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Abstract: External gear components are used in a variety of production
and manufacturing areas, including motion, energy, and power
transmission in many industrial applications. Examples include
transportation equipment, aerospace equipment, and machine tools such
as lathes and milling machines, all of which rely on gearboxes. As a
result, these components are receiving increasing attention. This paper
introduces an innovative multi-level rotary ballizing technique for
manufacturing toothed tubular parts in one stroke. The process was
examined both experimentally and numerically. The experimental study
focused on key parameters, including die rotational speed (100, 200,
315, and 400 rpm), mandrel axial feed rate (0.13, 0.15, 0.18, and 0.21
mm/rev), and cross-feed values (4.5, 5.5, and 6.5 mm), achieved using
three levels of ball. Additionally, initial tube thicknesses of 6, 7, and 8
mm were analyzed. The study investigated the influence of these
parameters on forming load, filling ratio, and the hardness of the formed
product. The results demonstrated that these factors significantly impact
forming load, filling ratio, and overall product quality. A mathematical
model was developed to predict forming loads numerically, and the
calculated results showed a strong correlation with experimental
findings. Moreover, the experimental results confirmed the effectiveness
of the proposed multi-level ballizing technique in successfully forming
toothed parts with greater thicknesses while significantly reducing
forming loads compared to the single level ballizing method.

1. Introduction

Power is usually transmitted by a number of metros, including belts and gears. Gears and
toothed parts are important and indispensable parts in practical industrial life because they
are essential components relied upon in all areas of manufacturing and production,
including the military industry, the aerospace industry, and workshops operating all types of
machinery. No machine is complete without a gear box. This is because gear boxes are
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unique in that they transmit motion and power without slipping (without losing power or
speed). In light of the tremendous and rapid technical progress in this era, the methods of
manufacturing gears or toothed tubular parts in general have developed and been
transformed from traditional methods such as: milling, hobbing machines, and others, to
different, Innovative forming methods. It is well known that forming processes generally
differ from machining and cutting processes in the following: In forming processes, the
amount of metal waste is minimal, approximately 10%, while in machining processes, and
waste due to chip removal can reach 60% of the mass of the raw materials used. In forming
processes, mechanical properties are improved, while in cutting processes, the mechanical
properties of the product remain unchanged. Forming processes are widely used, especially
for products with complex shapes, while cutting processes are difficult to manufacture, as
they require high technical skills and expensive manufacturing machines. Consequently,
production costs in forming processes are lower than in machining processes. Production
rates in forming processes are also high, while in cutting processes, production rates are
expensive, and production rates are low. Many previous studies were conducted to produce
internally splined tubes. The ballizing process enhances the hardness of the pre machined
holes. Beyond hole sizing and surface improvement, ballizing has a wide range of
applications, some of which are difficult or impossible to achieve with other methods. An
AISI 1020 steel workpiece was manufactured using a multi-pass single-roller flow forming
process over a splined tool. The findings indicate that the highest measured equivalent true
plastic strain was situated at the interface of the workpiece and mandrel. It is noteworthy
that as the reduction in workpiece thickness increased, the ultimate equivalent plastic true
strain near the workpiece, especially near the base of the inner ribs, also showed an increase
[1]. The process involving the displacement of material from one area on the surface to
another usually results in the formation of a topography characterized by three distinct
layers. Another category of processes yielding similar three-layered topographies involves
the addition or removal of material, both above and below the initial surface's average line.
In instances of material addition, the resulting topography conforms to the SRR pattern, as
peaks are introduced concurrently with the filling of cavity. Conversely, in cases of material
removal, the resulting topography follows the RSS pattern, as valleys are augmented
simultaneously with the removal of peaks [2]. Utilizing micrography analysis has proven
instrumental in enhancing our comprehension of metal plastic flow during the process of
rearward ball spinning for fluffy-walled tubular components featuring longitudinal internal
ribs. Multi-pass spinning leads to material work hardening, detrimentally affecting the
formability of inner ribs. The grain orientations indicate that the metal follows tangential
and radial directions as it flows into the mandrel grooves. These simulations highlight that
the three components of the spinning force increase as the number of spinning passes
increases, which means that hardening occurs in the metal throughout the multi-stroke
spinning process [3]. Empirical investigations demonstrated a distinct influence of feed ratio
and spindle speed on critical factors such as internal diameter, wall thickness, and load
demands. Notably, using lower feed rates and higher speeds of the spindle resulted in a
significant expansion of the inner diameter and a reduction in wall thickness. Furthermore,
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elevated spindle speeds were particularly impactful in substantially diminishing the forming
load requirements. The material's hardness exhibited a direct correlation with the extent of
thickness reduction in the annealed state [4]. Employing a rounded corner design in the
transition region between the teeth and grooves results in minimal fluctuations in metal flow
and contact force. This design alteration proves advantageous in mitigating defects and
averting mandrel failure [5]. A new analytical approach was introduced to determine the
optimal angle of attack for tube spinning, with the main objective of minimizing the
spinning load. It was found that the optimal angle of attack be calculated numerically by the
supreme equation [6]. During the production of thin-walled tubes with small diameters
using Ball spinning. Was a critical concern in this process is the potential occurrence of a
peeling phenomenon, which arises when factors like the working angle are not suitably
chosen. This phenomenon can lead to deformations such as material crashing, curling, and
unwanted coverage over areas preceding the ball, sometimes resulting in damage to the
working die. It is concluded that peeling arises when the actual working angle surpasses a
critical value ac. Conversely, if the actual running angle is lower than or equal to ac, the
material in forefront of the ball’s flows smoothly. [7] During the backward ball spinning
process. Experimental findings indicated the presence of a minimum ball diameter essential
for ensuring the proper formation of internal ribs. The minimum achievable diameter is
influenced by factors such as feed ratio, wall thickness reduction, initial tubular blank
thickness, and material properties. In the backward ball spinning process for thin-walled
tubular components with longitudinal inner ribs, ball size plays a crucial role. It
significantly affects the magnitude of the spinning force and various quality aspects of the
part, including surface finish, material flow stability, and inner rib formation. Larger ball
sizes help minimize surface buildup while enhancing inner rib height [8]. The relationship
between ball size, axial feed, and the number of balls is critical in determining the final
surface quality of the produced parts. Additionally, the configuration and dimensions of the
contact surface between the ball and the workpiece directly affect the deformation force
components [9]. During backward ball spinning of thin-walled tubular parts with
longitudinal inner ribs, the deformation zone is in a three-dimensional compressive stress
state. In the inner rib region, tensile strain occurs in the radial and axial directions, while
compressive strain occurs in the tangential direction. On the other hand, in the adjacent wall
deformation zones, compressive strain occurs in the radial direction and tensile strain occurs
in the axial and tangential directions. Moreover, all three spinning force components
increase as the ball stroke increases, with the radial force component being the highest,
while the tangential force component remains the lowest [10-13]. To enhance groove
height, employing large thickness reduction and feed rate is recommended. [14] The
significant influence of two main parameters, namely workpiece diameter rate and feed ratio
(v), on the behavior observed in ball rotation operations must be considered [15]. During
ball spinning to form inner-grooved copper tubes, simulation results have shown that
folding defects arise due to the gap between the inner surface of the copper tube and the
plug. To mitigate these defects, several measures have been proposed based on finite
element simulations. These include minimizing the difference between the inner diameter of

80



JES, Vol. 53, No. 3, Pp. 78-99, May 2025 DOI: 10.21608/JESAUN.2025.356763.1416 Part C: Mechanical Engineering

the reduced blank tube and the outer diameter of the plug, incorporating appropriate
rounded corners between the groove wall of the plug and its outer surface, and reducing the
roughness of both the plug's groove walls and outer surface. Microstructural analysis of the
cross-section of copper tubes reveals that folding defects result from multi-track metal flow
during the spinning process [16]. During the ball spinning of fluffy-walled tubular parts, all
three force components increase as the feed ratio and ball diameter increase. Moreover, in
backward ball spinning, each spinning force component is significantly higher than its
corresponding force in forward ball spinning [17]. A novel ball set design has been
introduced to tackle various challenges in the tube spinning process, including material
build-up in front of the forming balls, material folding on the tube's internal surface, and
potential mandrel failure due to load fluctuations at the root of the forming teeth. The new
design incorporates smaller ball sizes compared to conventional designs, making it more
suitable for tubes with relatively small thicknesses.[18] pipe spinning utilizes a functionally
graded ballizing arrangement. The proposed design features four balls, each positioned on a
separate plane. This novel configuration has demonstrated significant potential in mitigating
accumulation formation in front of the forming balls, particularly at specific ball
arrangements. [19] The maximum value of strain hardening in-creased with both
interference and wall thickness. The greater the wall thickness, the lower the wall elasticity.
[20] At surface roughness increases, fatigue life tends to decrease notably. When comparing
equal surface roughness conditions, it was observed that ballizing yielded the shortest
fatigue life for Assab 760 steel, while polishing resulted in the longest stress life. The reason
behind the reduced stress life in the case of ballizing can be attributed to a decline in the
material's fatigue resistance when subjected to a certain level of pre-strain. [21] It was
established that smaller ball diameters result in higher levels of stress and strain, along with
in-creased strain rates. Numerical analysis further reveals that the reduction rate plays a
significant role in shaping the strain state within the inner tube holes after the ballizing
process. [22, 23] There exists a critical interference value that maximizes the improvement
in microhardness, roundness, and surface finish during the ballizing process. The ballizing
process yields favorable surface characteristics, significantly enhancing the average surface
roughness by approximately 85%. Moreover, it has a positive impact on the bearing ratio.
Precise control over surface characteristics can be achieved by carefully adjusting the
interference parameter. [24] Generally, increasing the interference (the gap between the ball
tool and the bore) enhances surface quality up to an optimal point. However, excessive
interference may cause micro-profile distortion and excessive work hardening, leading to a
deteriorated surface finish. Additionally, higher interference levels result in an increased
average outer surface strain. Surface hardness improves with greater rotational speed, feed
rate, and depth of penetration, which positively contributes to the overall effectiveness of
the process [25, 26] it was observed that the attack angle produced the smallest magnitude
of axial force, which also resulted in the least amount of material accumulation. [27] The
material displaced by the ball can be categorized into three components: elastic
displacement, plastic displacement, and material compressibility. [28] The ballizing load
was predicted under both dry and lubricated conditions, assessing the effectiveness of
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various common lubricants and comparing them in terms of load reduction and their impact
on surface finish. It was found that predicting the load during ballizing without lubrication
is straightforward, but when lubricants are applied, the prediction becomes more
challenging due to the unknown value of "B", which represents the fraction of the load-
supporting area where film breakdown occurs. This value is crucial for evaluating the
performance of a specific lubricant. Among the lubricants tested, a soap solution was found
to be the most effective. While lubrication reduces friction, it also diminishes the finish
improvement achieved through metallic contact and the burnishing effect between the ball
and the workpiece. [29] The ideal length-to-diameter ratio for a ballizing tool should range
from 1/10 to 10 times the hole diameter. Additionally, the wall thickness of the material
should be at least greater than 1/10th of the hole diameter. The ballizing tool should not
have a hardness exceeding 45 Rockwell scale, while the balls used should have a hardness
greater than 65 Rockwell scale [30,31] Durin the flow forming procedure used on a lathe to
manufacture internal gears. It was discovered that all factors and their interactions impact
tooth height, including the attack angle, thickness reduction, the relationship between roller
diameter and attack angle, as well as the interaction between roller diameter and feed rate.
[32] Innovative "symmetric cold expansion™ method offers superior control and uniformity
of residual stresses, as well as proven enhancements in fatigue life through experimental
validation. [33] To achieve the specified final diameter, an oversized ball must be
employed, and the extent of oversizing can be estimated from the recovery angle value.
Surface hardness increased by approximately 20% in most specimens, and this increase was
more pronounced with greater interference. [34] Generally, rising the interference improves
sur-face quality up to an optimal point, beyond which it begins to decline. This is because
the ballizing process involves plastic deformation, and insufficient interference may result
in only elastic deformation, leading to poor quality, particularly at small interferences. On
the other hand, excessive interference can cause micro-profile distortion and excessive work
hardening, leading to poor surface finish. [35, 36] The ballizing process is effective for
finishing mated holes, even those with slight bends or s-bends, in a single pass. It can
handle interrupted areas, such as cross holes and recesses, without difficulty. Ballizing is
versatile and can be applied to various materials, including ferrous, non-ferrous, and
stainless steel. But it not suitable for materials that have been hard chromium plated. Heat
treatment carried out after Ballizing can disrupt adjust the dimensions and finishing of the
ballizing tool, so it should be considered when planning the manufacturing process. [37]
During the ball-shaped spinning process for manufacturing internally-splined tubes, key
variables such as mandrel rotational speed, axial feed, and cross in-feed were found to
significantly affect both the forming load and the quality of the formed sleeves. The rough
surface of the sleeves decreases as the cross in-feed increases, while it increases with higher
axial feed. Additionally, the filling ratio improves with an increase in both cross-in-feed and
axial feed. [38] The Design of Experiments technique was applied, revealing that speed and
feeding are the most critical variables influencing power consumption. The resulting force
on the roller is governed by factors such as the roller attack angle, roller nose radius, and
reduction per-centage. The resultant force is composed of three components: axial, radial,
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and circumferential forces. Among these, axial force is the largest, followed by radial force,
while the circumferential force is the smallest. [39]. in general, in studying the variables of
manufacturing processes of a raw material or product, Mahmoud Hashem et al. used the
ANOVA package for this purpose [40-43], Other references have provided methods for
selecting experimental/operational parameters, composite properties, dynamic parameters,
finite element analysis, numerical simulation, etc. [44-49]. Jena, P. C. et al. used dynamic
analysis of FRP cracked beams using neural network. [50]. References introduced
processing technology’s fault crack assessment by FEM of AMMC beam produced by
many methods such as modified stir casting method.

It can be seen from the previous review that the process of forming the gear needed more
investigation. Here, we propose rotary forming with balls (balling process) to produce gears.
This paper proposes a new method of forming toothed parts by rotational ballizing process
using a new tool. In this research suggests a novel design that promises to address all these
problems simultaneously using simple tools to produce external gears or any other
externally toothed parts. In addition to the formation of tubular sections with relatively large
thicknesses compared to previous studies in the spinning of internally splined or non-
splined tubes. Also, analytical and practical work is done to examine the formation of
externally toothed components utilizing a new rotating ballizing approach.

2. Numerical analysis of the single stage ballizing technique

Given the experimental data in Table 1, consider the problem of estimating the value of the
function at non-tabulated points. Figure 1 is a graph of the values in Tablel. Table. 2 show
the data to fitting curve. From this graph, the actual relationship between x and y appears to
be a straight polynomial line. The lack of a line that exactly matches the data is probably
due to errors in the data. Therefore, it is unreasonable to expect the approximate function to
match the data exactly. In fact, such a function would result in oscillations that do not exist
as they should. For example, the graph of the interpolating polynomial of 2-degree equation
shown in unbounded mode for the data in Table 3.

3. Polynomial Least Squares for Numerical forming load

The general problem of approximating a set of data, {(xi, yi, i = 1, 2, m}, with an algebraic
polynomial in general form as the following

BG) =y ="+ apx" et ar £ a (1)

The polynomial of degree in <m — 1, using the least squares procedure is handled similarly.
We choose the constants a,,a,....and a,t0 minimize the least squares error E = E»
(ag . ay,....and a,), where
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E= ) i — Pu(x))
i=1

)
= i{}'f]z_zipn{x[’ Jy; +i{Pn (= ))? (3)
i=1 i=1 i=1
2
= Yor-2) (Z a; (.1:[-1])}'[- ) (Z a, (x; J‘)) 4)
i=1 i=1 Yy=0 i=1 Y j=0

As in the linear case, for E to be minimized it is necessary that 0E/daj = 0, for each j =0, 1
n. Thus, for each j, we must have

9E _
"= 20 Z(Zw w)HZakZ{x”*‘ ®)
This gives n + 1 normal equations in the n + 1 unknown's aj. These are
Zﬂk Z{-‘tf“k}: (Z Yi {1:'”) (6)
k=0 i=1 i=1
Foreachj=0,1,...,n.and for it is helpful to write the equations as follows:
Z't: +alzx: +HZZ -I-!IHZ:I:[": .‘r:"t:'n (7)
i=1 i=1
ﬂnzx: +ﬂlzx: +ﬂzz-‘=f3+ +%Z-“="+1_Z_‘l’f-‘¥fl (8)
i=1 i=1 i=1 i=1 i=1
anz +alz "+1+azz.t[-"+z+ +aan[z"=Z}rExE” 9)
i=1 i=1 i=1 i=1 i=1

Least squares polynomial
f)=y=ay+ ayx + ax* (10)

Fit the data in the following Table 1 with the discrete Least Square Polynomial of degree at
most 2, wheren=2,m=9 and y= f(x) =a, +a, x+ a,

may + ay i{x[ 1+ ap i{#[ 2) :i{_":‘]

(11)

ﬂnZ{x: )+ay Z{x[ J+azZ{x EJ—Z{xI_J (12)

anZ«ix[zHalZ{x[ +azZ<x Z{x[ y) (13)
i=1
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Table 1 the forming load values against die rotating speed, N (rpm)

N(rpm) 50 63 80 100 125 160 200 250 315
I(:Pt(N) 3.5992 | 6.9625 | 5.0810 | 5.3344 | 3.9081 | 3.1865 | 2.9079 | 2.8655 | 2.7327

From the data tabulated in Table 2 can be calculated the following equations

eql4d 9aq, + 1343a, + 265819a, = 36.57824 (14)
eql5 1343a, + 265819a, + 62817047 a, = 4715.697 (15)
eql6 265819a, + 628170475a, + 16414314211a, = 831709.7 (16)
Table 2 the data to fitting curve for forming load
X; s 3 4
m N - x° xi X i ¥i x:%
1 50 3.5992 2500 125000 6250000 179.961 8998.05
2 63 6.9625 3969 250047 15752961 438.6408 27634.37
3 80 5.0810 6400 512000 40960000 406.4827 32518.62
4 100 5.3344 10000 1000000 100000000 533.4483 53344.83
5 125 3.9081 15625 1953125 244140625 488.5141 61064.26
6 160 3.1865 25600 4096000 655360000 509.849 81575.84
7 200 2.9079 40000 8000000 1600000000 581.5903 116318.1
8 250 2.8655 62500 15625000 | 3906250000 716.3965 179099.1
9 315 2.7327 99225 | 31255875 | 9845600625 860.8144 271156.5
)y 1343 | 36.57824 | 265819 | 62817047 | 16414314211 4715.697 831709.675

To solve this equations system (eq No 14-16) using Maple, we first define the equations
And then solve the system with
Solve ({eql No 14, eq2 No 15, and eq3 No 15}, {a0, al, a2}) this gives

ap = 6.650336

a, = —0.024916

a- = 3.8325E — 05

17)
(18)
(19)

Thus, the forming load or least squares polynomial of degree 2 fitting the data in Table 3 is

f{x] =y=a,+ aqx+ n:x:

y = f(x) = 6.650336 — 0.024916x + 3.8325E — 05x°

(20)
(21)

Whose graph is shown in Fig. 1? At the given values of xi we have the approximations shown in Table

3and 4.
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Table 3 the data to fitting curve for numerically and experimentally forming load with the Errors at all
points

i 1 2 3 4 5 6 7 8 9
x; (N) 50 63 80 100 125 160 200 250 315
v; (Fo) 3.599 | 6.962 | 5.081 | 5.334 | 3.908 | 3.186 | 2.907 | 2.865 | 2.732
P(x;) 5.500 | 5.232 | 4902 | 4541 | 4134 | 3.644 | 3.200 | 2.816 | 2.604

vi — P(x;) | -1.901 | 1.729 | 0.178 | 0.792 | -0.226 | -0.458 | -0.292 | 0.048 | 0.128

0 -
E% 10.178 12.239 | 3.516 | 14.856 | -5.796 14.383 | 10.047 1.707 | 4.689

The total error, E = 0.3928655 (-3.3970894 %)

et |
L

= Experimentally forming load

=31
Ll

- -- Numerically forming load

Forming loads, kN
- A

el

I

Die rotional speed, rpm

Fig. 1 A comparison between computed Numerically and Experimentally forming load results data
at axial feed 0.15 mm/rev.

4. EXPERIMENTAL WORK

The multi-stage ballizing depends on dividing the thickness of the metal required to be
displaced (flowed) inside the cavity of the die teeth into layers that correspond in number to
the stages of the ball used, so that the graduated outer diameters of the ball together give a
streamlined conical shape, for easy displacement of the metal and the transition of flow
from one stage to another gradually with High flexibility.as shown as in Fig. 2 , and
therefore all common ballizing problems such as metal piling up in front of the forming
balls, folding, radial and axial load swing result from the metal piling up, are overcome. In
addition to overcoming the elastic spring of the metal behind the forming balls in a
relatively large amount compared to single- stage ballizing, and the metal peeling
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phenomenon. All that at one time (in one stroke). This gives the possibility of obtaining the
externally toothed parts with greater thicknesses, speed in forming, saving time, reducing
the forces consumed more, and ensuring complete filling of the product teeth. In addition to
improving the mechanical properties of the product, such as hardness and others. Fig. 3
They explain schematic drawing of multi-stages ballizing process sequence and isometric
section of the process and sample ejection mechanism.

-1 BN
NED

H — .
B

,,,,,,,,,

Fig. 3 Isometric section showing multi-stage ballizing process and sample ejection

4.1 Experimental set-up of the multi-stages rotating ballizing technique

Figure 4 Shows the components of the testing device used in the forming process. The
proposed design of the forming tool is a mandrel mounted on it two level ball or three level
with graduated outer diameters (multi-stage ballizing process) and each ball bearing has six
rotating forming balls with diameters of 13, 14 and 16 mm, respectively. The balls are made
of hardened tool steel and are spaced 60 degrees apart to prevent folding of the metal during
forming. They were designed to eliminate all the known problems of the ballizing process,
which faced many researchers in previous studies, and still are still such as piling up,
folding and others. Fig. 5 shows a schematic diagram of the forming tools used to form the
toothed parts externally (in one stroke) using the multi-stage pelleting technique. The
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forming die rotates at the speed of 315 rpm obtained from process parameters for single
stage ballizing, while the rotating forming balls rotate almost at the same speed as the
toothed die when it comes into contact with the workpiece placed inside the toothed die.
The radial feed of forming balls ranges between (5.5 mm and 6.5 mm). The cross in-feed
value (interference between the forming balls and the sample) is changed by changing the
inner diameter of the tubular sample while keeping the diameter of the ball bearing constant
according to the required diagonal feed value (diagonal interference). The axial feed rate of
mandrill was 0.13 mm/rev (also obtained from process parameters for single-stage
ballizing). The toothed die is fixed in the lathe chuck at one end and the workpiece is
inserted into it at the other end. The die gap provided axial support for the tubular specimen,
while the die teeth rotated it. The tubular sample is made of commercial lead, with a
strength coefficient of K= 63 MPa and a strain hardening exponent of n=0.149 determined
by an experimental pressure test. The lead was bought as scrap, it was melted and purified
from impurities. Tubular samples were made by pouring in a metal mold, and the casting
mold was devised and produced to make the tubular samples in the required dimensions.
The spindle is placed on top of a conventional lathe carriage and is set centrally with the
centerline of the lathe using a dial gauge with a sensitivity of 0.01 mm. The forming balls
approach the sample from the free side of the mold until contact occurs between them
without penetration into the sample, then the speed and axial feed of the machine are
adjusted. Automatic feeding has been activated. Thus, the sample rotates with the rotation
of the mold, while the forming balls move independently and axially along the surface of
the sample from the inside.

1-Lathe Chuck

2-Product ejection
mechanism

3-Toothed Die

4-Specimen

5- FormingBalls
6-Novel Ballizing Tool

7- Tool Holder

8- Dynamometer

Fig. 4 Experimental set-up of the multi-stage rotating ballizing technique as a novel forming tool

4.2 Force, hardness, and filling ratio measurement devices

The forming loads were measured by the dynamometer relates to data logger device. The
data logger is a PIC OLOG 1000 series. The data logger is connected to a laptop computer
and receives signals with the Pico-Log program. The hardness of the products was
measured with a microhardness tester (Micrometre 2001). The filling ratio was calculated as
follows:
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1- Theoretical geometry (complete filling) was calculated from the die teeth dimensions.

2- Obtained actual geometry (contour) of formed parts is magnified to a predetermined scale
using a microscope to calculate the actual volume filled.

3- The filling rate is computed as the following

A photo scan for the die and formed workpiece is illustrated in Fig. 6. The actual and
theoretical areas were computed using by AutoCAD program. The ratio is the sum of
division of the actual and theoretical values.

Fig. 5 Schematic diagram showing the two and three-stage mandrel (multi-stages mandrel)

Area of die cavity Area of external tooth
\ \

actual volume of external teeth

theoretical volume of die cavity

actual area of external teeth * tooth length

theoretical area of die cavity * tooth length

Die External Gear

Fig. 6 Photo scan for die and external toothed part to compute the filling ratio.

Experiments were done under optimal conditions derived from single stage ballizing to
study the influence of process parameters (t, DT) and machine parameters (f, N) on
deformation loads. The influence of process and machine parameters on product quality,
defined by hardness and filling rate of the outer teeth of the product, was investigated. Table
2 displays the experimental plan and operational parameters. In this work, experiments were
conducted at variable values according to the capabilities available in the experimental
machine of test rig, so that a minimum value and maximum values are determined for each
variable, and between them, we choose two values. It is known that in determining and
designing experiments at the time of the predecessors, such as the Taguchi method, Full and
Fractional Factorials and the Optimal design method, experiments are designed for levels
with the aim of reducing the number of experiments and thus saving time, effort and cost.
Here, in this work, we relied on Full Factorials to design experiments.
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5. RESULTS AND DISCUSSIONS

5.1 The geometry of externally toothed components

Figure 7 shows the ball trace geometry for the multi-stage ballizing process, Fig. 8 Some of
the externally toothed tubular products which are produced with the new multistage
ballizing technique and Fig. 9 photo scan for externally toothed tubular products at
optimum parameters and different cross-in-feed. It is obvious that the externally toothed
tubular product was perfectly manufactured using the innovative multi-stage rotary ballizing
technique with thicknesses 7 and 8 mm. This is a novel, simple, and low instrumentation
approach.

Fig. 8 Some externally toothed tubular products which are produced with the new multistage ballizing
technique
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Figure 9 shows the teeth filling ratio against die rotational speed. The filling ratio was
enhanced by raising the die speed, as illustrated. This is due to increased metal flow caused
by greater die rotating speed. Because of a rise in the metal's temperature and flexibility
caused by fast friction. Furthermore, as the die rotational speed increases, the forming balls
force more metal into the front and inner perimeters of the die, resulting in greater filling for
the die tooth cavities.
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Fig. 9 photo scan for externally toothed tubular products at optimum parameter and different cross in-feed.

5.2 Compare between effects of die rotation speed on resultant forming load with
change in the sample thickness.

Fig. 10 shows the relation between die rotation speed and resultant forming load at optimum
feed 0.13 mm/rev with different thicknesses (6,7and 8mm). It is clear from the curve that as
the thickness of the sample increases with the constant outer diameters of the ball
(increasing the interference ratio between the balls and the sample), the forming load rises
due to the rise in the contact area. It is also clear that the forming load increases with
increasing the speed of the die rotation. This may be due to the increase in the metal
accumulated in front of the three levels of ball (increasing the forming rate). The optimum
speed is clearly 200 rpm.

5.3 Compare between effect of axial feed with rotational speed on resultant forming
load.

Fig. 11 and 12 illustrate the effect of axial feed on the resulting forming load with change in
the rotational speed of the die. The forming load increases with increasing axial feed of the
mandrel. This is believed to be due to the increased contact area as the axial feed increases,
resulting in more buildup and hence a higher forming load.
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5.4 Effect of rotational speed and axial feed on tooth filling ratio
Figures (13) illustrates that the filling ratio was enhanced by raising the die speed, as
illustrated. It may be due to increased metal flow caused by greater die rotating speed. As a
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result of a rise in the metal's temperature and flexibility caused by fast friction. Furthermore,
as the die rotational speed increases, the forming balls force more metal into the front and
inner perimeters of the die, resulting in greater filling for the die tooth cavities. Also
increasing the axial feed results in an increased filling ratio, which is believed to be due to
the increased contact area between the balls and the sample, displacing more of the

accumulated metal to fill the die cavities.
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Fig. 13 Effect of rotational speed and axial feed on tooth filling ratio

5.5 Influences of diagonal interference on forming load and the filling ratio

Fig. 14 shows the effect of cross-in-feed on forming load and filling ratio. Forming load
increases with increasing cross in-feed, due to increased contact area and accumulated
metal. Also, with increasing overlap (cross in-feed), the filling ratio of the die tooth cavities
increases. This is believed to be due to the increased contact area between the forming balls
and the sample, which leads to an increased amount of displaced metal inside the die
cavities. The highest filling ratio of 100% was achieved with 5.5 and 6.5 mm cross-feed at
an optimum speed of 315 rpm and an axial feed of 0.13 mm/rev.
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Fig. 14 The relationship between diagonal interference vs filling ratio and forming load
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5.6 Impact of rotational speed and axial feed on product hardness.

The findings indicate that an increase in rotational speed leads to greater hardness,
attributed to the forming balls repeatedly passing over the same surface area. Conversely, as
the axial feed increases, hardness decreases due to the increasing distance between
successive ball impacts. This reduces the overall effect of repetitive deformation on the
surface of the part. As shown in Fig. 15.
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Fig. 15 The relationship between hardness vs dies rotational speed, and axial feed

5.7 Comparison between single-level rotary ballizing process and multi-level rotary
ballizing process

Fig. 16 shows the success of the multi-level ballizing process in reducing the forming loads
by a large percentage compared to the single level ballizing process due to dividing the
formed thickness into several levels of balls and with one tool. With an excellent tooth
filling ratio and in one stroke. In addition to enabling the forming of larger thicknesses.
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Fig. 16 Comparison between single- stage ballizing process and multi-stage ballizing process
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6. CONCLUSIONS

This study concludes that: The multi-stage ballizing process yields excellent results,
allowing for thicker tubes and reduced forming load components. The multi-stage ballizing
technique was found to significantly reduce metal accumulation on the front of the forming
balls by dividing the specimen thickness into three ball stages during forming in a one
stroke. Metal folding before and after the forming ball was eliminated, minimizing load
fluctuations due to metal accumulation at the front of the ball. Scientific equations were
developed to predicted formation loads, and the results were consistent with experiments.
The optimum die speed was 315 rpm, and axial feed was 0.13 mm/rev. axial load was the
greatest, followed by radial and tangential loads. Ball diameter affects the forming load. As
the ball diameter is increased, the forming load increases. Increasing axial feed, speed, and
cross-in-feed increases the die filling rate. Hardness increases with increasing speed and
cross feed but decreases with increasing axial feed. Agreement between numerical and
experimental results.
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