of the generatrix, they are 32%
less, and for a punch with a step at the bottom, they are 18% less compared with identical
deformations obtained with the reference punch. This fact indicates the positive effect of the step on
the amount of thinning in the dangerous section of the workpiece. The step of a sharp change in the
diameter of the tool creates a sharp jump in stresses during deformation, which imitates the support of
the end of the workpiece, which leads to an increase in the thickness of the end part of the semi-
finished product. This fact will make it possible to use the stepped punches for expansion within the
established intervals of a steady expansion process. The next stage of research can include the
modeling of the expansion with a stepped tool beyond the boundaries of the process stability, so the
thickness margin of the workpiece metal makes it possible to predict such a possibility.

As for the results of the research on loading with a punch with a step in the middle part, a decrease
in stresses at the end of the workpiece at the end of the working stroke is of interest. In this case, the
logarithmic deformation in the radial direction at the end is 19% less than in the reference version.
This indicates presence of a rest on the side of the step, but it is not as effective as a punch with a step
at the upper part.

The following recommendations could be given for production: use punches with a step at the top
for distributing the ends of pipe blanks. This tool design gives the best result in terms of increasing the
thickness of the finished part at the end. This, in turn, can reduce the weight of the structure, since the
initial blank will be thinner.
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