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Abstract: The paper considers a three-stage technology for angular rolling of the pipe workpiece. This
technology facilitates the expansion of the range of flange parts available by eliminating a number of
drawbacks of the known methods of metal forming. In the presented paper, we analyze the results of
numerical calculations and experiments, as well as the effective deformation values in blank material,
using computer simulation in the DEFORM-3D software package. The results of the computer
simulation were reached taking into account experimental studies of the rheological properties of
copper alloy L68 in the form of a strain hardening curve using the Instron-8850 complex. The results
of the ratio of basic geometric dimensions expanded the range of flange parts under investigation
and allowed us to consider angular rolling technology with a variable angle of inclination of the
rolling roll from a three-stage perspective, especially in small-scale production.

Keywords: flanged parts; rolling out; metal deformation; DEFORM-3D; copper alloys; rheological properties

1. Introduction

In various industries, hollow axisymmetric parts with a developed flange are widely
used, for example, in machine-building, metallurgical, gas, oil, refrigeration, electrical
engineering, construction, etc. The range of these parts is very diverse and is regulated
by various standards in our country and abroad. Parts with flanges provide reliable
connections in hydraulic drives for various purposes, docking of parts in engineering
products, LockRing connections in pipelines, and are the main element of structural
passages that protect hydraulic and electrical communications from destruction. There
are various manufacturing techniques for flange parts, including injection molding, hot
forging, machining, but most of them are not distinguished by high metal utilization [1–4].

Casting is considered to be one of the simplest ways to obtain parts, the distinguishing
feature of which is the presence of a sandy or metallic form to which molten metal is fed.
The use of overpressure facilitates the filling of mold or liquid with liquid metal. However,
the parts obtained are characterized by uneven mechanical properties and require time-
consuming finishing operations, such as knocking, chipping, cleaning and the cleaning
of castings.

Traditional hot die forging is economically unprofitable due to low serial production,
as well as large allowances that increase the complexity of subsequent machining.

Another way to obtain axisymmetric thin-walled parts is mechanical processing. This
method allows you to produce parts of various forms, but it is characterized by high labor
intensity and the significant waste of metal into chips, which only makes the application of
the method appropriate in single and pilot production [5,6].

Therefore, the most effective ways of obtaining such parts are the methods of volumet-
ric shaping, such as traditional upsetting, rotary forging, orbital forging, radial extrusion,
and axial rotary forging, allowing parts to be obtained with sufficient accuracy, practically
without the loss of any material [7–9].
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Axisymmetric parts with flanges located at some distance from the rotary forging
(Figure 1) deserve special attention when choosing technology for their manufacture, due
to the wide range of changes in the ratios of the main dimensions, which do not allow these
products to be produced using one universal technology. Flange geometry is characterized
by the basic flange: l is the length of the sleeve part to the flange, b is the flange width, and
s is the wall thickness of a pipe workpiece (Figure 2).
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Figure 2. Sketch of the Flange part.

In contrast to traditional upsetting [10], angular rolling technology has replacement
deforming rolls, which have local contact with the workpiece. It can produce forces
used for deformation in angular rolling that are much lower than in traditional upsetting.
This means angular rolling technology exhibits the significant advantage of producing
axisymmetric parts with a developed flange and good properties.

The use of rotary forging and cold orbital forging technologies with the force on the
tool directed along the axis of the workpiece makes it possible to only obtain developed
flanges from the rotary forging of the workpiece, effectively directing the flow of metal
in radial forming [11,12]. Additionally, the direction of the deforming force in angular
rolling technology coincides with the angle of dip of the roll to the axis of the workpiece.
Moreover, the wider range of possibility when changing the angle of dip of the rolls at each
stage of rolling allows for more effective control of the flow of the metal of the workpiece
in both the radial and axial directions. This means that angular rolling technology exhibits
a significant advantage in the production of axisymmetric parts with a developed flange
located away from rotary forging.

Radial extrusion technology makes it possible to obtain a flange at almost any part of
the pipe workpiece. However, the set of the required volume of metal to form a flange with
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a size ratio b/s ≤ 4.1 will require at least 4–6 transitions and is accompanied by defects [13],
such as cracking, foldings, and loss of workpiece stability.

Choice of the rolling pattern is determined by the ratio of the height of flange h,
the width of flange b, and the length of the sleeve part l to the wall thickness of the
pipe workpieces.

For the production of parts with a developed flange in the rotary forging part with a
ratio of sizes b/s ≤ 8.1, h/s ≤ 1.7, and l/s ≤ 1.2, face rolling schemes are used, for example,
1 and 2 in Figure 3. For the manufacture of parts with a flange significantly remote from
the rotary forging of the workpiece, technologies 3 and 4 in Figure 3 should be used. It
should be noted that this work has only determined the technological capabilities of five
processes of cold volume forging for parts with flanges (Figure 3). This is because the other
processes known do not extend to the nomenclature of the selected type of flanges.
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production according to the cross wedge rolling scheme.

There have been no reports so far on the application of cold forming metals technolo-
gies for the production of flange parts with a range of basic geometric dimensions b/s ≤ 5.4
and l/s ≤ 3.8. Production of this type of flanged part on the basis of a pipe workpiece
requires a combined solution of volumetric metal distribution both in the radial direction,
to form a developed flange of the required geometry, and in the axial direction, to form the
sleeve portion.

The aim of this work is to develop three-stage angular rolling technology for a pipe
workpiece, expanding the range of flanged parts obtained by controlling the flow of metal
at each stage of forming by changing the angle of the rolling rolls. The parts under study
involve the volumetric distribution of metal in both the radial and axial directions. This
makes them difficult to form in one step of rolling. This research aims to propose an
approach to the design technology of the cold angle rolling of a pipe workpiece in three
stages to obtain parts with a developed flange located away from rotary forging.

The use of modern computational tools has become a powerful tool for evaluating new
technologies and optimizing them [14–16]. Computer simulation of the cold angle rolling
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of a pipe workpiece in three stages with different angles of dip of the deforming roll makes
it possible to predict the probability of rejects and choose optimal process parameters. A
three-dimensional (3D) finite element (FE) [17–20] model of the cold angle rolling of flange
gear is first constructed. Then, the processes of cold angle rolling in three stages at different
angles of dip of the rolling roll are simulated, and the parameters of the main geometrical
dimensions of the flanged parts are investigated. Finally, the angles of dip of the rolls
at each stage of rolling are optimized, and the range of ratios of the main geometrical
dimensions is determined. Experiments are also carried out, as well as the design approach
for cold angle rolling technology to produce parts with a developed flange located away
from rotary forging. Effective strain values in the workpiece material are analyzed, and the
results of numerical calculations and experiments are compared.

2. Materials and Methods

Cold corner rolling technology has been developed [21] with the intention of man-
ufacturing axisymmetric parts from bar and pipe workpieces. This technology refers to
the processes of metal forming with a local focus on the deformation of the metal being
processed. Only part of the workpiece is in contact with the deforming tool, which reduces
the contact area, the magnitude of the contact stresses, and, accordingly, the necessary
deformation force. The material used was L68 brass, a copper-zinc alloy, processed by
the method of melting, the chemical composition of which is given in Table 1. Distinctive
features of the alloy brass L68 are the flexibility of deformation in a cold state, high ductility,
and corrosion resistance. The main mechanical properties of the alloy L68 at a temperature
of T = 20 ◦C are tensile strength σb = 450–500 MPa, yield strength σs = 80–103 MPa, and
relative elongation δ = 40–45%.

Table 1. The chemical composition of brass in mas.% L68 (according to GOST 15527-2004), analogue
American C26800, German CuZn33.

Alloy Cu Fe P Pb Sb Bi Zn Impurities

L68 67-70 0.1 0.001 0.03 0.005 0.002 rest 0.3

Computer simulation of a three-operational technological process for manufacturing
a flange part was carried out with the software package DEFORM 3D (DEFORM V12.0,
Scientific Forming Technology Corporation, Columbus, OH, USA) [22,23]. To simulate
the assembly of a rolling unit, we used SolidWorks software (SolidWorks 2020, Dassault
Systèmesm SOLIDWORKS Corp., Waltham, MA, USA). The assembly modeled in it was
saved in the stl format and loaded into DEFORM 3D (Figure 4). A cylindrical workpiece
with a stepped outer surface with diameters of Ø = 45 mm and Ø = 35 mm and an internal
hole of Ø = 25 mm, with a height of 45 mm, was deformed according to the scheme of
angular rolling with a roll with a diameter of Ø = 150 mm. The ejector in the form of a rod
has a diameter of Ø = 25 mm, a cylindrical matrix with an outer diameter of Ø = 80 mm and
inner diameter = 35 mm. Based on the fact that the rolling process is accompanied by large
plastic deformations, the Siebel friction law was specified on the contact surface (in the
DEFORM package, the Siebel friction law corresponds with the Shear model). The friction
index was taken to be 0.15, and the temperature of the workpiece and the tool was 20 ◦C.
The model of the workpiece environment is defined as rigid plastic with hardening. The
rheological properties of the copper alloy L68 were set in the form of a strain hardening
curve at various strain rates, obtained experimentally on the «Instron—8850» complex
(the study was conducted in «Peter the Great St. Peterburg Polytechnic University», Saint-
Petersburg, Russia). The number of finite elements of the workpiece is more than 60,000,
and in the volume of the deformable part of the workpiece, a special area was created with
a denser mesh, and the tool environment model was rigid. The deforming roll feed was
0.5 mm/s, and the rotation of the roll was due to friction on the contact with the workpiece.
In the Rotation section, the torque parameter was chosen, and the value was set to 0.01 N·m.
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The rotation (angular) velocity values of the matrix, ejector, and the inner surface of the
workpiece were 7 rad/s.
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3. Results

To solve the problem of the production of parts with flanges significantly removed
from the rotary forging of the workpiece, a new rotary technological process of corner
rolling is proposed in three stages. Deformation of the workpiece is carried out with
translational movement of the tool and the synchronous rotation of the workpiece and the
tool due to the contact forces of friction between the surfaces of the tool and the workpiece.
The first stage (Figure 5a) involves rolling a truncated cone on the rotary forging of the
workpiece with the roll angle β1, equal to 30◦, which ensures the flow of metal in both
radial and axial directions. If the angle of dip of the rolling roll is less than 25◦, the metal
actively flows only in the radial direction, which does not allow for the formation of the
required sleeve part of the detail. At angles of dip β1 of the rolling roll at the first stage of
rolling, exceeding 35◦, the metal flows mainly into the sleeve part. As a result, at the third
stage of rolling, the part is formed with a flange not exceeding the diameter of the rolled
section of the original workpiece.

In the second stage (Figure 5b) the position of the roll is changed to an angle β2 equal
to 15◦, and the preformed flange is formed. At angles β2 of less than 10◦, the metal flows
preferentially in the radial direction. At angles β2 greater than 20◦, flanges are not formed
at full volume in the third stage of rolling, due to the active flow of metal in the axial
direction. At the third (final) stage, the contour of the flange part is formed by selecting
the geometry of the rolling roll at an angle α to the axis of the workpiece, equal to 45◦

(Figure 5c). At angles of dip of the rolling roll equivalent to α, less than 40◦ of the sleeve
part of the detail will remain unformed. At angles of dip α over 70◦, flanges are not formed
in full profile.
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Figure 6 shows that the flange part obtained by the method of cold angle rolling in
the physical experiment and computer simulation with the same modes and angles of dip
of rolls are comparable, which confirms the feasibility of the approach for the design of
new technology in the DEFORM 3D program, proposed in this research. The above results
show that the choice of the angle of dip of the rolling roll at each stage of rolling determines
the direction of metal flow forming the flange part of the detail in the radial direction and
the sleeve part in the axial direction. From there, it shows their influence on the limits of
the shaping of the studied type of flange parts, which should be optimized for each stage
of rolling. At the first stage, 5b, the truncated cone is rolled at the rotary forging of the
workpiece with a rational range of angles β1 constituting 25◦ ≤ β1 ≤ 35◦. In the second
stage of (Figure 5c), the position of the roll changes by an angle β2, and a pre-shaped flange
is formed. The rational value of angle β2 is in the range of 10◦ ≤ β2 ≤ 20◦. In the third
(final) stage, a roll with a profile of the manufactured part at an angle α to the axis of the
workpiece (Figure 5d) forms flange parts of the required shape. The rational values of
angle α are equal to 45◦ ≤ α ≤ 75◦. The optimized values of the angles of dip of the rolling
rolls at each stage of rolling allow for the production of flange parts with a range of the
ratios of the main geometric dimensions b/s ≤ 5.4 and l/s ≤ 3.8, which unambiguously
expands the range of production of the studied type of flange parts.
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angles of dip of rolling rolls: (a)—the first stage of rolling; (b)—the second stage of rolling; (c)—the third stage of rolling.

The manufacturing technology of flange parts was implemented on the basis of a
DIP 300 (1M63) lathe with a nominal force of 150 kN. The rotational speed of the machine
spindle is 60 rpm. Feed roll—1.0 mm/rev. (at the beginning of the rolling process) and
about 0.1 mm/rev. (at the end of rolling). The working area of this press is shown in
Figure 7. The characteristics of the working area of the experimental stand allow you to roll
out parts with a diameter of up to 200 mm and use blanks with a height of up to 180 mm.
Lubrication of the contact zone of the roll with the workpiece is carried out by pouring oil
«Industrial-20». Experimental testing of the technology was conducted in the conditions
«Machine-Tool Plant» (Kirov, Russia).
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The pipe workpiece with a height of 50 mm and the diameter of the deformable section
of 45 mm, with a wall thickness of s = 10 mm, was deformed according to the scheme of
angular rolling in three stages. Due to the choice of the angle of the roll from the range
of rational values, it was possible to create favorable conditions for metal flow both in
the radial and axial directions. This will make it possible to manufacture defect-free parts
with well-developed flanges that are far from the rotary forging in the range of the ratio
of the main geometrical dimensions b/s ≤ 5.4 and l/s ≤ 3.8 (Figure 8). Loss of stability
and occurrence of defects in the form of cracking, chinking and folding with a relative
elongation of the material not less than 30% was not observed. Roughness values of rolled
surfaces correspond to grades 6a,b (1.84...1.26 Ra) according to GOST 25142-82. The rolling
time of the flange part was three stages of 40–55 s. During the experiment, 25–30 flanged
parts were produced.
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was made of the effective strain values in the workpiece for all three stages (Figure 10) 
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Figure 8. The finished part.

The energy-power parameters of the process were measured on the experimental
stand. Measurement results were recorded on a H115 light-beam oscilloscope with a TA-5
amplifying strain gauge. Resistance sensors are assembled according to a half-bridge
circuit. The ring mesdose was calibrated with a reference dynamometer of DS-150 kN.
The dependences of deformation forces P on the movement of the roll at the three stages
of flange rolling are shown in Figure 9, where the maximum roll force is 92 kN. The
deformation force did not exceed the nominal force of the experimental stand—150 kN.
Figure 9 shows the experimental curves of the deformation force of the workpiece at three
stages: 1—at the third stage of part rolling; 2—at the second stage of part rolling; 3—at the
first stage of part rolling.
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Figure 9. Dependences of deformation forces P at the obtained confidence intervals on the movement
L of the work roll during part rolling.

According to the results of the computer simulation of the rolling process, analysis
was made of the effective strain values in the workpiece for all three stages (Figure 10) [24].
The highest value of effective strain is observed in the hollow of the flange in the second
and third stages (up to 3.7). In this zone, the stress state is close to the state of non-uniform
all-round compression, and therefore, discontinuity of the metal in this zone is unlikely.
A relatively small effective deformation is observed near the lower base of the formed
truncated cone in the first stage, as well as in the upper part of the flange after the third
stage. In these zones, predominantly tensile stresses act, which can lead to the appearance
of defects [25] in the form of cracks if we continue the process of rolling.
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Figure 10. Distribution field of effective strain values of the workpiece at three stages of its deformation: (a)—the first stage
of rolling out, angle of rolls β1 = 30◦; (b)—the second stage, β2 = 15◦; (c)—the third stage, α = 45◦.

4. Discussion

The proposed promising, new method of the angular rolling of pipe workpiece pro-
vides a stable process for forming flange parts in the ratio of the main geometric dimensions,
b/s ≤ 5.4 and l/s ≤ 3.8, with a relative elongation of the workpiece metal of more than
30%. Cold angle rolling expands the nomenclature of the studied type of flanged parts and
allows us to consider the promising technology of angle rolling with variable angles of the
rolling roll at three stages, especially in small-scale production.

Numerical calculations in the program package DEFORM 3D made it possible to
evaluate the formation of flange relief at any time, as well as to establish a rational range
of angles of dip of the rollers at all stages of flange part shaping. For the first stage, β1 is
25◦ ≤ β1 ≤ 35◦; the values of angles β2 in the second stage are 10◦ ≤ β2 ≤ 20◦; and the
range of angles α in the third stage is 45◦ ≤ α ≤ 75◦.

The results of the experiments and computer simulation show that the technology of
corner rolling in three stages eliminates a number of disadvantages of the known methods
of metal forming in obtaining the type of parts being investigated, i.e., avoiding the loss
of stability of the workpiece and overcoming a number of defects in the form of sinks,
fractures, folds. Additionally, the creation of favorable conditions for the flow of metal
and the elimination of the causes of defects by changing the angle of inclination of the roll
increases the plasticity resource of the workpiece in areas with predominant tensile stresses.
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