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ABSTRACT

The paper discusses the cold forging process of a hollow ball made of aluminum alloy. The forging is carried out in
dies with a closed cavity, and the billet is shaped like a tube. Two forging schemes are considered. The first scheme
is the primary way of forming from a tubular billet, in which the wall deforms freely and is subject to buckling.
The second scheme involves the use of an additional tool in the form of a deformable insert consisting of two rings
to counteract the uncontrolled deformation of the billet wall. Experimental and theoretical analysis was carried out

to compare the progression of forging shape, strain, forging force and stress.
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INTRODUCTION

Products with spherical shapes have applica-
tions in almost every sector of the industry. For
example, solid balls are commonly used in bear-
ings and mills, hollow balls are used in valves, and
other spherical products are components of many
mechanisms [1], e.g. they are used in subassem-
blies of motor vehicles. Balls are made of vari-
ous materials, with metal products being either
cast or shaped by forming methods or even made
by machining methods. Narrowing the consider-
ations down to the metal forming methods shows
that solid balls are forged [2] or rolled [3, 4]. Hol-
low balls are also formed by die forging and roll-
ing, but are also successfully shaped by rotary
compression [5, 6]. As a rule, these processes are
carried out under hot-forming conditions [1], but
products of this type can also be warm formed [3]
or cold formed [7]. The most significant techno-
logical challenge is the shaping of hollow prod-
ucts. Samotyk [2, 7] and Agustin et al. [8] dis-
cussed known methods of making hollow balls, in
which the inner surface is formed either freely or
using a mandrel. Typically, simple mandrels made
of non-deformable materials are used [6], which
should be removed from the shaped hollow ball.

Flexible mandrels [2] can also be used, which can
be made of elastomer or even plastic materials.
In such cases, it is recommended to carry out the
forming of the hollow ball in cold working con-
ditions. The advantage of using flexible mandrels
or inserts is obtaining a concave inner surface of
the hollow ball. Graf et al. [9] showed that using
the so-called of deformable cores instead of rigid
straight mandrels or ever-flexible mandrels may
be preferable in many cases of forming process.
An aluminum can be used as a deformable core
during hot forging of hollow parts, while during
cold-forming, low-melting alloys can also be used
to make such cores or other inserts [10].

The process of forging hollow balls has sever-
al limitations that narrow the ranges of permissible
values of final product dimensions. The basic lim-
itation is the buckling of the workpiece wall. The
phenomenon of this buckling is discussed, e.g. on
the examples of forming cylindrical products [11]
and spherical [12]. On the other hand, the types
of defects of hollow balls appearing during forg-
ing in conditions conducive to wall buckling were
also discussed in the work [7] by Samotyk et al.
In another work [2], it was shown that a deform-
able insert is an effective way to counteract this
type of limitation in forming spherical products.
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Therefore, this paper continues the authors’
work on this issue. The aim of the presented re-
search is to compare two methods of forging a
hollow ball — without the use of a deformable
insert and using a properly profiled insert. The
current paper presents only selected results of ex-
tensive own research. The shape and proportions
of the insert are the result of this research. The
scientific purpose of the paper is to explain the
phenomenon limiting the forming of the correct
forging external outline, to relate this phenom-
enon to stress and strain, and to explain the effect
of using an insert. It also aims to demonstrate the
indirect role of using an insert on the change of
stress and strain in the material.

CHARACTERISTICS OF THE
FORGING PROCESS

The subject of the research is the cold forging
process of a hollow ball forging made of alumi-
num alloy EN AW 6063 (according to PN-EN 573-
1:2004). The process is carried out under laboratory
conditions using dies of closed design and without
the use of additional rigid tools such as mandrels.
A ball forging with a diameter of &30 mm and an
average wall thickness of 1.8 mm is formed from a
tubular billet with an external diameter of 27 mm,
a height of 29 mm and a wall thickness of 1.8 mm.
The top die moves at a constant speed of v = 1.67
mm/s until the cavity is completely closed. This
scheme of the forging process is shown in Figure 1a.

In the other hand, Figure 1b shows the second
variant of the forging process being analyzed. In
this variant, a deformable insert is placed inside the
tubular billet, consisting of two rings with a diam-
eter of J23.4 mm, a height of 14 mm and a wall
thickness of 4.5 mm. These rings have one-sided
bevels, which are shown and dimensioned in Fig-
ure 1b. The insert is made of Wood’s alloy, i.e. low-
melting alloy TBC12, which has a melting point of
approximately 98 °C. The choice of this material
is due to the following characteristics: good form-
ability, ease of manufacturing (it is an alloy with
good castability and zero shrinkage) and ease of re-
moval of the deformed insert from the forged ball
(by melting when the insert with forging are heated
to a temperature exceeding 100 °C). It should also
be noted that the shape and dimensions of these
ring bevels are the result of the optimization car-
ried out for the effectiveness of the deformable in-
sert’s effect on the ball forging process.
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Fig. 1. Schematic of the forging process of a hollow
ball with a diameter of &30 mm using only two dies (a)
and using a suitably shaped deformable insert as an
additional tool (b)

NUMERICAL CALCULATION OF
THE FORGING PROCESS

The numerical analysis was carried out using
the Deform-3D software program, which used
FEM modelling. The tools were modelled as rigid
objects, with the upper die moving at a constant
velocity of v =1.67 mm/s, which is in accordance
with experimental conditions. The workpiece
was modelled as a rigid-plastic object. Geometric
symmetry was used in the modelling, i.e. only half
of the billet was discretized, as shown in Figure 1.
Approximately 100,000 tetragonal elements were
used for this discretization. A model representing
the EN AW 6063 alloy was used to describe the
behavior of the workpiece material, which is in
the form of a constitutive equation [2, 7]:

ap = 949(0.0001 + ¢9)024% -

1
- exp(—0.5209 @) 1358 M
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where: op — yield stress;
¢ — effective strain;
@ — strain rate.

This model is determined for cold forging
conditions at room temperature, where the influ-
ence of thermal phenomena is negligible.

For the analysis of the ball forging variant
using a deformable insert, the numerical model
consisted of three rigid-plastic objects. One ob-
ject represents the billet while two further ob-
jects represent the two inner rings (Figure 1b).
Again, geometric symmetry and tetragonal ele-
ments were used to discretize the volume of these
rings representing the deformable insert. Assum-
ing that the insert material is TBC12 alloy (Bi-
Pb25Sn12Cd12), the constitutive Equation 2 was
used to describe its behavior under load:

0p =109.5¢"* - exp(—0.36¢) ¢*'*
cexp(—0.22¢- 2.6p)

(1

where: the same designations as in Equation 1.

t=23s

It should be mentioned that these equations
were obtained in our own research, which was dis-
cussed in detail in an earlier paper of our own [2].

The Coulomb friction model was used to de-
scribe the contact conditions between deformable
objects and rigid tools, assuming a friction coef-
ficient of ¢t = 0.12. This corresponds to the lubri-
cation conditions found in the experimental tests.
On the other hand, between the billet and the de-
formable insert, the friction coefficient was pu =
0.09. The friction coefficients were determined in
a ring upset test between anvils made of the same
material as the billet, deformable insert and dies.

Figure 2 and Figure 3 show the simulation re-
sults in terms of shape progression and effective
strain distribution. In the initial forging phase, a
clear compression of the upper and lower edges
of the billet is observed. This results in the forma-
tion of two holes, the diameter of which decreases
with time. At the flank of these holes, the effective
strain is greatest. When forging a ball without an
insert (Figure 2), low effective strains are observed

effective strain

05 06 07 08

9.7s

Fig. 2. Shape progression and effective strain distribution during the forging of a hollow ball without a
deformable insert — the second figure shows where the concavity of the workpiece wall is being formed

t=24s 4.5s

effective strain

0.7

Fig. 3. Shape progression and effective strain distribution during the forging of
a hollow ball using a deformable insert (description in the text)
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in the central part of the workpiece and there is a
tendency for the concave outline of the forging to
develop. The result is the inability to obtain a ball
with the correct outline. The observed phenome-
non is the beginning of buckling of the workpiece
walls, which is a process limitation. In contrast,
this phenomenon was not observed in the case
of forging with the deformable insert, as shown
in Figure 3. The flanks of the forming ball holes
interact with the rings of the deformable insert
in such a way that, in the dies parting plane, the
deformable insert counteracts the occurrence of
workpiece concave. This has the effect of obtain-
ing a ball with the correct outline and completely
eliminating the tendency for the workpiece to
buckle. The use of a deformable insert also results
in higher effective strains being observed in the
workpiece. Simulation has shown that the use of a
deformable insert meets the expectations set for it.

EXPERIMENTAL VERIFICATION

Experimental verification was carried out un-
der the conditions of the metal forming laboratory
of the Lublin University of Technology on a test
stand equipped with an Inston testing machine
with a maximum pressure of 1 MN. The tool set
shown in Figure 4 was used for the tests. This fig-
ure also shows the shape of the billets and inserts,
which were made under the same assumptions as
in the FEM analysis. The aim of the experimental
verification was to validate the numerical model
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of the forging process. All boundary conditions
assumed during modelling were retained.

First, the shape and dimensions of the resulting
forgings were compared with the FEM results. The
comparison showed satisfactory qualitative agree-
ment. Quantitatively, the differences between the
individual dimensions (i.e. ball diameter, ball hole
diameters, forging height) were within 12%. The
resulting forgings in the experiment are shown in

.
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Fig. 4. Photograph of the tools used in the experimental
verification and the shape of the samples (the billet
from which the ball is obtained and the rings from
which the deformable insert is created)
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Fig. 5. Shape progression of forged ball forgings without deformable
insert (a) and with insert (b) — description in the text

56



Advances in Science and Technology Research Journal 2023, 17(4), 53-60

Figure 6. In the case of forging the ball without
using a deformable insert (Figure 5a), it was ob-
served that, as in the simulation, the shape of the
ball forging strongly deviates from the expected
outline. The side surface of the ball is slightly
concave. It was also observed that further upset-
ting does not lead to pronounced buckling and that
the final shape of the ball is consistent with that
obtained in the numerical calculation (Figure 2).
These observations fully confirm the validity of
the FEM model. A similar agreement between the
calculations and the real results was observed in
the case of forming with a deformable insert (Fig-
ure 5b). In this case, the formation of an outflow
in the plane of the die parting was not observed
(as in FEM — Figure 3), despite the fact that the
deformable insert clearly pushes the side wall of
the workpiece outside the die cavity. The closing
of the dies counteracts the creation of flash.

Force parameters were also compared. A
comparison of the forming force is shown in
Figure 6. Initially, the measured force is slightly
higher than the calculated force. In the case of
ball forming without deformable insert, there is
a time when this force is even lower. Towards the
end of the forging process, the real force increases
sharply, which is related to the closing of the dies.
Nevertheless, the real force oscillates within the
calculated force, keeping the same tendency. This
observation allows us to conclude that qualitative
and quantitative agreement is maintained. The
observed differences are due to the fact that dur-
ing FEM modelling, the friction conditions are
fixed (a constant friction coefficient value was

Fig. 6. Comparison of the forming force calculated
in FEM and measured experimentally during the ball
forging without deformable insert (a) and with insert (b)

assumed). In reality, the coefficient of friction is
not constant, which is confirmed by visual inspec-
tion of the working surfaces of the tool’s cavity
(Figure 4), which show traces of wear (after doz-
ens of forging tests). Figure 6b also shows a pho-
tograph of a cross-section of an real ball forging
obtained under experimental conditions.

COMPARISON OF TWO SCHEMES OF
HOLLOW BALL FORGING PROCESS

The main problem of forging process of a hol-
low ball without the use of a deformable insert
is the difficulty of maintaining the expected wall
outline. The solution to this problem is to use an
insert to interact with the wall of the workpiece
from the inside. In order to compare the two forg-
ing schemes, 30 tracking points were placed on
the side wall of the billet at an equal distance of
1 mm (Figure 7), which are sensors that track the
selected parameters. Point no. 1 is located at the
edge of the billet in contact with the bottom die
at the start of the forging process, while point no.
30 is in contact with the upper die. Points 15 and
16 are located within the parting plane of the die
(approximately halfway up the billet).

Figure 8 shows a comparison of the change
in the external outline of the workpiece wall (in
{r, z} coordinates — i.e. radial and axial) during
forging without the insert (line A) and with the
deformable insert (line B). This outline in the
form of a line graph is summarized for six se-
lected times t of the forging process. On the other

L Aoint no. 30

points spaced
y at1.0mm
* increments

point no. 1

Fig. 7. Arrangement of the 30 tracking points (sensors)
on the lateral surface of the billet and the cylindrical
coordinate system {r z 6} taken at mid-height of the
billet
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hand, an additional bar graph shows the Ar incre-
ments for the selected sensors for specific time
intervals of the forging process, equal to 1.5 s, i.e.
the graph in Figure 8a represents Ar increments
from 0 to 1.5 s, the graph in Figure 8b from 1.5
s to 3.0 s, etc., up to Figure 8f, which represents
Ar increments from 7.5 s to 9.0 s. In addition, the
maximum difference of these increments between
the two forging schemes A and B, i.e. the values
labelled A, ,, are included in these graphs.

It can be seen from Figure 8 that the deformable
insert fulfils its role from the very beginning of the
forging process (scheme B). At the start of the pro-
cess, the insert not only prevents the formation of a
concave wall outline, but also causes a slight out-
ward pushing of the workpiece wall in the direction
of the radius r. This phenomenon becomes more

intensive with time, and the strongest effect of the
insert is observed in the time interval t between 6 s
and 7.5 s. Considering the results shown in Figure 3,
it is concluded that the main reason for obtaining
such a favorable effect of the deformable insert on
the workpiece wall is the execution of appropriate
undercutting of the rings at the height of the dies
parting plane. The line B shown in Figure 8fis also
the preferred final outline of the ball forging.

The next Figure 9 shows the distribution of the
three components of stress measured in the sensors
for three selected moments of the ball forging pro-
cess, which is a variant without the use of an insert.
Special attention should be focused on the points
located in the vicinity of the dies parting plane, i.e.
points 11 to 20. This group of points belongs to the
lateral surface of the workpiece, which, according to
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Fig. 8. Comparison of the change in sensor coordinates representing the external outline of a forged
ball wall without (line A) and with (line B) a deformable insert — full description in the text
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Figure 8, is not concave at the selected process time.
The radial stress o has basically a neutral effect on
the observed phenomenon of the formation of the
workpiece’s side wall, since its value is close to
zero. The circumferential stress og has positive val-
ues, causing tension in this direction, but its values
are relatively small. The largest absolute values are
reached by the axial stress o, especially at points 15
and 16. This stress is compressive in nature. In sum-
mary, the reason for obtaining a non-convex lateral
surface of the ball forging is the state of stress in

the form of a slight tensile circumferential stress and
a significant compressive axial stress. The use of a
deformable insert causes a change in the stress pat-
tern around the center points numbered 15 and 16.
According to Figure 10, the role of the axial compo-
nent of the stress is minimized to that of the radial
component, while the circumferential component of
the stress og begins to play a significant role. This
stress component still has a tensile character, but its
absolute value is significantly higher than the previ-
ously mentioned cases (Fig. 10b).
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Fig. 9. Distribution of stress components in the sensors (according to Figure 7) for three selected
moments of the hollow ball forging process without the use of a deformable insert
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The arrangement of stress components shown
in Figure 9c is similar to that in Figure 10b for
points 15 and 16. This means that such an arrange-
ment of stress components favors the formation of
a convex side surface of the shaped hollow ball.
Thus, it should dominate throughout the process at
those points of the wall that are in the vicinity of
the dies parting plane. The study shows that the use
of a deformable insert consisting of two properly
chamfered rings makes it possible to achieve the
expected stress state in the formed workpiece wall.
On the other hand, the system of stress components
observed at the end of the forging process with the
deformable insert (Fig. 10c —points 15 and 16) is a
system typical of the phenomenon of the so-called
inhibition of the enlargement of the hollow ball di-
ameter. In this case, it is caused by the closing of
the dies at the final stage of the forging process.

CONCLUSIONS

A comparison of two cold forging schemes for
a hollow ball showed that the use of an additional
deformable tool in the form of a deformable insert
makes it possible to obtain a forging with the ex-
pected correct shape. The effect of this insert on the
inner wall of the shaped ball was shown to be ben-
eficial. It eliminates shape defects and prevents the
formation of a non-convex surface of the ball forging
around the dies parting plane. The favorable effect of
this insert also causes a change in the state of stress
registered on the outer surface of the workpiece. The
results also make it possible to identify this stress
state and explain its influence on the way the outline
of the forging is formed. Unfortunately, the use of a
deformable insert causes an increase in the forming
force, at least twice. Based on the results presented,
the following final conclusions can be drawn. In or-
der for the deformable insert to fulfill its purpose, it
must have the right shape and dimensions in relation
to the dimensions of the charge, with the key feature
of this shape being the implementation of special un-
dercuts (chamfers) at the height of the dies parting
plane. In order to obtain a convex outer wall surface
in the formed forging, the deformable insert must
induce a favorable state of stress in this wall at the
height of the dies parting plane, i.e., the circumfer-
ential stress component must have a tensile character
with a value as large as possible, the absolute value
of the axial component (which is inherently com-
pressive) should be as close to zero as possible, while
the radial component (which is inherently close to
zero) does not play an important role in this problem.
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