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Abstract

This paper investigates a cold forging process for producing hollow balls made of an aluminium alloy. The forging with an
outside diameter of 30 mm is formed from a tube section with a 2-mm wall thickness. Preliminary tests have shown that in
traditional die forging, the use of a billet with such a small relative thickness not only limits the range of applicable geometric
parameters but also causes buckling. The authors propose to solve this problem by using an additional tool that has an active
effect on the inner surface of the workpiece, and thus makes it possible to control the forging process conditions. The tool is a
plastic insert, i.e., an additional flexible core made of a low-melting alloy. Theoretical and experimental results presented in this
paper provide a considerable insight into the cold forging process for thin-walled hollow balls. The effects of the plastic insert
geometry and dimensions on the forging process are also examined. A solution is proposed to ensure that the forged part meets all

requirements.

Keywords (Thin-walled) hollow ball - Die forging - Cold forging - AIMgSi0.5 alloy - Plastic insert

1 Introduction

In the era of energy-saving technologies, machine compo-
nents characterized by low weight and high relative strength
are of vital importance. This group of machine components
undoubtedly includes hollow products [1-3] that are “empty
inside” during and after the forming process. Hollow products
can generally be divided into thick- and thin-walled parts [4].

Thick-walled parts are easy to form. There are numerous
effective techniques for manufacturing such products. These
include both forging methods [4—6] and rotary forming
methods, e.g., [1, 7, 8]. Technological problems arise when
forming thin-walled parts [4]. The authors suggest dividing
thin-walled parts into two groups, depending on whether their
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wall thickness is lower or greater than 2 mm. Thin-walled
machine parts with a wall thickness lower than 2 mm can be
formed from sheet metal plates [9] or thin-walled tubes. To
this end, the hydroforming method is most often used, in
which the process stability is ensured by high-pressure liquids
[10]. An alternative to liquids is the use of flexible media [11,
12], e.g., those made of elastomers. Additional rigid tools such
as mandrels are less and less widely used [2, 13]. An alterna-
tive to the above-mentioned techniques for producing thin-
walled parts are the methods based on the lightweight design
philosophy [14—16], according to which the inside of the
workpiece is filled with some other lightweight and plastic
metal. In connection with this, it should be mentioned that this
philosophy provided an inspiration for the development of a
forging process for hollow balls proposed in this paper.

A literature review shows that hollow parts having a wall
thickness of at least 2 mm are an interesting group of products.
Such products are usually treated as typical forgings and are
usually formed from either seamless tubes or extruded solid
billets, using methods in which the inner surface of the work-
piece is deformed in a free-form manner (i.e., without the use
of'additional tools), such as compression [3, 7, 8], cross wedge
rolling, rotary extrusion [5] and extrusion [6]. Deformation of
the inner surface of the workpiece can be controlled, e.g., by
using an additional rigid tool (e.g., a mandrel) in the forming
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process such as forging [13], orbital forging [5] and rotary
compression [2]. Hollow forged parts can be produced at
room temperature (i.e., cold forged) by the hydroforging tech-
nique, which unlike classical hydroforming methods, involves
the use of flexible mandrels (made of e.g. polyurethane) in-
stead of liquids [12, 17]. However, Alzahrani [10] has shown
that hydroforging can also be effectively performed using lig-
uids. Steel forgings are often formed at elevated temperature
by the hydroforging technique according to the method de-
scribed by Chavdar [14, 15] and Goldstein [18]. This method
involves the use of an aluminium core that behaves like a
liquid when formed at temperatures above its melting point.
After the forming process, the aluminium core is not removed
but is left inside the finished product [19, 20]. For this reason,
cores are only made of light metals and alloys whose melting
points are lower than their forging temperature ranges. When
producing parts made of aluminium alloys, the hydroforging
process can be performed according to the method proposed
by Graf [21], in which a polyamide core is heated up to a
temperature at which it does not melt; at the same time, how-
ever, this temperature is below the forging temperature range.

The problem of producing thin-walled parts was also raised
by Tekkaya [16], who presented possible technological solu-
tions and discussed their features. It can be assumed that the
choice of a forming technology depends on many factors, in
particular the shape and dimensions of the finished part,
forming conditions and the possibility of preventing standard
failure modes (e.g., excessive thinning of the workpiece wall,
cracks, buckling, etc.) [3, 4, 7, 16, 17, 22]. If the deformation
resistance of a material is relatively low, the forming process
can be carried out at room temperature. Given the subject
matter of this paper, the authors focus on cold forming pro-
cesses. As it is widely known, flexible cores made of elasto-
mers can be effectively used in cold forming processes.
Unfortunately, these materials do not always exhibit the re-
quired resistance, and their characteristics (flexibility) do not
always ensure stable forging conditions. Elastomers tend to
give up accumulated energy in various ways, e.g., through
uncontrolled flow or elastic strain [11]. Following a critical
analysis of all known technological solutions, the authors
came to a conclusion that these problems can be solved to a
great extent if the cold forging process is performed using a
plastic core (insert). Matveev [23] and Sokolov [24] proposed
similar technological solutions for forging balls.
Unfortunately, the available literature does not provide de-
tailed descriptions of these solutions.

In light of the above, a fundamental question arises: What
material should this additional tool be made of? What is more,
another question can be posed: What shape should this insert
have to ensure optimal forming conditions? There are solu-
tions in which lead is used. Given the weight of lead, however,
such cores must be removed. This poses no difficulty in the
case of products with simple geometries, but becomes
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troublesome when products with complex shapes are forged,
e.g., balls. The authors propose a solution in which the plastic
insert is made of a low-melting lead-based alloy, because lead
can easily be removed from the forged part and then used
again. Alloys of this type are popular and widely used in the
engineering industry for other purposes than just as alloys for
precise casting. They are used in the manufacture of techno-
logical tools, among other things. For example, Wang [25]
used a low-melting alloy to make an additional tool (chuck)
in the cutting process for a thin-walled cover. In [26], Wang
used low-melting alloys as plastic inserts in the extrusion pro-
cess. The most important conclusion to be drawn from the
above literature survey is that the use of inserts invariably
improved the technological process conditions and reduced
the operating costs.

2 Problem description and preliminary
analysis

This paper investigates a cold forging process for producing
thin-walled hollow balls made of an aluminium alloy. It is
assumed that a ball with a nominal outside diameter D of
30 mm will be formed from a tube with an initial height 4,
and an outside diameter dj,, having an initial wall thickness g
of 2 mm. A schematic design of the analysed process is shown
in Fig. 1. The authors have decided to use the cold forging
method because it gives rise to forged parts with increased
strength due to work hardening, which is in line with the
aforementioned tendency towards producing lightweight parts
with the highest possible relative strength. Another rationale
for selecting this forming method stemmed from the need to
eliminate the operation of billet preheating, as this—given the
relatively small wall thickness of the billet—might prove in-
effective or even pointless.

A similar forging process was investigated by the authors
previously, and the results were presented in [4]. The study
investigated the formation of a steel ball from a tube for two
variants of the billet wall thickness (gg 3 mm and 4 mm). In
[27], a forging process for producing an aluminium alloy
forged part with similar dimensions was described. The above
studies [4, 27] also describe and discuss typical failure modes
in forging processes for such parts. A comparison of previous
research results reported in the cited works with the results of
preliminary studies on the analysed problem (i.e., forging
balls from a thin-walled billet) demonstrates that it is more
difficult to ensure stability of the forging process under these
conditions. This was particularly true when balls were formed
from a billet that had similar overall dimensions but a smaller
wall thickness, i.e., go was equal to 2 mm.

Figure 2 shows the forged hollow balls obtained in the
experiments carried out with the use of the equipment shown
in Fig. Ic. A tube section with the initial dimensions of dy =
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Fig. 1 Schematic design of the analysed forging process for a hollow ball: (a) beginning of the process, (b) end of the process and (¢) real view (detailed

description is given in the text)

26 mm and &y = 31.4-37.2 mm was made of aluminium alloy
AlMgSi0.5. It should be noted that the above dimensions of
the tube correspond to the boundary conditions adopted by the
authors in their previous studies ([4, 27]). As a result, it was
possible to compare the effect of changing the wall thickness
of the billet on the forging process. The results demonstrated
that a reduction in the billet wall thickness made it impossible
to forge parts with the desired shape. This was primarily due to
excessive slenderness of the billet, and in the case of billets
with smaller wall thickness, buckling would invariably occur.
In extreme cases, a total collapse of the tube wall was ob-
served locally (Fig. 2d); this defect did not, however, occur
in the balls that were formed from the billet having a thickness
ofe.g. go =3 mm [27]. It was also observed that the applica-
tion of the initial diameter dy of 26 mm and the reduction of
the tube height /4, to 31 mm (compared to the results reported
in [27]) did not significantly improve the forming conditions.
Moreover, it resulted in underfill (an example of this is shown
in Fig. 2a).

Given the results of preliminary studies and their compar-
ison with the results obtained by the authors in previous stud-
ies [4, 27], it is considered justified to conduct further research
with a broader scope. The research will have two objectives: a
cognitive one, which is aimed at obtaining extensive knowl-
edge about forming conditions in the analysed forging process
for thin-walled parts, and a utilitarian one that is aimed at

developing a technological solution enabling the production
of forgings with the desired geometry.

3 Forging process without the use of a plastic
insert

3.1 Description of the investigated process and the
proposed method

This theoretical and experimental study investigated the forg-
ing process for producing a hollow ball with a target outside
diameter dx of 30 mm from a tubular billet with an initial wall
thickness gy of 2 mm. A schematic of the analysed process is
shown in Fig. 1. The scope of analysis involved experimental
tests of forging cases for different values of the billet dimen-
sions (dy, hy) in order to verify the developed numerical model
and validate theoretical results. The experiments were carried
out in laboratory conditions using the tools shown in Fig. lc
and the Instron testing machine with a maximum load of 1
MN and a constant maximum die velocity of 1.67 mm/s.
During the experimental tests, the motion of the tools was
controlled by means of a computer program that additionally
recorded strength and kinematic parameters of the process.
Prior to feeding the billet, the die cavity was lubricated (the
chemical composition of the lubricant is a trade secret). The

Fig. 2 Examples of hollow balls formed from a tube with a thickness g, of 2 mm, an outside diameter d, of 26 mm and heights %, of (a) 31.0 mm, (b)
31.7 mm, (¢) 34.4 mm and (d) 37.2 mm, respectively (the balls shown in this figure were obtained in preliminary studies)
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billet was made of commercial aluminium alloy AIMgSi0.5 in
the annealed condition (EN Al-6060-O in compliance with the
PN-EN 573-1: 2004 standard).

A theoretical analysis was performed using the Deform-3D
software that is based on the finite element method. A geo-
metric model of the analysed forging process is shown in Fig.
3a. The model consists of two rigid objects (tools) and one
discrete object as a tubular billet that is divided into

(a)

(moved at
constant
speed)

thin-walled
billet

“'IV

it e i I f loverde
| ‘ |.| I | (rlgld Ob]eCt)
, | ,H \', \I\"
I |{ HJ [I
upper die
hollow ball
P (ax}al section)
lower die

Fig. 3 Geometric model of the forging process for a hollow ball
simulated by FEM (a) and an example of a forged hollow ball (b);
description in the text
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approximately 200,000 tetragonal elements. It was assumed
that the ball (Fig. 3b) would be forged using a hydraulic press
with the upper die velocity v maintained constant at 1.67 mm/
s. The material model of the analysed aluminium alloy can be
described by the following constitutive equation [27]:

= 949(0.0001 + )" *Sexp(-0.52090)p >, (1)

where 7, is the flow stress, ¢ is the effective strain and <,0 is the
strain rate.

In addition to that, friction was described by the Coulomb
model with the coefficient of friction between the workpiece
and the tools set equal to p = 0.24, which corresponds to the
lubrication conditions applied in the experimental tests (the
friction coefficient value was determined in previous tests).
All material data and models of simulated conditions were
obtained in previous studies, as described in [27]. In short,
Equation (1) was obtained using a self-made computer pro-
gram, with the data determined in plastometric tests of upset-
ting cylindrical samples on a testing machine under friction-
less conditions. The coefficient of friction was calculated in
ring upsetting tests.

As shown in Fig. 1a, in the analysed cases, the billet diam-
eter dy was changed from 26 mm to 29.5 mm, while the billet
height Ay was changed from 20 mm to 34 mm. Numerical
simulations were performed for the entire range of tested var-
iables. On the other hand, experimental tests were carried out
only for several selected cases to verify the numerical results.
The billet used in the experiments had an initial height 4,
equal to 26 mm or 27 mm and a diameter ranging from
27 mm to 28.5 mm that was changed every 0.5 mm.

3.2 Results and discussion

Obtained numerical results were analysed. Particular attention
was paid to the quality of a forged ball (Fig. 3b), and it was
proposed that geometric parameters be used for quantitative
assessment. These parameters, according to Fig. 4, were the
forging height /g, the wall thickness g, measured on the
parting line, and the one-sided gap 0., measured between
the lateral surface of the workpiece wall and the die cavity.
A positive value of the parameter J,,,,c describes the degree of
underfill. On the other hand, its negative value describes the
degree of flash, and is thus tantamount to the overfill caused
by the material flow between the upper and lower dies before
they come into contact. The most favourable situation is when
the value of d,,, is positive and as close to zero as possible.

It should also be emphasized that it is expected that the
forged ball will have the highest possible height /x while its
wall thickness gy, Will be as close as possible to the initial
value, i.e., go =2 mm.

Figure 5 shows the diagram with the coordinates of initial
height Ay and diameter d;, of the billet alongside a symbolic
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Fig. 4 Schematic of a forged ball obtained in FEM modelling and its

geometric parameters: height /i, wall thickness gpm and gap dpmax:
detailed description in the text

illustration of the qualitative assessment of all FEM-analysed
cases. A detailed description of the denotations used in this
figure is given in Table 1.

Generally, the FEM results demonstrate that the conditions
of the forging process for producing hollow balls can be sta-
ble, boundary or unstable. The main failure mode occurring in
this process is buckling. The additional lines in Fig. 5
representing the slenderness of the billet (%¢/d, ratio) confirm
that this ratio is important in the assessment of the stability of
the forging process.

When the forging process is carried out in favourable
(stable) conditions, two failure modes may occur and thus
prevent obtaining a ball with the desired shape (i.e., the correct
shape profile when considered in the axial plane; Fig. 3b). The

first one is underfill and the other is overfill. Underfill is
caused by insufficient deformation of the workpiece due to
incorrectly selected billet dimensions (dy, Ag) in relation to
the target diameter dy of the forged part. In turn, overfill oc-
curs when the billet diameter d|, is too big, which leads to a
premature flow of material outside of the die cavity, before the
dies even converge. From this, it follows that there are optimal
dimensions of the billet that can ensure the required shape of
the ball. The authors have assumed that if the gap §,,.x does
not exceed the arbitrarily selected value of 0.2 mm, then the
forged part is considered correct and defect-free. On the other
hand, if 6, 1s above 0.6 mm, this indicates underfill and thus
the produced shape of the forged part is undesired, with so-
called equatorial flattening, i.e., the ball profile in the axial
plane is not spherical but has a clear straight section in the
parting line area.

Examples of forged balls obtained in the experimental tests
are shown in Fig. 6. These balls can be regarded as free from
disqualifying external surface defects. Nevertheless, experi-
ence has shown that obtaining a ball with the required external
dimensions is very difficult when a billet with a relatively
small wall thickness is used. In light of the above assumptions,
the outside diameter of the ball obtained in the experimental
tests, and thus the value of §,,, is unsatisfactory, as shown in
Fig. 6. At the same time, however, the experimental results
show qualitative and quantitative agreement between the ex-
perimental and numerical results, with the quantitative differ-
ence between the key parameters of the process generally not
exceeding 15%.

A detailed list of 0, parameter values calculated in the
simulations, depending on two coefficients of billet slender-
ness (responsible for the occurrence of local or global buck-
ling [4, 22, 27]), is given in Fig. 7. This plot clearly shows that
obtaining a ball with the smallest possible value of the §,ax
gap is not an easy design task. For example, an increase in the
billet height &y requires an increase in the diameter dj.
However, the change of this diameter, assuming that the billet
thickness g is constant, significantly reduces the number of
possible combinations of /o/d,, values. One could ask why the

Fig. 5 Diagram with the » h»/d/, =08 slenderness vy = 1.0
coordinates of initial height A, .
and diameter dy of the billet i s e 9o o ® 7 N
illustrating the qualitative 29 © o / e © o o / o o w
i /P / +/P +/P G ep / wp wipp wer/| <5
assessment of a produced hollow 7 / VAl
1@ o (@) 000 @) ® / (©) @) 8 5
part (SCC Table 1) i s ) L 4+ 44+ G+ G/ GH wz wzr wp
=, 28— © O / O 0000O0O O @] O / ©
£ 1 o+ -+ o bR b e G+ G wiz wz /o waezr
£ 1o o) ® 0006000/0 o) ® 7
th _ + P ++ o+ G4+ G+ wiz wiz // wizr
271 © / © O @ © 0@ O 9] @ 7 (4]
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Table 1 Qualitative assessment -
of a forged ball (description of the ~ Denotation

Description

denotations used in Fig. 5)
+++

++

+/-
++/P

+/P
G/++

Gl+
G/P
G/PP
W/Z
W/Zrx
W/P

W/PP
W/-

WW/-, WWW/-, WW/Z,

The most favourable forming conditions—the ball profile is correct and free from
any defects; dpax < 0.2 mm

Stable forming conditions; the ball profile is convex with slight equatorial flattening
(i.e., near the parting line); 0.2 mm < a0 < 0.6 mm

Stable forming conditions; the ball profile is convex with clearly visible equatorial
flattening; 0.6 mm < 5 < 1.0 mm

Relatively stable forming conditions; slight strain of the workpiece can be observed;
the ball profile is convex, with considerable equatorial flattening; dpax > 1.0 mm

Relatively stable forming conditions; the ball profile can be considered correct, but
the dies are hard to close due to premature fill of die cavity with material

The same as above, but the ball profile is less satisfactory

Boundary forming conditions—buckling may, but not necessarily, occur; the ball
profile should be correct

Boundary forming conditions—buckling may, but not necessarily, occur; it is less
probable that the ball profile will be correct

Boundary forming conditions—buckling may occur; premature fill of die cavity
(overfill) may occur

The same as above, with clear overfill obstructing the closure of the dies

Unstable forming conditions, buckling occurs—the ball profile is incorrect; as the
simulation is continued, the die cavity is filled (in the real process, a defect shown
in Fig. 2d occurs; the numerical results do not reflect the real process conditions)

The same as above; additionally, a local wall thickening is observed in the vicinity
of the parting line

Unstable forming conditions, buckling occurs—the ball profile is incorrect; as the
simulation is continued, overfill occurs and a local wall thickening of the
workpiece is observed

The same as above, considerable overfill results in the formation of flash

Unstable forming conditions, buckling occurs—the ball profile is incorrect; as the
simulation is continued, underfill occurs with the ball flank becoming concave
(FEM results accurately reflect the real process conditions shown in Fig. 2d)

The number of letters W denotes the degree of buckling and thus the extent of

WW/Zr surface defects
billet height A should be increased. An answer to this ques-  a very narrow range of the billet dimensions that ensure stable
tion is given in Fig. 8 that shows the effect of the billet geom- ~ forming conditions and production of a forging with the de-
etry on the possibility of obtaining a forging with the required ~ sired shape.
height /. The design objective is to achieve the highest pos- It should also be mentioned that when the forging condi-

sible value of /. It can be seen from Figs. 7 and 8 that thereis ~ tions are unfavourable, i.e., they are boundary or unstable, it is

(@

S,a = 0.98 MM 8,0, = 0.55 mm
hy = 24.50 mm hy = 24.45mm

[
&
s
=
7]
8
-

Oy = 0.35 mm Opmex = 0.12 mm
hy=24.70 mm hy = 24.90 mm

Fig. 6 Shape and key geometric parameters of balls produced in the experiments from a billet with the following dimensions: (a) dy =27 mm, /o =26
mm; (b) dy = 27.5 mm, sy =26 mm; (¢) dy = 28 mm, /g =27 mm; (d) dy = 28.5 mm, /g =27 mm
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Fig. 7 Billet geometry (expressed by the slenderness ratio //dy) versus

61112\)(

impossible to obtain a forge part with the correct shape. When
the slenderness ratio /¢/d, is unfavourable, buckling occurs.
On the other hand, an increase in the dy/g, ratio leads to a
higher probability of overfill. Moreover, as shown in Fig. 9,
in the above cases, one can observe excessive local wall thick-
ening of the forged ball (quantified by the g;/go ratio). The
degree of wall thickening depends more on the change in the
doy/go ratio rather than on the change in the /¢/gy ratio.

Summing up this subsection, it can be stated that the FEM
results and the experimental findings demonstrate that in some
cases (in Fig. 5 these cases are marked with the letter G), it is
possible to obtain a ball with the desired shape. The authors
believe that the forging process can be improved to complete-
ly eliminate or at least considerably reduce the occurrence of
buckling. As a result, it will be possible to use billets with
bigger dimensions and still obtain balls with the required
shape. This conclusion is a motivation for further research
on the analysed forging process for producing hollow balls.
This time, however, the forging process is performed with the
use of a plastic insert to improve its effectiveness.

4 Forging process with the use of a plastic
insert

4.1 Description of the proposed forging process and
method

Based on the results discussed in the previous section, the
authors decided to modify the forging process for hollow balls
shown in Fig. 1. The modification involved using an addition-
al tool ensuring better control of deformation of the billet. The
tool was a plastic insert, i.e., an additional core made of a
flexible material. A schematic design of the modified forging
process for balls is shown in Fig. 10. The insert was assigned
the material properties of low-melting alloy TBC12
(BiPb25Sn12Cd12) [28, 29]. This material was chosen for
two reasons: its plastometric similarity to technically pure lead
and low melting point (below the boiling point of water). As a
result, such insert will have the required deformation resis-
tance, and following the forging process, the deformed core

slenderness h"/da

Fig. 8 Billet geometry (expressed by the slenderness ratio A/dy) versus
hy and three main failure modes in the analysed forging process

can easily be removed from the forging and used again. The
TBC12 alloy also has the desired casting characteristics [30],
which ensures trouble-free execution of inserts with the re-
quired shape and dimensions.

The first and intuitive choice with respect to the shape of a
plastic insert was a tube with a constant cross section, as
shown in Fig. 11a. The choice of that shape was also motivat-
ed by a literature review in which such solutions were pro-
posed, e.g., [23, 24]. Nevertheless, a detailed numerical anal-
ysis (which is discussed later on in the paper) showed that it
was not the best choice. Therefore, the authors began to search
for such insert geometry that would ensure optimal forging
conditions and the achievement of the set objective and at
the same time would be easy to make. These searches took
account of the results of earlier studies, in particular with re-
spect to the pattern of material flow during the forming of a
hollow ball. The end result of these searches is the insert with
the geometry shown in Fig. 11b.

Hence, the next stage of the theoretical and experimental
study concerns the determination of the effect of the plastic
insert dimensions on the conditions of forming hollow balls.
The aim of this stage of the study is to obtain a correctly
shaped ball using the same billet as in the previously analysed
forging process. As shown in Figs. 5 and 8, it was not possible
to produce correctly shaped balls from such billet if the pro-
cess was carried out without the insert. It was decided that the
analysis would be made for the cases in which a hollow ball
was formed from the billet with the initial dimensions of d =
27 mm and Ay = 30 mm.

local
buckling

ratio d“/gc

—0— 13.00

overfill and folds —0— 1325

slenderness hu/d
3

Fig. 9 Billet geometry (expressed by the slenderness ratio /¢/dy) versus
local wall thickening of a forged ball (see Fig. 4)
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thin-walled |
billet Ty [

feeding &
centring |
device

lower die

(b) hollow ball

Fig. 10 Schematic design of the modified forging process for hollow
balls using a plastic insert: (a) beginning of the process, (b) end of the
process

A theoretical analysis of the investigated process was per-
formed using Deform-2D/3D in the module for axisymmetric
cases. The only difference between the model shown in Fig. 3
and the geometric model of the modified forging process lies
in that the latter contains an additional discrete object
representing the plastic insert, as shown in Fig. 11. Similarly
to the billet, the insert was modelled as a rigid plastic material,
and the material model of alloy BiPb25Sn12Cd12 was de-
scribed by the constitutive equation:

7, = 109, 50" "2exp(~0.360)¢ " exp (—0.22 @ -2.6@) (2)

where 7, is the flow stress, ¢ is the effective strain and go is the
strain rate. This model was determined in previous studies
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Fig. 11 Shape and defined dimensions of a plastic insert: (a) with a
constant cross section, (b) with a variable cross section (description in
the text)

based on the frictionless upsetting of cylindrical specimens
with initial dimensions of 20 mm X 30 mm.

The conditions of contact between the billet (aluminium
alloy) and the plastic insert (low melting alloy) were described
by a Coulomb friction model and a coefficient of friction p =
0.09. In the simulation, it was assumed that the plastic insert
was a condition-imposing object (the so-called master object).
The value of the coefficient of friction was determined in a
ring upsetting test performed on anvils that were made of the
same material as the billet in the forging process for balls.

The experimental tests of the modified process were carried
out in the same laboratory conditions as those applied in the
tests of the forging process without the use of an additional
plastic insert (see Subsection 3.1).

4.2 Plastic insert with a constant cross section

A numerical analysis of the forging process for hollow balls
included cases in which the plastic insert had the initial height
hco from 22 mm to 30 mm and the initial wall thickness g¢q
from 2 mm to 6 mm, as shown in Fig. 11a. Given the assump-
tion of constant dimensions of the billet (dy = 27 mm, gy =2
mm, Ay = 30 mm), in all analysed cases, the plastic insert’s
outside diameter dy was maintained constant at 23 mm. The
tested combinations of initial dimensions of the plastic insert
are listed in Table 2.

Experimental tests were carried out for selected cases in
order to compare the numerical results with real conditions
of forming balls. Generally, it can be claimed that the numer-
ical results reflect the real conditions in a relatively accurate
way. A comparison of the force parameters (Fig. 12) and the
changes in the shape of the forged ball shows a good qualita-
tive and quantitative agreement. Nevertheless, in the cases
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Table 2 FEM-simulated combinations of initial dimensions of the
plastic insert with a constant cross section, denoted as in Fig. 11a

Thickness g.o, mm Height 4.9, mm

18 22 24 26 30
2.0 X X X
3.0 X X X X X
4.0 X X X X X
5.0 X X X X X
6.0 X X

with a potential risk of buckling, the simulation indicates that
the material is able to “heal” this defect, which is not entirely
true as evidenced by the final shape of the balls shown in Fig.
13. These balls were obtained in the experimental tests per-
formed using the plastic insert with a thickness gco of 2 mm
and 5 mm and an initial height /1y of 26 mm. The problem of
interpreting results and comparing experimental and numeri-
cal findings is raised and discussed in detail later on in the
paper. Now, let us move on to a discussion of the numerical
results.

O A S G T LA SO TR
18workpiece o

d,=27mm, g,=2 mm, h,=30 mm o

16— plastic insert (Pl); d., = 23 mm =
1. 9o,=2 mm, h,,=26 mm

1 2. g..=5 mm, h,,=26 mm ot
3. 95=6 mm, h,,=30 mm
14— =
| oo experimental force o |

forming force, kN

time, s

Fig. 12 FEM-simulated forming force for selected cases of forming
hollow balls using a plastic insert; the numerical results are compared
with the FEM results of the forging process performed without an insert
and experimental results

Figure 14 shows the changes in the shape of a ball with a
plastic insert with the initial dimensions d¢cy = 23 mm, gy =
2 mm and sy = 26 mm. The wall thickness of the insert was
identical to that of the billet, while the insert’s height was 87%
of the height of the billet. The results demonstrate that the
plastic insert with such a small relative wall thickness has an
insignificant effect on the forging process conditions. At an
early stage of the forming process, both the workpiece and the
insert undergo local compression, and as a result, the contact
surface between the insert and the workpiece is reduced to a
small area that is denoted as detail A in Fig. 14a. With further
upsetting of the workpiece and the insert, a growing gap is
created between the inside wall of the workpiece and the outer
surface of the insert (it is marked in Fig. 14 as detail B and
detail D). Although the contact between the insert and the
workpiece is increased with time (detail A in Fig. 14d), the

local buckling

small flattening

Fig. 13 Final shape of the experimental ball formed from a billet with the
initial dimensions dy =27 mm, gy = 2 mm and /o = 30 mm using a plastic
insert with a constant cross section and the dimensions d¢ = 23 mm, /i
=26 mm and gy of 2 mm (a) and 5 mm (b), respectively
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(b)

25%

() (d)

detail D |

80% 100%

Fig. 14 Changes in the shape of a workpiece (dy = 27 mm, gy = 2 mm, /4y = 30 mm) and a plastic insert (dcg = 23 mm, gcp = 2 mm, sy = 26 mm);

description in the text

lack of the insert’s impact on the central region of the work-
piece (detail C in Fig. 14b) causes a collapse of the workpiece
wall, which consequently, leads to buckling. Therefore, the set
objective is not attained. Hence, the shape of the balls obtained
at a later stage of the process should be considered incorrect,
because given the previously observed collapse of the work-
piece wall shown in Fig. 13a, it can be claimed that the forging
process for this case will fail.

One could ask what will happen if the thickness of the
plastic insert is increased e.g. to gcp = 5 mm. The answer to
this question is given in Fig. 15. In general, the forming con-
ditions have not improved significantly. Previously observed
phenomena still occur. At an early stage of the forging pro-
cess, the workpiece and the insert are compressed, which
gives rise to local contact between these objects (detail A in
Fig. 15a). Further upsetting results in the formation of a sig-
nificant gap between the workpiece and the insert (detail B in
Fig. 15b). When the insert with a bigger wall thickness g is
used, an additional contact area occurs with time; this area is
marked as detail D in the figure. This contact, however, is
momentary and does not play a significant role in the forging
process. An analysis of the data in Fig. 13b reveals that the
increase in the insert wall thickness has improved the forging
quality; however, the improvement is not considerable enough
to regard the quality of the ball as satisfactory. It can therefore
be claimed that the assumed objective has not been accom-
plished in this case either.

A detailed comparison of the impact of the plastic insert
wall thickness on the changes in the outer surface of the ball
profile is given in Fig. 16. Before moving into the discussion,
it should be briefly explained how to read the plots in the

@ Springer

figure. The data in Fig. 16a demonstrate that as the forging
process continues, at some point, the workpiece wall profile
undergoes a collapse if no plastic insert is used. A detailed
analysis of the results allows us to conclude that if such col-
lapse is observed when the process progress is between 45%
and 60%, then buckling is bound to occur. Even though the
workpiece wall profile in a later stage of the simulation (79%
and 100%, as shown in Fig. 16a) is convex, this observation
cannot be used as a sole rationale for deciding whether the
forging process is stable or not. It can also be assumed that if
we track the history of changes in the shape of a ball profile
and show that the line of this profile becomes non-convex at
any moment (e.g., the derivative of this line assumes a nega-
tive sign at the point for the coordinate H/2 = 0 mm), this
would mean that the forging conditions are no longer stable
and buckling will occur, as observed in the experiment (Fig.
13a). A different measure of the degree of non-convexity of
this line is the A, parameter (Fig. 16b), i.e., the difference
between the furthest point on the profile line (in the direction
of the R coordinate) and the midpoint located on the above-
mentioned line at the height coordinate H/2 = 0 mm.

An analysis of the plot shown in Fig. 16b reveals that a
change in the wall thickness of the plastic insert does not
make the contour line of the ball profile convex. This
means that the use of the plastic insert with a constant cross
section does not make it possible to attain the set objective,
i.e., ensuring stable conditions of the analysed forging pro-
cess for hollow balls. This is evidenced by the increase in
the A . parameter with increasing the plastic insert thick-
ness (Fig. 16b). Obtained values of this parameter are listed
in Table 3.
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(c)

(d)

100%

Fig. 15 Changes in the shape of a workpiece (dp = 27 mm, gy = 2 mm, 4 = 30 mm) and a plastic insert (dco

description in the text

Analysing the changes in the shape of the workpiece and
plastic insert shown in Figs. 17 and 18, one can come to a
conclusion that even by changing the plastic insert height, one
cannot be sure that the set objective will be accomplished.
Moreover, a reduction in height practically eliminates any
positive effect of the insert on the forging process, as evi-
denced by the details B, C and D in Fig. 17 (the letters
correspond to the denotations in Figs. 14 and 15). On the other
hand, an increase in the wall thickness of the insert causes
filling of insert material in the space inside the workpiece,
which leads to an unnecessary increase in the forming force
(even by two times, see Fig. 12) and obstructs the deformation

23 mm, gco = 5 mm, /o = 26 mm);

of the workpiece, enhancing the effect of workpiece wall col-
lapse (detail C in Fig. 17). The end result is a ball with a lower
final height /i as well as a potential risk of flash formation
(detail F in Fig. 18). Given the possible occurrence of buck-
ling, overlap may occur, too.

4.3 Plastic insert with a variable cross section

A further analysis of the investigated forging process for hol-
low balls concerned cases in which a plastic insert with a
variable cross section was used (Fig. 11b). This analysis was
divided into two stages. First, a comprehensive analysis was

Flg' 16 Changes in the outer (a)l | P Gl S LI S (e Lol 10 i [ vl e (P T BB (b)\ Y P o S (N O P Rl 1P o IO T |

profile of the workpiece (billet T . 25% 4% | L A B
dimensions: dy =27 mm, gy = 2 7] 60% 41i% s 3 & ] progressioss -
mm, 4 = 30 mm) in the forging 14.0 79% ) 5
process performed without a b 70?:/’ E
plastic insert (a) and with a plastic g 12.0-} = o
insert (b) when the process < 2
progress is 60% (b) versus the T 40,0 E
plastic insert wall thickness (insert 2 ] 5
dimensions are constant: d¢ = 23 ‘~§ 8.0-] o
mm, /¢ =26 mm); description in § N &
the text ;‘g’ 6.0-] with plastic insert &
s N d,=23mm 9o=2mm -

‘ol he,=26mm g =3mm E

2.0 5

0.0 'I'I'I'I'I'I‘\‘I'I'I’I'!'I'I'I\_'_+-'—|_'_H_'_-_ 0.0 "'I'I'I'Y‘['I'I'I'IF1LT'T‘|'_
7.4 9.0 11.0 13.0 15.0 13.2 13.4 13.6 13.8 14.0

radial coordinate R, mm radial coordinate R, mm
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Table 3 Values of the A, parameter calculated for the forging cases
shown in Fig. 16b

Without insert  Plastic insert thickness gcg, mm

2.0 3.0 4.0 5.0

Apax, MM 0.0747 0.0793  0.0800 0.0871  0.0892

performed for a wide range of values of the geometric param-
eters of the insert. Next, the range of the tested parameters was
narrowed to a region in which the forging process is the most
effective. This region was selected on the basis of the results
obtained in the first part of the study. Referring to the consid-
erations discussed in previous chapters, the following assump-
tions were made in the first stage of the analysis:

* In the analysed forging process, a hollow ball is formed
from a billet with the following dimensions (Fig. 10a): d,
=27 mm, gy = 2 mm, sy =30 mm.

* The geometry of the plastic insert (Fig. 11b) is described
by constant and variable parameters.

» The constant parameters are the total insert height 4., =
26 mm (referring to the parameter /. of the plastic insert
with a constant cross section discussed in the previous
section of the paper) and the outside diameter d.; =
23 mm (resulting from the billet’s dimensions).

* The variable parameters are (Fig. 11b) the insert thickness
2.1 (taken in the range from 2.0 to 6.0 mm), the necking
thickness g, (its value is taken in the range from 0.5 to

(a) (b)

detail A

|

detail C

25% 55%

2.5 mm depending on the thickness g.;), the height 4.,
(taken in the range from 8.0 to 12.0 mm), and the necking
height 4.5 (its value is taken in the range from 1.0 to
5.0 mm depending on 4,).

First of all, the conditions of the forging process for hollow
balls in question were assessed. To this end, the history of
changes in the workpiece outer profile was examined and
the effect of using a plastic insert of specific dimensions was
investigated. For a quantitative assessment of the results, and
thus for establishing a criterion for the attainment of the set
objective, two parameters were adopted: the A, parameter,
which was previously defined in Fig. 16b, and the forging
height Ay (Fig. 4). The values of these parameters, depending
on the dimensions of the plastic insert with a variable cross
section (Fig. 11b) are shown in Figs. 19 and 20, respectively.

It was observed that the relative size of the plastic insert
wall necking in its central region significantly affects the ball
forming conditions. A reduction in the thickness ratio gc/gc
leads to a significant improvement in the forging conditions,
as evidenced by the fact that the A, parameter can be lower
than 0.02 mm. At the same time, however, an analysis of the
results given in Fig. 19b demonstrates that this relationship
has its extreme values, i.e., it is possible to indicate optimal
dimensions of the necking. The same conclusion can be
reached by taking into account the other two dimensions,
i.e., the heights s and .

However, in order to be able to fully define the optimal
dimensions of the plastic insert, one must additionally analyse
the other parameter describing the insert, i.e., the expected

(c) (d)

defail D

80% 100%

Fig. 17 Changes in the shape of a workpiece (dy = 27 mm, gy = 2 mm, sy = 30 mm) and a plastic insert (dcg = 23 mm, gcp = 5 mm, sy = 22 mm);

description in the text
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(b)
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(c) (d)

detail G
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Fig. 18 Changes in the shape of a workpiece (dy = 27 mm, gy = 2 mm, /4y = 30 mm) and a plastic insert (dcg = 23 mm, gcp = 5 mm, /sy = 30 mm);

description in the text

height of the forging, /¢ (Fig. 20). It turns out that obtaining a
ball with the highest possible height is possible when we use
the plastic insert with higher values of the aforementioned
thickness ratio gc»/gc1. In addition, the application of a higher
value of the necking height A ensures that the difference
between results will be lower. The final analysis based on
polyoptimization, where the objective function is to obtain
the smallest possible value of the parameter A, and the
largest possible forging height /g in the tested range of the
variable parameters, which can be written using the equation:

Amax 7Amax(min)

: hx (max) ~hg
(I)t reet = 0 |:( ) - < 7
e Amax(max)_Amax(min) hK(max)_hK(min)

which indicates that the optimal forging conditions are en-
sured when the plastic insert has the following dimensions:
hey =10 mm, Az =3 mm, g¢; = 5 mm and g = 0.75 mm.
Figure 21 shows successive stages of the forging process per-
formed with the use of such insert. The figure also shows the
vectors of material flow velocity, which provides a deep in-
sight into the problem.

From an early stage of the forging process, one can observe
three regions of contact between the plastic insert and the
inner surface of the workpiece wall; these regions are marked
in Fig. 21 as details A and B. Despite the occurrence of a
significant void between the insert and the workpiece (detail
C in Fig. 21), the forging conditions can be considered stable.

(3)  The stability of the forging process predominantly depends on
(a) (b) (c)

008 g g Logn g | g0 5 b e T g 008 flae Ly g Vop ] g g 1 008 TO YS! N CORN T T O 1o T
1 ge=2mm L 1 9e= 2 mm - s ge,=2mm |
0.07 - - 007 —_/ - 0.07 / E
. - 4 3Imm} . -
0.06 - 0.06 - 0.06 -
0.05- Smmp - g.05]fe™ 10.mm [ £0.05] L
g %% lhe= 3mm [ E~ Jmﬂ/ I
%0.04— B 30.04— Zmml 30.04— o
<0034 S S e— >1 <0.03{4mm. — 1
0.2\~ ke L “smmE 0.025mm -

0.01 he=8mm | (.01 6mm | 0.01- he,=12mm
5 h,=1mm |- i - 1 h,=85mm |-

0.00 ET CIL T Tl al 21 L1 OOO L DL L L L L . L 0.00 TT EL ST T L [ ] =]
0.5 1.0 1.5 200 25 0.5 1.0 1.6 20 25 0.5 1.0 15 20 256

gCZr mm gC?r mm gCZJ mm

Fig. 19 Values of the A, parameter calculated for the forging process (billet dimensions: dy = 27 mm, gy = 2 mm, Ay = 27 mm) performed using a
plastic insert of varying dimensions, as shown in Fig. 11b; description in the text
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Fig. 20 Forging height /i calculated for the forging process (billet dimensions: dp =27 mm, g =2 mm, Ay = 27 mm) performed using a plastic insert of

varying dimensions, as shown in Fig. 11b; description in the text

the way in which the insert is deformed in its centre (detail B
in Fig. 21). A collapse that occurs in this area of the insert
(detail D in Fig. 21) exerts a strong impact on the workpiece
wall, pushing the workpiece wall in the radial direction, as
evidenced by the material flow velocity. In effect, the buckling
of the workpiece wall is prevented. It can therefore be con-
cluded that the set objective has been attained and the pro-
posed shape of the plastic insert meets the requirements.

The positive results obtained in the first stage of the study
encouraged the authors to undertake further analyses. In the
second stage, it is assumed that the insert necking dimensions
2c1, 8o and hi5 are constant and their values were calculated
based on the results obtained in the first stage of the analysis.
In contrast, the heights /¢ and %, are variable parameters.
Such assumption makes it possible to investigate the impact of

(b)

(TIRE AL
0.07 mm/s

all dimensions of the plastic insert with a variable cross section
on the forming conditions and, consequently, to determine
optimal values of these dimensions.

Figure 22 shows the effect of changing the plastic insert’s
heights Ay and s, (for the constant values of the thicknesses
gc1 =5 mm and g, =0.75 mm and the necking height /¢ =3
mm, according to Fig. 11b) on the value of the parameter
Apnax- An increase in the total height /i, of the insert leads
to higher stability of the forging conditions. The value of the
height A is very close to the billet height /4 (in this case, it is
30 mm), and the outer surface of the ball profile can basically
be considered convex, which means that no buckling will
occur. When the height /i is at least 28 mm (which is about
90% of the height of the billet), the parameter A, is below
0.02 mm; the best result is achieved for the height /) =

(c) (d)

0.46 mm/s

453 mm/s, 0.51mm’s

=

80%

100%

Fig. 21 Changes in the shape of a workpiece (dy = 27 mm, go = 2 mm, /4 = 26 mm) in the forging process performed with a plastic insert with the
dimensions d¢y =23 mm, gy =5 mm, g = 0.75 mm, A¢; =26 mm, i = 10 mm, /-3 = 3 mm and the vectors of material flow; description in the text
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Fig. 22 Parameter A, calculated for the forging process (billet
dimensions: dy = 27 mm, go = 2 mm, sy = 27 mm) performed using a
plastic insert with variable necking, as shown in Fig. 9b, the constant
dimensions being Ac3 = 3 mm, g = 5 mm and g, = 0.75 mm;
description in the text

30 mm when A, = 0.003 mm. A comparison of these values
with the data listed in Table 3 reveals that the use of the plastic
insert with a variable cross section ensures stable forging con-
ditions. However, the dependence of the parameter A, on
the height /i is parabolic, with a clear extreme value. The
parameter A, ., reaches the lowest values when the height /1
is approximately 10 mm.

In addition to the parameter A, the workpiece height /i
(Fig. 4) was also taken into consideration in the analysis. The
results demonstrate that an increase in the height 4, has a
negative effect on the workpiece height /. The forming con-
ditions resemble those observed in the previous case shown in
Fig. 18. Namely, due to the fact that the height of the insert in
the workpiece is too high, the material of the insert fills the
space above the workpiece, preventing the flow of the work-
piece material in the axial direction. The effect of changing the
insert dimensions is plotted in Fig. 23, where it is shown that
the change in the height 4, has a more significant effect than
the change in the height 4. By taking into account the var-
iables and analysis results shown in Figs. 22 and 23, in com-
bination with parameter polyoptimization based on the

objective function Py, in accordance with Equation (3), it
is confirmed that the previously determined dimensions of the
plastic insert ¢ = 26 mm, A, = 10 mm, Acz =3 mm, g =
5 mm and g = 0.75 mm, are optimal when a hollow ball is
forged from a billet with the dimensions %y = 30 mm and d, =
27 mm.

The numerical results were verified by experimental tests
involving the formation of a hollow ball from a tube with the
same dimensions as in the numerical analysis (i.e., dy = 27
mm, go = mm, /g = 30 mm). The forging process was per-
formed with the use of the plastic insert (Fig. 11b) with a
constant outside diameter d.; = 23 mm and constant dimen-
sions of the necking A, = 10 mm, 4¢3 =3 mm and g3 = 1
mm. The tests were performed using two heights /-, (28 mm
and 30 mm) and two thicknesses g¢ (4 mm and 5 mm). It
should be clarified that some of these dimensions slightly
differ from the optimal values that were determined in the
theoretical analysis. The use of an insert with its thickness
g.1 below 1 mm is pointless due to the difficulty of ensuring
sufficiently high tolerance. The value of the height /., was
selected deliberately due to practical reasons.

S [ S [ (R |
£a.6 he,= 24 mm
3 he=25mm i
25.5- /;EE i
2 he= 27 mm [
25.4 EEPEEPSS e
e 4 g
g i / -
< i he,=28mm |
25.3— A £
25.2~_ he,= 29 mm |-
25.1 Lz
25.0-—4+————7——7—
4 8 12 16 20

he,, mm

Fig. 23 Forging height s calculated for the forging process (billet
dimensions: dy = 27 mm, gy = 2 mm, &y = 27 mm) performed using a
plastic insert with variable necking, as shown in Fig. 11b, the constant
dimensions being A3 = 3 mm, g = 5 mm and g, = 0.75 mm;
description in the text
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Examples of hollow balls obtained in the experimental tests
are shown in Fig. 24. The top photographs show the view
from the side of the top die, while the photographs in the
bottom, from the side of the bottom die. All cases considered
in the experiments were successful. The balls have the correct
outer profile and are free from any shape defects. The exper-
imental height /i of the forged balls (Figs. 4 and 24) shows
high agreement with the numerical results.

Additionally, Fig. 25 shows the axial section of a hollow
ball obtained in two analysed cases with two different insert
thicknesses gc;. The experimental results show agreement
with the theoretical findings. The application of the plastic
insert with a variable cross section is effective, as evidenced
by detail A in Fig. 25. During the forming process, the insert
exerts in the marked area the required load ensuring stable
forming conditions, ultimately resulting in the production of
a ball with the correct shape and relatively constant wall thick-
ness. In addition, the void marked in Fig. 25 as detail B is
identical to that obtained in the numerical analysis and has no
negative impact on the final result. The only deviation from
the theoretical results occurs in the area marked as detail C.
This can be explained by the fact that during the forming
process, the insert is slightly displaced towards the bottom
die. As a result, the diameter of the hole in the lower area of
the ball (i.e., from the side of the bottom die) is larger than the

(a) (b)

ger =5 mm ge, = 5mm
he, =28 mm h., =30 mm
h,=25.15 mm h,=25.10 mm

hole in the upper area. This difference ranges from 1 mm to
3 mm approximately, depending on the insert height /.

5 Summary and conclusions

This paper presented the results of a study investigating the
cold forging process for hollow aluminium alloy balls with an
outside diameter of 30 mm. The primary objective of the study
was to obtain balls with the required shape and the maximum
height and, at the same time, to ensure the most stable forming
conditions. The study was divided into three stages. The pre-
liminary tests have demonstrated that the formation of balls
from a billet with merely a 2-mm wall thickness is a very
difficult task due to the occurrence of buckling, which consid-
erably limits the range of permissible values of other dimen-
sions of the billet, i.e., height and outside diameter. This, in
turn, makes it impossible to obtain balls with the required
shape and dimensions. The authors have solved this techno-
logical problem by introducing an additional tool that would
have a positive effect on the inner surface of the workpiece
and thus would ensure stable forming conditions and the at-
tainment of the set objective. The authors proposed that this
tool was a plastic insert, i.e., an additional flexible core that
could easily be removed from the forged ball after the forming

Ges =4 mm 9o =4 mm
he, =28 mm he, = 30 mm
h, = 256.40 mm h,=25.30 mm

Fig. 24 Examples of hollow balls formed from a tube (dy = 27 mm, gy = 2 mm, A, = 27 mm) in a forging process using a plastic insert (as in Fig. 11b)
with the dimensions /¢, = 10 mm, 43 = 3 mm, gc; = 1 mm and g¢; and he; given in the figure; description in the text
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,_ detail B

Fig. 25 Axial section of a hollow ball formed from a tube (dp =27 mm, g,
=2 mm, Ay =27 mm) in a forging process performed using a plastic insert
(as in Fig. 11b) with the dimensions /¢ = 28 mm, hc = 10 mm, 3 =3
mm, g3 = 1 mm and g =4 mm (a) and 5 mm (b); description in the text

process. A low melting alloy based on lead and bismuth was
selected to this end; the alloy had a melting point below the
boiling point of water and plastometric characteristics similar
to those of technically pure lead. The research on the determi-
nation of optimal shape of the insert was divided into two
stages. Ultimately, the optimal shape and dimensions of the
plastic insert were determined. The study has demonstrated
that the proposed solution of using a plastic insert in the forg-
ing process for hollow balls is effective and promising. The
results of the study lead to the following conclusions:

e The use of a lead-based low melting alloy in the cold
forging process for hollow parts made of aluminium alloy
generally leads to improved forming conditions.

» The optimal shape of the plastic insert prevents the buck-
ling of a workpiece wall.

* The use of the plastic insert with optimal shape and di-
mensions ensures both the improvement in general
forming conditions and the production of balls with the
required shape and dimensions.

Fig. 26 Examples of finished products obtained from hollow balls with
the use of a chuck (shown in the photograph) and a CNC lathe

Finally, the authors would like to show an example of
finishing of the outer surface of obtained hollow balls.
Figure 26 shows the finished products and an example of
the chuck. The finishing of the balls shown in the photograph
was done using a CNC lathe.
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