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Longitudinal externally splined parts have garnered increasing attention due to their critical role in power
transmission across vatious industrial applications. This study explores the use of the internally rotating
balliz-ing technique for manufacturing these components. The process was analyzed both experimen-
tally and nu-merically through a mathematical model. The experimental investigation focused on key
process parameters, including die rotational speed (50, 63, 80, 100, 125, 160, 200, 250, and 315 rpm), axial
feed rate (0.13, 0.15, 0.18, and 0.21 mm/rev), intetference between the balls and the tubular sample (cross
in-feed: 2.5, 3.5, 4.5 and 5.5 mm), and initial tube thickness (4, 5, 6 and 7 mm). The study assessed the
influence of these variables on the forming load and the quality of the pro-duced longitudinal externally
splined sleeves. A numerical model was developed to predict forming loads, and the findings indicated
that these parameters significantly affect both (forming load and filling ratio). The optimal values for
these variables were identified, and the numerical results showed a strong correlation with experimental
findings.
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1 Introduction

Ballizing is a precision machining technique em-
ployed to enhance the surface quality and di-mensio-
nal precision of cylindrical bares or shafts. This pro-
cess is primarily employed in manufactur-ing and en-
gineering industries where achieving precise fits and
tolerances is crucial for the proper functioning of me-
chanical components. Ballizing is particularly useful
when dealing with parts that re-quire a high degree of
roundness, smoothness, and tight clearances, such as
bearings, bushings, and hydraulic or pneumatic cylin-
ders.

For an extended period, the conventional spinning
technique has been employed to manufacture axi-sym-
metric shapes and short tubular items with limited len-
gth-to-diameter ratios. To overcome this challenge,
significant advancements have been made in tube
manu-facturing technology. The spinning process has
been modified to produce long, small-diameter tubes
from difficult-to-form materials such as CP titanium,
Incoloy 825, Inconel 600, and Stainless Steel AISI-
304. Notably, ball spinning, a specialized process for
producing thin-walled, small-diameter tubes, has be-
come widely used in recent years, despite being

invented several decades ago [1].

Many researchers are working on developing vari-
ous types of equipment to meet the evolving demands.
Research on innovative process configurations in
spinning has revealed significant potential for ad-van-
cements. This process can offer greater flexibility, ena-
ble the production of a wider variety of shapes, and
accommodate more challenging materials [2].

The significant influence of two main pa-rameters,
the workpiece diameter ratio (D1/D2) and feed rate
(v) must be considered when evaluating the damage
behavior observed during ball rotation operations [3].
It was established that smaller ball diameters result in
higher levels of stress and strain, along with increased
strain rates. Numerical analysis further reveals that the
reduction ratio plays a significant role in shaping the
strain state within the inner tube holes after the balli-
zing process [4,5].

There exists a critical interference value that ma-
ximizes the improvement in microhardness,
roundness, and surface finish during the bal-lizing
process [6]. Generally, increasing the interference (the
gap between the ball tool and the bore) improved sur-
face quality up to an optimal point [7,8]. Other factors
such as the attack angle and pivotal feed were
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observed to reduce axial force and raw material ac-
cumulation [9-11].

Key variables such as tool rotational speed, pivotal
feed, and cross in-feed were found that have a signifi-
cant influence in both the forming force and goodness
of the formed sleeves, superficies roughness of sleeves
decrease with interference raise [12-18]. While it raises
with increasing pivotal feed. The filling rate increases
by ris-ing both interference and pivotal feed [19].
It was discovered that speed and feed are the most cri-
tical variables impacting power usage. The resulting
force on cylinder is governed by the cylinder offensive
angle, cylinder snoot radius, and reduction % [20].

The modern progress in tubular parts spinning
spinning for both large and small inner grooved tubes,
as well as internal toothed tubes, face multiple chall-
enges. Most significant of these comprise material ac-
cumulated in front of the deformation balls, raw ma-
terial folding at the internal surface of the tube and
forming tool breakdown due to load var-iations at the
forming teeth root. While these problems have been
treated individually in the literature. there has yet to be
a comprehensive method to tackle all of them simul-
taneously [21-23].

In this research suggests a novel design that pro-
mises to address all these problems simultaneously
using sim-ple tools to produce external gears or any
other externally toothed parts. In addition to the for-
mation of tubular sections with relatively large thic-
knesses compared to previous studies in the spinning
of internally splined or non-splined tubes. Also, analy-
tical, and practical work is done to examine the forma-
tion of externally toothed components utilizing a new
rotating ballizing approach.

2 Experimental work

The experimental test rig was designed and cou-
pled with a data acquisition system for a continuous
measuring and monitoring the investigated load of
forming process. An experimental work for produce
the longitudinal Externally-Splined Sleeves using con-
ventional universal lathe machine with new technique
and new tool is carried out was supported on tool hol-
der which fixed on dynamometer device which fixed
on special holder which fixed on Tool post for this
universal lathe machine, this dynamometer connected
with data logger device which connected the computer
for measuring the forming loads. This section presents
description for the experimental setup. That included
forming tool description, instruments used in forming
process such as center lath machine, force measure-
ment devices and its calibration, specimen preparation
and blank material, preparation of forming process
and data reduction, and setting up and description of
the process. Also, all technical specifications of tool,
instruments, and the used measuring devices.

3 Forming tools

At the beginning the experiments in this study
were conducted using two types of forming tools.
The first type includes a group of mandrills with ball
bearings with different outer diameters and various
balls diameters, the other type has a different design,
each ball bearing is mounted on a separate mandrel.
Fig.1 photo showing the general arrangement of expe-
rimental equipment used to form longitudinal exter-
nally splined sleeves, which consists of lathe chuck nu-
mbered in (1), (2) product ejection mechanism, (3) to-
othed die, (4) specimen, (5) forming balls, (6) novel
ballizing tool, (7) tool holder, (8) dynamometer, (9)
holding jig, (10) tool post, (11) data logger device (12)
transducer device and (13) laptop. Fig. 2 a, b, ¢ depicts
the first forming tool used in form externally toothed
parts and the sequence of the process. Numerous ex-
periments have been conducted using all types of ball
bearings with different outer diameters, to check the
best ball bearing with outer diameter that provides su-
itable interference with the different thicknesses pro-
posed for the specimens, as well as the appropriate ball
diameter. which gives the best result in forming the
product as preliminary experiments. The first tool is a
single ball bear-ing with a suitable outer diameter,
which was chosen based on the preliminary experi-
ments that were carried out with different diameters
as we mentioned previously. the outer cage of these
bearings used in the initial experiments was removed
and prepared in a specific way, and it will be shown in
Fig. 2 a, b while Fig. 2 ¢ schematic drawing of ballizing
process sequence, Fig. 3 Schematic drawing of para-
meters study in forming ballizing process, Fig. 4 shows
modern single-stage mandrel and Fig. 5 Schematic
drawing for load components of novel rotary ballizing
technique used to form longitudinal externally splined
sleeves, while when used with larger thicknesses (gre-
ater interference between the balls and the sample).
It had a collapse such as warp or a fracture of the inner
net containing the balls, and the balls fell during the
forming process. This led to replacement first ball bea-
ring type with the new second type, which has one
stage of the ball bearing as well, but with high design
specifications and durability, in or-der to perform the
tasks required of it to the fullest even with larger thic-
knesses, it gave very excellent experimental results.
where the tubular stock will be a rotational floating
block, which will force the metal tube to penetrate into
the die cavity. the forming tool was supported on tool
hold-er which fixed on dynamometer device which fi-
xed on special holder which fixed on tool post. a sim-
ple cen-ter lathe carriage, concentric with its center-
line. The die takes its variable speed from the center
lathe chuck. Meanwhile, the mandrel with rotating
balls moves in a linear motion to give the automatic
axial feeding by the lathe carriage as shown in Fig. 1.
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Fig. 1 A photo showing the general arrangement of experi-
mental equipment used to form longitudinal externally splined
sleeves

Fig. 2 Depicts the first forming tool used in form externally
toothed parts and the sequence of the process

4mm Smm 6mm

Fig. 3 Schematic drawing of parameters study in forming
ballizing process

i S

Fig. 4 A picture showing modern single-stage mandrel

| 6/60° Forming Balls

Fig. 5 Drawing for load components of novel rotary ballizing
technique used to form longitudinal externally splined sleeves

4 Ball forming adjusting mechanism

The ball bearing assembly was mounted on the
mandrel and consisted of six balls, each with a diame-
ter of 16 (mm) arranged in a single level, the angle
between each ball and the other is 60 degrees. During
the forming process, the balls are free to rotate in any
direction due to frictional contact with the specimen
surface. This rotational freedom facilitates smooth
metal flow, reduces forming loads, minimizes material
accumulation, and prevents surface peeling. The flexi-
bility of the rotating balls allows for uniform metal dis-
tribution and enhanced penetration of the material
into the die’s complex tooth cavities, thereby impro-
ving the filling ratio and ensuring high-quality
surface integrity of the formed product as shown in
Fig. 6 a, b.

Fig. 6 Lsometric view of the forming tool, illustrating the pro-
cess description and the mechanism of product ejection

To guarantee precise alignment, the mandrel’s cen-
trality was adjusted relative to the lathe chuck using a
dial gauge indicator with an accuracy of 0.01 mm, as
shown in Fig. 7. This alignment ensured that the man-
drel, die, and specimen shared the same rotational axis
(lathe axis), maintaining uniform wall thickness and
preventing any lateral displacement of the mandrel.
Misalignment could otherwise cause internal distor-
tion of the tubular specimen and potential erosion of
the die tooth stems if the deviation exceeded the per-
missible limit.
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Fig. 7 Calibration the centrality of the die and tools with the
centrality of the lathe using dial gauge indicator

5 Numerical analysis of the single stage
ballizing technique

Consider the matter of estimating a function's va-
lues at unlisted points, based on the experimental data
B(x)=y= aux"+

The polynomial of degree n < m — 1, using least
squares procedure is handled similarly. We choose the

in Tab. 1. Fig. 7 presents a graph of the values in Tab.
1 and Tab. 2. from this graph, it seems the actual rela-
tion between x and y is linear. The likely reason that
no line precisely matches the data is because of inac-
curacies within the data. Thus, it's imprudent to
require the approximating function to perfectly align
with the data. In fact, such a function would generate
oscillations that weren't initially there. As an illustra-
tion, the graph of the ninth degree interpolating poly-
nomial shown in undone strained mode for the data
in Tab. 3 is obtained in maple with the command.

6 Polynomial least squares for numerical for-
ming load

The overall difficulty of approximating a dataset,
{xi, yi),i=1,2,..., m}, with an algebraic polynomial
in general form like the following as reference [24].

Ap_1 X" 1+ +ax+ aq 1)

and a, to minimize least squ-
and a,), where:

constants Qg ,Aq, .. .
ares error E = E2 (ag, aq, ...

E—Zm—PmW @

ZmYZZP&m+Zw@» ©

m m

= i(Yi)z_Zi iaj(xii) Yi +Z Zaj(xij) Q)
i=1 i=1 \j=o

As in the linear case, for E to be minimized it is the necessary that OE/0aj = 0, for eachj =0, 1, ...,

for each j, we must have:

i=1 \j=0

n. Thus,

i=1 j=0

This gives n + 1 normal equations in n + 1 unknowns aj. These are:

Zak i(xi Jre) = (2 yi (x; j)) ©)

Foreachj=0,1,..,,

n. and for it is helpful to write the equations as follows:

m m m m m
aOZxLO + alzxil + aZinz +ot aanin = Zyi x;° ™
i=1 i=1 i=1 i=1 i=1
m m m m m
aoz +alz +a22xl~3 +......+an2xi"+122yi x;! 8)
i=1 l=1 i= i=1 i=1
m m m m
a, Z x" ta; ) " +a, Yy "+ .. +a, Z x; 2" = Z yi xi" )
i=1 i=1 i=1 i=1 i=1
Least squares polynomial:
fX)=y=ag+ a;x + ax? (10)

Fit the data in following Table 1 with discrete Least Square Polynomial of degree at most 2. Where: n = 2, m =

3and y=f(x) =ag+a,x +a, x>
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mag + a, i(xi) + a; i(xi %) =i()’i)
i=1 i=1 i=1

Qo i(xi) +ay i(xi ) +a, i(xi %) =i(xi Yi)
i=1 i=1 i=1 i=1

a ) A +a ) (¥ +a Y (6 =) @)
i=1 i=1 i=1 i=1

Tab. 1 The forming load values against die rotating speed

(1)

(12)

(13)

1 1 2 3
N(zpm) 50 63 80
F. (KN) 3.59922 6.962552 5.081034
Tab. 2 The data to fitting curve for forming load
X Yi X; 2 X; ¥ x; * X Y x; 2 ¥;

m

f(mm/rev) F.
1 0.13 6.726326 0.0169 0.002197 0.00028561 0.87442238 0.113674909
2 0.15 6.964957 0.0225 0.003375 0.00050625 1.04474335 0.156711533
3 0.18 7.391146 0.0324 0.005832 0.00104976 1.33040628 0.23947313
= 0.46 21.082429 0.0718 0.011404 0.00184162 3.24957221 0.509859572

Form the data was tabulate in Tab. 2 can be calcu-
late and solve of the equations to presented in Graph
1. Thus, the forming load or least squares polynomial

of degree 2 fitting the data in Tab. 3 is whose graph is
shown in Graph 1 at the given values of xi we have
the approximations shown in Tab. 3 and Tab. 4.

Tab. 3 The data to fitting curve for numerically and experimentally forming load with the errors at all points

1 1 2 3
x; (f(mm/rev)) 0.13 0.15 0.18
y; (F) 49922 5.962552 5.081034
P(x;) 6.647098 6.64659946 6.6438524
y; — P(x;) -1.6549 -0.68404746 -1.5648184
E% -3.1497 -11.4723941 -3.797242

Forming loads (KN)
n =)

=4-Experimentally forming load

1 =0=Numerically forming load

0 0.13 0.14 0.15 0.16 017 0.18 0.19
Axial feed (mm/rev)

Graph 1 Comparison between computed numerically and ex-
perimentally forming load results data for axial feed

7 Result and discussion

The experimental work executed through the pre-
sent study resulted in measurable variables. Derived
quantities were calculated based on these measured
variables. In this chapter, a comprehensive discus-sion
of the experimental results is presented. A series of
experiments was conducted to examine the effects of
process parameters (t, At) and machine parameters (f,
N) on deformation loads. These effects were analyzed
as a function of interference, pivot feed, and tube thic-
kness. Additionally, another set of experiments was
performed to investigate the influence of process and
machine parametets on the quality of the toothed tu-
bular product. The product quality was evaluated
based on the filling ratio of the external teeth and the
hardness of the teeth.
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While Tab. 4 Clarify the experiments executed and
operating parameters for single-stage ballizing tech-
nique. The forming load required to deformation of
tubular parts with external teeth depends on many va-
riables of the process and machine parameters such as
die speed, axial feed, ball diameter, thickness of tube,
and inter-ference among outer diameter of ball bea-
ring and inner diameter of the tubular sample.
The effect of these parameters on forming loads, qu-
ality of product, filling ratio and hardness of teeth.
A tensile and compressive test was conducted for

standard lead samples to determine the mechanical
properties of the metal before forming, such as the
maximum tensile and compressive stress of the metal,
the strain hardening coefficient, the toughness coeffi-
cient, etc. In addition to conducting a hardness test for
the metal before forming and comparing it to the
hardness of the samples after forming under different
working conditions of the process. in addition, com-
parison between the computed and the experimental
results and discussed.

Tab. 4 Clarify the excperiments execnted and operating parameters for single-stage ballizing technigue

Investigation parameters

Values

Die rotational speed (IN)

(50, 63, 80, 100, 125, 160, 200, 250, and 315 rpm)

Axial feed (f)

(0.13,0.15,0.18 and 0.21 mm/rev)

Cross in feed (interference) (At)

(2.5, 3.5, 4.5 and 5.5 mm)

Initial tube thickness (t)

(4, 5, 6 and 7mm)

8 Externally toothed tubular product

Tab. 5 lilustrates some externally toothed tubes formed at va-
rious speeds, feeds, and filling ratios
Speed

N=100 (zpm) N=200 (zpm) N=315 (rpm)

Feed

J“l“nu

..

(mm/rev)

=015
(mm/rev)

£=0.18
(mm/rev)

Tab. 5 illustrates some externally toothed tubes
formed at various speeds, feeds, and filling ratios.
Correspondingly, Tab. 6, 7, and 8 illustrate the scan-
ned cross-sectional profiles of the samples produced
under varying cross-infeed depths, axial feed rates, and
die rotational speeds. The obtained results cleatly in-
dicate that the proposed rotary ballizing process ena-
bles the precise and uniform formation of externally
toothed tubular geometries. this newly developed me-
thod represents an innovative and cost-efficient for-
ming approach, characterized by its simplicity, mini-
mal tooling requirements, and superior utilization of
time, energy, and material resources when compared

with conventional manufacturing techniques. Repre-
sentative samples of the externally toothed tubular
products fabricated using the rotary ballizing tool are
shown in Figs. 8 a, b.

Tab. 6 A photo scan for toothed tube products at N=63
(rbm), pivot feed, and cross in feed

Tab. 7 A photo scan for toothed tube products at N=80(rpm),
pivot feed, and cross in feed

C

At=2.5mm At=3.5mm At=4.5mm

80 rpm

£=0.15
mm/rev

N=
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Tab. 8 A photo scan for toothed tube products at N=100
(rbm), pivot feed, and cross in feed

=0.18
mm/rev

Fig. 8 Some of the externally toothed tubular products produ-
ced with the new rotary ballizing tool

9 Relationship among load and ball displa-
cement

Graphs 2, 3, and 4 illustrate the punch load-displa-
cement relationship, where the curve appears some-
what irregular. To better understand this behavior, the
mandrel stroke can be divided into three distinct
stages:

1. Initial Stage (Linear Phase): This stage begins at
the onset of the process and continues until the tube
sample is fully pressed into the die cavity. During this
phase, the forming balls of the mandrel push the
sample into the cavity. The deformation loads (Fr)
can be analyzed into three components:
(Fy, Fyand F;) . These forces facilitate metal flow

into the die ribs while simultaneously stretching the
specimen in the z-direction. The total load is divided
into two main parts:

e  Coining Load: Required to force the material

into the die grooves.

e  Spinning Load: Required to induce shear flow
within the internal layers of the metal tube,
where the tooth shape begins to form.

2. Spinning Stage: This phase represents the actual
formation of the toothed tube. Here, the load incre-
ases gradually as the toothed profile develops.
The increase in load is attributed to both material de-
formation and friction between the forming balls, the
sample, and the die.

3. Tinal Stage (Intensive Load Increase): At this
point, a significant rise in load occurs due to the ac-
cumulation of excess material at the inner end of the
die. Spinning this excess material requires a high force,
causing the load to continue increasing until the com-
plete formation of the toothed part is achieved.

15 ‘ -
| F=0.15 (mm/rev), N=80 (r.p.m), t=4 (mm) |
A 1
'E MA..AJ“
- I /
0
L
g 05 4 b zr
Z —FX
—FY
: FZ
0 T T T T T
0 10 20 30 40 50 60

Balls displacement (mm)

Graph 2 Forming load, vs balls displacement at thickness

4 (mm)
25 -
F=0.15 (mm/rev), N=80 (r.p.m), t=5 (mm)
P : |
=15 §
8
-
o
g if
5
-]
05 ¢t
0 v r v r r
0 10 20 30 40 50 60

Balls displacement (mm)

Graph 3 Forming load, vs Balls displacement at thickness
5 (mm)
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2.5
| F=0.15 (mm/rev), N=80 (r.p.m), t=6 (mm)
o I2
g
515
-
-]
=
g 1
o
4
0.5
0 T T 7 7 7
0 10 20 30 40 50 60

Balls displacement mm

Graph 4 Forming load, vs balls displacement at thickness
6(mm)

10 Influence of the die rotational speed on
forming loads

9

Thickness 4 (mm)

FX at 0.13 (mm/rev) -X-FX at 0.15 (mm/rev) -O-FX at 0.18 (mm/rev)
7 {FFY at 0.13 (mm/rev) -O-FY at 0.15 (mm/rev) -&-FY at 0.18 (mm/rev)
-O-FZ at 0.13 (mm/rev) -A-FZ at 0.15 (mm/rev) -X-FZ at 0.18 (mm/rev)

8

Forming loads (kN)
h

0 60 70 80 90 100 110
Die rotational speed (rpm)
(@)

9
—~ Thickness 4 (mm
z 81
&
& 7
=
2 6 4
o0
a
E 53
e 4 3
=
S 3 4
§ =O-F resultant at 0.13(mm/rev)
< 3
& 2 -J-F resultant at 0.15(mm/rev)

13 -A~F resultant at 0.18(mm/rev)

0

0 60 70 80 90 100 110
Die rotational speed (rpm)

Graph 5 Relationship between the rotational die speed and
Jforming loads at cross in-feed 2.5 (mm)

Graphs 5 a, b, 6 a, b and 7 illustrate the relation-
ship among the die rotational speed and the forming
loads with different cross in-feed 2.5, 3.5, 4.5 and 5.5
mm and feeds 0.13, 0.15, 0.18, and 0.21 mm/rev at
thickness 4, 5 and 6 mm. It is shown from the curves
that, the rotational speed increased, the forming loads
decreased in three directions. this is believed to be due
to the heat plasticization of the metal resulting from
the rapid friction between the forming balls and the
sample. which promotes flow, as well as the quick
decrease of buildup metal, which lead to lower re-
sistance to deformation. The shorter contact time

between the tool and the workpiece also contributes
to minimizing both axial and tangential load compo-
nents. The optimum speed was found at 200 to
315 rpm during which the load remained constant
throughout this range, and therefore this range of spe-
eds gives the manufacturer freedom to choose the op-
timal speed appropriate for him according to the capa-
bilities of the machine available to it. therefore, the
production time decreases as the chosen speed incre-
ases, and the cost also decreases. The maximum load
found that at 63 rpm. It believed that, at lower rotati-
onal die speed the straining of wall thickness will be
occurred. These findings agree with previous studies
reporting that higher rotational speed improves metal
flow and increases cavity filling due to enhanced local
pressure and reduced pile-up [11].

Thickness 6 !mm!l
8 3 FX at 0.13 (mm/rev) =X-FX at 0.15 (mm/rev) =O-FX at 0.18 ( mm/rev)
<-FY at 0.13 (mm/rev) -0-FY at 0.15 (mm/rev) =-AFY at 0.18 (mm/rev)
7 4| ©-FZ at 0.13 mm/rev) =A-FZ at 0.15 !Ill[l:l/l‘l‘\') =x-FZ at 0.18!mm/1‘ev;
2]
2
z 5]
2
R
g
=3
2 4
1 9
0
0 60 70 80 920 100 110
Die rotational speed (rpm)
(@)

3 Thickness 6 (mm

=O=F resultant at 0.13 (mm/rev)

Resultant forming loads (kN)

<-F resultant at 0.15 (mm/rev)

=/F resultant at 0.18 (mm/rev)

0 60 70 80 90 100 110
Die rotational speed (rpm)

(b)
Graph 6 Relationship between the rotational die speed and
the forming loads at cross in-feed 4.5 (mm)

9
s Thickness S (mm
-“-FX
4 O-FY
é 6 4 —=-FZ
=
R
FS
E 3
) -O— <>
i A
1 e sesall
(V]
0 80 120 160 200 240 280 320

Die rotational speed (rpm)

Graph 7 Relationship between the forming loads versus all
speeds
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11 Effect of mandrel axial feed on forming lo-

ads

9

| Thickness 4(mm)|

FX at 63 rpm =X-FX at 80 rpm ~O-FX at 100 rpm
7 3|+FY at 63 rpm ~O-FY at 80 rpm -A-FY at 100 rpm
~O=-FZ at 63 rpm =A-FZ at 80 rpm -X-FZ at 100 rpm

Forming loads (kN)

o 0.13 0.14 0.15 0.16 0.17 0.18 0.19
Axial feed (mm/rev)

@)

Thicknéss 4(mm)

2 =O=F resultant at 63 (rpm)

Resultant forming loads (kN)

=CF resultant at 80 (rpm)

=£F resultant at 100 (rpm)

0 0.13 0.14 0.15 0.16 0.17 0.18 0.19
Axial feed (mm/rev)
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Graph 8 Three components of forming load and resultant
load versus axial feed at 2.5 (mm) cross in-feed
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The forming load increased as the axial feed incre-
ased at different cross in-feed values (2.5, 3.5, and
4.5 mm). This is likely due to the expansion of the
contact area with the rise in axial feed, leading to gre-
ater material accumulation (piling up). Consequently,
this accumulation contributes to an increase in the for-
ming load components. higher strain rate and reduced
thermal softening of the material. Increased friction
and metal pile-up in front of the forming balls also
contribute to higher axial and tangential loads.
Additionally, excessive axial feed can cause unstable
metal flow, leading to irregular deformation and gre-
ater overall forming forces as shown as in Graphs
(8a,b,9a,band 10 a, b). The obtained results and the
trend of the curves concerning the effect of axial feed
on the forming loads are in good agreement with the
experimental findings reported by [11, 25, 26].
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Graph 10 Three components of forming load and resultant
load versus axial feed at 4.5 (mm) cross in-feed

12 Influence the die rotational speed on
filling ratio of die tooth cavities

The teeth filling ratio against die rotational speed is
shown in Graphs 11, 12 and 13 at different cross in-
feed (interference) and different axial feed. The filling
ratio was increased with increasing the die speed as
shown. This is due to the increasing metal flow with
high die rotational speed, because of the increase in
the temperature of the metal and its plasticity as out-
come rapid friction. The higher shear rate enhances
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metal flow and reduces pile-up ahead of the balls, en-
suring more uniform filling. Moreover, with increasing
the die rotational speed the forming balls are forcing
more metal at the front and to the inner perimeter of
the die it, this gives results more filling for the die teeth
cavities. These findings are consistent with the obser-
vations reported by [11, 20].
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13 Influences of diagonal interference on for-
ming load and the filling ratio
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Graphs 14 a, b and 15 a, b illustrate that as the
cross in-feed increases, the forming load also rises due
to the expanded contact area and accumulated metal,
greater plastic deformation resistance and increased
contact pressure. However, excessive interference
may cause surface defects and tool wear. An optimal
interference value ensures sufficient material flow, ac-
curate tooth filling, and stable forming conditions.
Additionally, a higher interference (cross in-feed)
enhances the filling ratio of the die tooth cavities due
to a greater amount of displaced metal filling the die
cavities. The maximum filling ratio of 100% was achie-
ved at cross-feed values of 3.5, 4.5, and 5.5 mm across
most speeds and feed rates. These results are in good
agreement with the findings of [11, 26].

14 Influence the axial feed on filling ratio of
die tooth cavities

Graphs 16 a, b illustrates that the filling ratio was
enhanced by raising the axial feed, as illustrated. where
it is with increasing the axial feed results in an incre-
ased filling ratio, which is believed to as the axial feed
increases, a greater amount of material is pushed
toward the forming zone, forcing the metal more
effectively into the die cavities. This enhances plastic
deformation and improves the filling efficiency.
Additionally, higher axial feed reduces excessive metal
pile-up in front of the forming balls and promotes
smoother material flow, resulting in a higher filling ra-
tio of the splined die cavities. This finding agrees with
the observations of El-Sheikh, M. N, et al [11].
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Graph 16 Effect of axial feed on tooth filling ratio at itrefer-
ence 2.5, 3.5 (mm)

15 Impact of rotational speed and axial feed
on product hardness

The findings reveal that an increase in rotational
speed results in greater hardness, primarily due to the
repeated passage of forming balls over the same sur-
face area. In contrast, as the axial feed increases, hard-
ness decreases because the distance between succes-
sive ball impacts grows, reducing the cumulative effect
of repetitive deformation on the patt's surface as
shown in GraphS 17 a, b. These results are in good
agreement with the findings of [25].
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Graph 17 Effect die rotational speed on product hardness at
thickness 4, 5 (mm)

16 Conclusions

In the present study, metal-forming processes
using ballizing technique (balls spinning). The results
were conceptually analyzed to lead to some significant
conclusions. Also, some topics in this area of present
study are recommended to be investigated in the fu-
ture work. The following are some drawn conclusions
out of the results discussion.

The following conclusions can be extract from the
present study:

e The process is a novel, simple, and cost-
effective technique with low tooling require-
ments, making it a practical alternative to con-
ventional forming methods. it is true, energy,
time, and material saving Thus, the cost of

production and product is saved.
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e Die rotational speed, interference between
forming balls and the sample (cross in feed),
and axial feed significantly influence the for-
ming load, filling rate, hardness, and overall
product quality. Moreover, the optimal values
of these parameters were determined, achie-
ving lower forming loads and enhanced pro-
duct quality.

e The axial load is greater than both the tangen-
tial and radial loads, with the tangential load
being the smallest. Additionally, the forming
load components increase as the interference
(cross in-feed) and axial feed increase.

e The optimum die speeds were found to range
between 200-315 rpm across all values of
cross in-feed and axial feed. Additionally, the
optimal specimen thickness was determined
to be 5 mm when the cross in-feed is 0.7 times
the specimen thickness, and the ideal axial

feed was found to be 0.13 mm/rev.
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