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ABSTRACT 

The thin-walled cup is considered an important part of developing aeronautic, aerospace, rocket capsule components, 

military industry, and other manufacturing processes for daily use parts. These parts can be produced by conventional 

spinning with rollers or by ball spinning process. The recent development of ball spinning of tubes and thin wall thickness 

cups faces the challenge of limiting the large reductions due to built-up material formation in front of the forming balls. The 

current study introduces a new ball set design to overcome the pile-up problem during large reduction tube spinning. 

The proposed design consists of 4 balls distributed in four planes, having one ball in each plane. The first plane is set to 

suppress the pile-up formation, the second, the third, and the fourth planes are set for the main forming process. Every two 

consecutive planes are shifted by 90 deg. from each other to contribute to the thickness reduction. The new design is 

investigated experimentally through Latine Hybercube Design of Experiments.  The surface responses of the experimental 

results are statistically analyzed using second-order linear regression. 

The results analysis shows that the new design has shown the potential to significantly overcome the pile-up formation in 

front of the forming balls at high thickness reduction operation. The optimum working conditions for minimum material 

pile-up, minimum average diameter deviation percentage, minimum average thickness deviation percentage, and minimum 

average surface roughness Ra are determined and presented.  

 

Keywords: Tube spinning, Conventional spinning, Ball spinning, pile-up, thin wall thickness cup. 

Introduction 

Tube spinning is a forming process used to squeeze a thick-walled tube incrementally using forming rollers or balls to a thinner 

and longer tube.  The process has the advantages of low tooling costs, low forming loads, tool flexibility, and near net shape 

production for various geometrical configurations [1].  Tube spinning using balls is more advantageous than conventional rollers 

for its smaller localized deformation zone and uniform distribution load.  These characteristics of ball spinning ensure smaller 

forming loads and more accurate spun parts [2].  The material build-up in the front of the forming roller or ball is a communal 

limitation in tube spinning using either rollers or balls [3-4].  Many investigations had addressed these processes and their limitations 

due to material build-up. 

Kalpakjian and Rajagopal [3] have concluded that the higher the tube thickness reduction, the roller feed rate, and the roller 

angle, the higher the material build-up in tube spinning using rollers. On the other hand, the higher the roller nose angle or tilt angle, 

the lower the material build-up. The two types of spinning, forward or backward, do not affect the build-up phenomena under the 

same conditions. In order to reduce the material build-up, the process parameters need to be controlled. A suggested method to 

reduce the build-up is using a flat roller with a cylindrical face tangential to the tube unspun part. Furthermore, the built-up defect 

is controlled in tube spinning using rollers by either multi-rollers or built-up suppresser roller shapes. 

Kim et al. (2013) [5] investigated tube spinning using one roller by upper bound theory to find the optimum roller attack angle 

that generates the minimum axial forming loads.  They concluded that the build-up phenomenon is mainly affected by the roller 

axial force, which increases the bulge in the front of the roller.  They proved their claims by using a finite element simulation model.  

Recent attempts [6-9] on tube spinning using rollers focused on obtaining analytical, statistical, or numerical models that 

correlate well with the experimental results. These studies are mainly about forming loads and controlling parameters such as roller 

feed, reduction percentage, attack angle, and roller nose radius. Bhatt and Raval [6-7] reported that lower feed and higher speed 
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produce more bulges under the forming roller. Wang et al. [9] concluded that the high flexibility of tubes with ultra-thin walls causes 

forming instability and material flow disorder. They recommended some optimum working conditions to overcome these 

instabilities. 

Shuyong and Zhengyi (2008) [2] studied tube spinning using balls to investigate the effect of feed ratio and the ball diameter 

on the spinning force components. Their theoretical and experimental results showed that the deformation mechanics in backward 

ball spinning contributes to enhancing the plasticity of the tube material.  In contrast, the deformation mechanics in forward ball 

spinning contributes to advancing the axial flow of the tube material. They also found that the tangential spinning force component 

significantly influences the formability of the spun parts. The study neither recommended an optimum feed ratio nor an optimum 

ball’s diameter for producing minimum spinning force components for sound spun tubes. 

  Zhang et al. (2007) [10] studied ball spin forming to investigate the primary defect in the inner grooved copper tube’s inner 

surface during ball spin forming. They proposed a finite element analysis showing that folding defects are formed on both sides, on 

one side of the fin and the bottom of the copper tubes’ inner grooves. They concluded that the folding defects might be eliminated 

by reducing the difference between the blank tube’s inner diameter and the plug’s outer diameter. The simulated results suggested 

that the gap between the copper tube’s inner surface and the plug directly led to the folding at the rounded corner between the partial 

fins and the fin bottom. 

 Jiang et al. (2008) [11] investigated manufacturing thin-walled tubular parts with longitudinal inner ribs using ball spinning.  

They studied the influence of ball diameter, feed ratio, wall thickness reduction, and the tubular blank’s original wall thickness on 

the inner ribs’ formability. They found that the formed inner ribs’ height increases with the ball diameter, the wall thickness 

reduction ratio, and the feed ratio. 

Jiang et al. (2009) [12] studied, experimentally, the effects of the spinning ball size on the final quality of the splined tooth and 

the metal flow under the ball. The results have shown that increasing the ball size improved the formability of the inner ribs and the 

tube wall material’s steady flow under the forming balls. On the other hand, large ball size leads to low dimensional accuracy and 

inferior surface quality of the spun part. The study did not recommend optimum ball size or arrangement to compromise the splined 

tooth and outer surface quality. 

Ahmed (2011) [13] introduced a numerical simulation of a new ball arrangement design for ball spinning of a splined tube. The 

balls are set at four different planes with progressive depth to simultaneously reduce mandrel tooth failure and overcome the material 

build-up. Although the simulation results proved the proposed design concept, it was not tested experimentally. 

Li et al. (2011) [14] numerically investigated the ball spinning of thin-walled tubes made of super-alloy. The build-up 

phenomenon and its influencing factors like principal axis speed, axial feed rate, and wall thickness reduction were investigated 

using the finite element method (FEM). The experiment of the ball spinning process was performed based on the proper technical 

parameters obtained through simulation. The results showed that the build-up surface defect increases with the axial feed and wall 

thickness reduction. The study neither broaches how to overcome build-up nor defines optimum axial feed and optimum wall 

thickness reduction. 

Jiang et al. (2013) [15] introduced ball spinning of nickel−titanium shape memory alloy (NiTi SMA) tubes at elevated 

temperatures. Based on the stress and strain fields, they showed that the NiTi SMA tube’s outer wall is easier to meet the plastic 

yield criterion than the inner wall. The plastic deformation zone is caused to be in a three-dimensional compressive stress state. The 

finite element simulation result revealed a temperature rise of about 160 °C in the principal deformation zone of the NiTi alloy tube. 

Also, there is a temperature increase of about 300 °C on the ball at the contact area with the spun part. 

Kuss et al. (2016) [16] proposed a 2D FEM model to predict the damage during ball spinning through statistical Design Of 

Experiments (DOE). Their results showed the need to increase the axial feed rate for a damage minimized process design. It has 

been shown that the increase in the tube wall reduction ratio or the feed rate increases the damage possibilities of ball spinning.  

These results were presented through 2D FEM simulation without experimental verification. 

Chunjiang et al. (2017) [17] discussed the relationships between spinning depth, ball diameter, spinning feed, and ball-spinning 

force. They compared the results of a proposed analytical model, and that obtained by the finite element method shows a good 

correlation. They claimed that at spinning depth h < d/2, the ball-spinning pressure increases with the spin depth. However, at h > 

d/2, spinning pressure increases with the ball diameter and feed rate.  These claims have neither been proven experimentally nor 

physically. 

Abd-Eltwab et al. (2017) [18] investigated, experimentally, the ball spinning of a thin tube with inner ribs employing four balls 

in the same plane and same depth. They defined the ball set’s optimum rotational speed and feed rate for obtaining sound splined 

tubes with no defects. However, they did not optimize the ball set for minimizing the material pile-up. Furthermore, they concluded 

that the increase in the material pile-up increased the deviation of their analytical model results from the experimental measurements. 

Jiang et al. (2017) [19] studied ball spinning of a composite tube of copper and aluminum. They investigated the interface 

compatibility of the composite tubes during ball spinning through the finite element method and experiments. They concluded that 

finite element simulation results indicated that the two composite tubes are similar in distributing the stress and the strain in the 

deformation zone.  Their study has neither presented proper working conditions nor optimum parametric relations. 
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Chunjiang et al. (2018) [20] provided a theoretical basis for further studying the tube deformation’s accuracy and control method 

caused by the ball and the die deformations in the ball spinning process. They proposed a quasi-dynamic model using a bee colony 

intelligent algorithm to obtain the force at each point of the ball and its three-dimensional self-rotation speed under the given process 

parameters. Although claiming agreement with experimental, they have not presented any parametric study on the effect of process 

parameters on the calculated forces or motion. 

Zhao et al. (2018) [21] investigated the effect of ball size, feed rate, and thickness reduction and their coupling on the tube 

spinning using nine balls. They obtained the optimum conditions through a statistical fitting of stress triaxiality obtained by finite 

element model results followed by experimental verification. They concluded that a larger feed ratio and smaller ball diameter 

improved the stress state in the deformation-affected zone. On the other hand, they reported increasing the ball diameter and reducing 

the feed ratio to improve the tube’s plastic-forming capacity. 

Zhao et al. (2019) [22] proposed a numerical model for calculating three-directional forces generated in ball spinning based on 

space analytic geometry theory. They compared their results to experimental results and reported that the calculation errors are 

significantly influenced by sliding friction and material pile-up. 

Flow-forming of thin tubes has many parameters dependently controlling the final produced tube quality.  Many researchers 

[23-29] have used Design Of Experiment (DOE) procedures to emphasize the significant contribution of each controlling parameter 

with an adequate number of experiments and simulations.   

Davidson et al. (2008) [23] presented Taguchi L9 array to analyze three controlling working conditions of flow forming of 

Aluminum alloy 6061.  They reported the optimum working conditions that produce maximum elongation without considering the 

surface quality or form accuracy. 

Razani et al. (2011) [24] presented an L9 Taguchi array to find the effect of three working conditions on the flow forming of steel 

AISA 321.  The reported optimum working conditions were based on the minimum out of roundness without considering the surface 

roughness of the produced tube. 

Srinivasulu et al. (2013) [25] used the Box-Behnken design for their experiments to find the response surface due to three controlling 

working conditions of flow forming of Aluminum alloy 6082. They reported a second-order response surface for the surface 

roughness of the flow-formed tubes without considering other output qualities. 

Abedini et al. (2015) [26] used Taguchi L9 array to find the effect of three working conditions on the flow forming of polyethylene 

pipes.  Their study concerned the effect of the flow-forming working conditions on the mechanical properties of the produced pipes. 

The final quality and size of the produced pipes were not investigated. 

De et al. (2021) [27] presented a full-factorial study on the effect of flow-forming working conditions on the produced surface 

roughness of Aluminum Alloy 6082.  They concluded that the rollers’ axial feed is the most significant with adverse effects on the 

produced surface roughness. It is worth noting that the effect of the relative positioning of the forming rollers is not considered in 

their study. 

Wen et al. (2020) [28] investigated the effect of roller feed and thickness reduction on the formed wall bulge during the flow forming 

of long thin tubes. Although they have not used a known design of experiment procedures, they concluded that the thickness 

reduction is the most significant controlling factor for the wall bulge formation. 

Khodadadi et al. (2020) [29] investigated experimentally and numerically, using DOE, the effect of four parameters on the final 

tooth height in the flow-forming of toothed tubes.  Although they investigated just two-parameter levels, they reported a second-

order relation between the investigated parameters and the final formed tooth height.  They concluded that the reduction ratio is the 

most significant factor controlling tooth height.   

 

The current paper introduces a new method of tube spinning using the multi-ball ballizing technique. The ballizing balls are adjusted 

with axial and radial shifts to overcome the metal build-up.  The radial shift will be adjusted gradually using a grading function.  

Experimental investigations controlled by DOE and response surface correlation are used to emphasize the effect of the process 

parameters, and grading function on the final spun tube. 

    

Response Surface Theory  

 The response surface method is a statistical examination of the connections between explanatory factors and response 

variables.  A second-order polynomial model is usually used to approximate and implement the factors’ correlation to find an 

optimum answer using a series of well-planned trials. Using the appropriate design of experiments (DoE) has recently become 

popular for formulation optimization [30].  One of the most powerful design of experiments is Latin Hypercube Sampling design 

(LHS), which generates random points across the design space in equal-distances pattern [31]. The accuracy of the estimated surface 

response using LHS depends on the number of design points [32]. The procedure is as follow: 

Suppose factors 𝑥𝑖 = 𝑥1, 𝑥2, . . . , 𝑥𝑟 and each factor range is 𝑢𝑖 = [𝑎𝑖 𝑏𝑖], 𝑖 = 1,2, . . . , 𝑟. 
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To ensure all factors have all portions among its range, the range has been divided into n equiprobable intervals as   𝑢𝑖1,∪ 𝑢𝑖2, . . . ,∪
𝑢𝑖2 = 𝑢𝑖 ,  𝑢𝑖𝑗 ∩ 𝑢𝑖𝑘 = ∅ and 𝑃(𝑥 ∈ 𝑢𝑖𝑗) = 1/𝑛,  where 𝑗, 𝑘 = 1,2, . . . , 𝑛 

The cumulative probability for 𝑗𝑡ℎ interval of 𝑥𝑖obtained as; 

𝑃𝑟𝑜𝑏𝑗𝑖 =
(𝑗 − 1)

𝑛
+

𝑟𝑖𝑗

𝑛
 (1) 

The probability can be transformed into the sample value 𝑥𝑗𝑖 by the inverse of function 𝐹(⋅): 

𝑥𝑗𝑖 = 𝐹−1(𝑃𝑟𝑜𝑏𝑗𝑖) (2) 

Hence the sample matrix is 

𝑥 = [

𝑥11 𝑥12 ⋯ 𝑥1𝑟

𝑥21 𝑥22 ⋯ 𝑥2𝑟

⋮ ⋮ ⋱ ⋮
𝑥𝑛1 𝑥𝑛2 ⋯ 𝑥𝑛𝑟

] (3) 

The n values of each factor are paired randomly with the n values of other factors, then the sample matrix of LHS will be [32] 

𝑥′ = [

𝑥‘11 𝑥‘12 ⋯ 𝑥‘1𝑟

𝑥‘21 𝑥‘22 ⋯ 𝑥‘2𝑟

⋮ ⋮ ⋱ ⋮
𝑥‘𝑛1 𝑥‘𝑛2 ⋯ 𝑥‘𝑛𝑟

] (4) 

The number of design points of each method is generated to predict the second-order response surface coefficients.  In fact, not all 

terms are significant, and some terms are left unused.  The number of non-significant terms results in several degrees of freedom 

for the regression tool. The general form of the second-order polynomial with “n” variables and zero intercepts is represented in 

Eq. 7.   

𝑄̂ = ∑ 𝑎𝑖𝑥𝑖

𝑛

𝑖=1

+ ∑ ∑ 𝑏𝑖𝑗𝑥𝑖

𝑛

𝑗=𝑖

𝑥𝑗

𝑛

𝑖=1

 (5) 

Experimental Setup  

A specially built test rig is installed on the carriage of a manually controlled universal lathe machine.  The test rig, shown in 

Figure 1(a), consists of four forming balls made of hardened steel with a diameter of 21.0 mm welded to four adjustable housings 

on a four-jaw chuck. This four-jaw chuck is attached to the lathe carriage through a special frame, through which the flow-forming 

“axial feed” (f) is defined.  The mandrel is made of hardened steel with a diameter of 60.0 mm and attached to the regular lathe 

chuck, controlling the rotational speed.  The forming balls are adjustable at different heights from the mandrel stem, defining the 

“clearance” (C) parameter.  The forming balls are installed in different axial planes with a fixed distance of 1.66 mm, which is the 

maximum possible distance to ensure roughness less than 30 um.  The preformed cup is prepared by a conventional spinning process 

of Aluminum blanks (AL 1050) with an initial diameter of 100.0 mm and an initial thickness of 4.0 mm using a conical roller.  The 

chemical compositions and mechanical properties of the Aluminum blanks are listed in Table 1 and Table 2.  The blanks are annealed 

before performing conventional spinning, achieving the stress-strain behavior shown in Table 2. The preformed cups are also 

annealed after the conventional spinning process to relax the induced strain hardening. 

 

Table 1 Chemical composition of tested Aluminum blanks (AL1050). 

Element Al Si Fe Cu Mn Mg Zn Cr Ni Ti 

Percent 94.7 0.246 0.271 3.88 0.0388 0.0146 0.114 0.0266 0.1 0.0172 

Element Be Ca Pb Sn Sr V Bi Zi B Ga 

Percent 0.001 0.005 0.0288 0.243 0.001 0.0203 0.0997 0.183 0.004 0.0139 

Element Cd Co Ag In       

Percent 0.0417 0.0643 0.0137 0.0213       
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Table 2 Measured plastic behavior of the tested material. 

 

Four working conditions are examined mainly; axial feed (f) mm/rev, mandrel rotating speed (N) rpm, clearance (C) for the 

first ball, and the gradient of the clearance for the rest three balls.  For all test cases, the last ball is set at a fixed distance of 1.0 mm 

from the mandrel stem.  The second and third balls are adjusted to form linear, convex, or concave decedent with the first and last 

balls, as illustrated in Figure 2.  Linear descendent is achieved with gradient index (m = 1.0), concave descendent is achieved with 

gradient index (m > 1.0), and convex descendent is achieved with gradient index (m < 1.0), as shown in Figure 2. The clearance 

gradient through the four balls is functionally defined with a power grading function of power “m,” shown in Eq. (6).   

𝐶𝑖 = 𝐶1 − (
𝐶1 − 1

3𝑚
) (𝑖 − 1)𝑚 (6) 

 

 
Where i is the ball number; 1, 2, 3, 4, and m is the grading index.  

 

The combinations of these working conditions are examined through the Latine Hyber Cube uniform-space filling design-of-

experiment method [32] using 36 cases, listed in Table 4. Each of the four examined parameters is tested at five levels, listed in 

Table 3. The column of the clearance of the last ball is grayed because it is constant throughout the course of the experiments.  The 

columns of the clearances of the middle two balls are grayed columns as well because they are dependent on the clearance of the 

first ball and the grading index m. 

The blanks with the tensile test specimens are cut using a laser cutting machine. The blanks are annealed before and after 

conventional spinning. Then the performed cups are tested with the ballizing testing setup based on the mentioned plan. Each 

experiment is repeated at least three times to ensure repeatability of the results.  The thickness variations are measured using a dial 

gauge with an accuracy of 0.01 mm.  The diameter variations are measured with digital vernier with an accuracy of 0.001.  The 

blank and the cup weight are measured using a sensitive gold scale with an accuracy of 0.001 grams.  Finally, the surface roughness 

is measured using profilometer Mitutoyo Talysurf SJ–310 model No (SURFTEST SJ-310). 

Table 3 Levels of the examined four parameters. 

 
1st Ball Clearance C1 

[mm] 
Gradient Index-m 

Feed f  

[mm/rev] 

Mandrel Speed N 

[rpm] 

Level 1 4.00 0.50 0.1 75 

Level 2 4.25 0.80 0.2 150 

Level 3 4.50 1.00 0.3 225 

Level 4 4.75 1.25 0.4 300 

Level 5 5.00 2.00 0.5 375 

 Strength Coefficient Strain Hardening Exponent 

Before annealing K = 167  MPa n=0.105 

After annealing K = 123  MPa n=0.149 
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(a) Test rig components 

(1) Lath Chuck, (2) Mandrel, (3) Lath bed, (4) Forming Balls, (5) Housing of balls, (6) Four Jew Chuck for forming tool,  (7) 

Ballizing head holder. 

              

(b) Preformed cup before ballizing                             (c) Final cup after ballizing. 

 

(d) Position adjusting mechanism. 

Figure 1 Ballizing test rig. 
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(a) Axial arrangement.

 

(b) Radial arrangement. 

 

(c) The functionally graded tested profiles 

 

Figure 2: Schematic of the four balls' gradient functions; linear (m=1.0), convex (m=0.5 and 0.8), and concave (m=1.25 and 

2.0) profiles. 
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Table 4 Experiments plan and operating conditions. 

Test 

number 

1st Ball 

Clearance C1 

[mm] 

Gradient 

Index-m 

2nd Ball 

Clearance C2 

[mm] 

3rd Ball 

Clearance C3 

[mm] 

4th Ball 

Clearance C4 

[mm] 

Feed f 

[mm/rev] 

Speed 

N 

[rpm] 

1 4 0.50 2.27 1.55 1 0.1 225 

2 4 0.80 2.75 1.83 1 0.5 75 

3 4 1.00 3.00 2.00 1 0.1 75 

4 4 1.00 3.00 2.00 1 0.5 300 

5 4 1.25 3.24 2.19 1 0.2 375 

6 4 2.00 3.67 2.67 1 0.3 150 

7 4 2.00 3.67 2.67 1 0.4 225 

8 4.25 0.50 2.37 1.60 1 0.4 150 

9 4.25 0.80 2.90 1.90 1 0.2 225 

10 4.25 0.80 2.90 1.90 1 0.3 300 

11 4.25 1.00 3.17 2.08 1 0.2 150 

12 4.25 1.00 3.17 2.08 1 0.4 375 

13 4.25 1.25 3.43 2.29 1 0.3 75 

14 4.25 1.25 3.43 2.29 1 0.5 225 

15 4.5 0.50 2.48 1.64 1 0.5 150 

16 4.5 0.50 2.48 1.64 1 0.2 300 

17 4.5 0.80 3.05 1.97 1 0.3 75 

18 4.5 1.25 3.61 2.39 1 0.1 150 

19 4.5 1.25 3.61 2.39 1 0.4 300 

20 4.5 2.00 4.11 2.94 1 0.2 75 

21 4.5 2.00 4.11 2.94 1 0.5 375 

22 4.75 0.50 2.58 1.69 1 0.5 375 

23 4.75 0.80 3.19 2.04 1 0.2 150 

24 4.75 0.80 3.19 2.04 1 0.4 225 

25 4.75 1.00 3.50 2.25 1 0.4 75 

26 4.75 1.00 3.50 2.25 1 0.2 300 

27 4.75 1.25 3.80 2.49 1 0.4 150 

28 4.75 1.25 3.80 2.49 1 0.3 300 

29 4.75 2.00 4.33 3.08 1 0.1 225 

30 5 0.50 2.69 1.73 1 0.1 75 

31 5 0.50 2.69 1.73 1 0.3 225 

32 5 0.80 3.34 2.11 1 0.4 300 

33 5 1.00 3.67 2.33 1 0.5 225 

34 5 1.25 3.99 2.59 1 0.2 150 

35 5 2.00 4.56 3.22 1 0.5 75 

36 5 2.00 4.56 3.22 1 0.3 375 
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Experimental Results and Discussions 

The produced cups from this experimental plan are measured for four qualities: average diameter deviation from the targeted 

diameter, average thickness deviation from the targeted thickness, cup surface roughness, and amount of material pile-up.  The 

amount of material pile-up is measured based on the observations that the accumulated formed material pile-up during the ballizing 

operation is sheared out at the end of the process, causing the cup’s material loss.  The weight difference between the produced cup 

weight and the original preformed cup weight equals the amount of cup material loss, which is considered a pile-up size indicator.   

Three measures assess the produced cup quality and the pile-up formation severity index. The latter is defined by the weight 

loss after the cup forming obtained by Eq (7). The quality measures are mainly about the diametral quality, the thickness quality, 

and the surface quality. The diametral quality measure is the cup diametral deviation from the theoretically targeted cup outer 

diameter, 62 [mm], which is measured by the average cup diameter deviation percentage obtained by Eq (8). The thickness quality 

measure is the cup thickness deviation from the theoretically targeted cup wall thickness, 1 [mm], which is measured by the average 

cup thickness deviation percentage obtained by Eq (9). The surface quality is measured using average roughness Ra along with the 

cup height. All mentioned quality measures quantify the quality of the produced cup based on the least is the better. 

 

𝐖𝒍𝒐𝒔𝒔 =
(𝑾𝒃𝒍𝒂𝒏𝒌 − 𝑾𝒄𝒖𝒑)

𝑾𝒃𝒍𝒂𝒏𝒌
𝐱 𝟏𝟎𝟎% (7) 

𝑫𝒅𝒆𝒗 =
(𝑫𝒂𝒗 − 𝑫𝒇)

𝑫𝒇
𝐱 𝟏𝟎𝟎% (8) 

𝒕𝒅𝒆𝒗 =
𝒕𝒂𝒗 − 𝑪𝟒

𝑪𝟒
𝐱 𝟏𝟎𝟎% (9) 

 

The produced cups of the mentioned planned experiments are shown in Figure 3, and the measured quantities are listed in 

Table 5.  The 2nd order response surfaces of the measurements are obtained using MATLAB linear modeling fitting tools.  The 

obtained second-order polynomial fitting for each quality measure relates the four input variables and their interconnection to that 

measured quality. The coefficients of these polynomials and their root mean square fitting error RMSE are listed in Table 6. 

 

Table 5: Measurements of the experimental tests 

Test No. Wloss % Ddev % tdev % Ra [ m] 

 Eq. (2) Eq. (3) Eq. (4) 𝑹𝒂 

1 20.13394 0.75 -3 5.490 

2 12.90146 2.581 102.5 5.473 

3 14.74118 3.726 99 3.250 

4 10.47022 4.065 126 4.050 

5 9.984235 4.169 128 3.963 

6 10.42983 4.137 100 6.487 

7 8.893695 5.081 161.5 3.510 

8 13.31058 3.234 96.5 4.137 

9 10.40898 3.984 102.5 4.813 

10 8.158851 4.129 115.5 4.427 

11 10.17837 4.702 133.5 5.223 

12 8.48458 4.782 159 5.663 

13 9.767951 4.742 151 6.420 

14 8.564058 5.258 158 3.450 

15 16.54441 1.798 61 5.810 

16 17.10727 1.218 42 5.410 

17 14.89753 3.226 107.5 5.920 
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18 12.54576 4.242 109 5.277 

19 6.974502 4.718 141.5 4.980 

20 22.08831 0.476 6.5 6.037 

21 15.27146 1.911 86.5 7.617 

22 13.56464 2.532 69.5 7.677 

23 14.86495 3.565 106 8.183 

24 10.31127 4.032 142 5.830 

25 7.713255 5.04 150 4.807 

26 7.568631 4.815 165.5 6.653 

27 13.80308 3.524 86.5 6.980 

28 9.308022 3.379 96.5 4.090 

29 16.24995 1.685 57 5.827 

30 21.24272 1.194 -7.5 3.113 

31 17.2988 1.444 29 8.410 

32 14.75811 2.702 68.5 6.557 

33 13.30276 3.532 81 6.973 

34 18.89878 1.806 47.5 9.780 

35 11.27412 4.54 133 5.463 

36 7.899571 4.323 117.5 3.760 

 

 

 

Table 6: Coefficients of the 2nd Order Response surface for the measured qualities. 

 Wloss [g] Ddev % tdev % Ra [ m] 

C1 15.979 1.1323 -171.96 -10.866 

m -44.588 9.1599 720.59 19.735 

f -107.46 -9.8706 1046.3 68.49 

N 0.061438 -0.02973 -1.094 0.029158 

C1*m -2.0416 -0.32171 21.762 2.8946 

C1*f 5.5885 -0.61543 -47.765 -3.7696 

C1*N 7.8114 -3.3493 -161.55 -1.3509 

m*f 14.428 2.0805 -67.515 -21.578 

m*N 13.32 11.159 79.385 5.2008 

f*N 61.795 -16.19 -1175.3 21.841 

𝑪𝟏
𝟐 -0.02191 0.008789 0.32644 -0.0087445 

𝒎𝟐  -0.01672 -0.00247 -0.31246 -0.0050461 

𝒇𝟐  -0.05399 0.003484 -0.07177 0.050712 

𝑵2 0.000127 -9.43E-06 3.08E-05 -3.00E-06 

     

RMSE 0.365 0.0457 7.08 0.232 
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Figure 3 The produced cups out of the DOE plane 
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Effect of process parameters on the accumulated material pile up. 

As shown in Figure 4, based on the predicted correlations with all parameters set at their mean values, the material pile-up 

significantly increases with the first ball clearance (C1).  This increase in the pile-up implies that high values of C1 will increase the 

accumulated left material in the front of the last ball.  The correlation also shows that the pile-up has its minimum value with balls 

arranged in linear profile and increases elsewhere at mean values of the rest of the parameters, as shown in Figure 4.  This observation 

implies that the evenly distributed thickness reduction helps in reducing the material pile-up.  At the conditions with all parameters 

set at their mean values, the optimum axial feed, f, producing minimum pile up is 0.3 mm/rev, as shown in Figure 4. It is well 

observed that the higher the mandrel speed, the lower the pile-up with all investigated parameters set to their mean levels. 

The 3D plot for the response surface of the material loss percentage, shown in Figure 4(b), is obtained at the optimum axial feed 

(f=0.3 mm/rev) and optimum mandrel speed (N=300 rpm), obtained from the correlation.  This setup shows an optimum grading 

index at m= 1.4 for minimum material loss at small first ball clearance C1.  However, it shows an optimum grading index at m= 1.0 

for minimum material loss at high first ball clearance C1.  Generally, the minimum pile-up can be achieved with the first ball 

clearance set at the minimum tested value C1=4.0 mm and the balls profile index set at m=1.4. 

Effect of process parameters on average diameter deviation percentage. 

The average cup diameter deviation percentage obtained by Eq (8) is the diametral quality measure in the current work. It reflects 

the cup diametral deviation from the theoretically targeted cup outer diameter, 62 [mm]. It can be seen from Figure 5, based on the 

predicted correlations with all parameters set at their mean values; the correlations show that the average diameter deviation is 

slightly affected with the increase of the first ball clearance. (C1).  However, the average diameter deviation has its maximum value 

with balls arranged in linear profile and decreases anywhere else.  In addition, at mean values of the rest of the parameters, the axial 

feed, f, gradually increases on average diameter deviation up to 0.4 mm/rev, then it slightly decreases. 

Furthermore, with mean values for the rest of the parameters, the average diameter deviation slightly decreases with the decrease of 

the mandrel rotational speed N. The 3D plot shows that the conditions that reduce the pile-up will worsen the average diameter 

deviation and vice versa.  This observation implies that the proper working conditions depend mainly on the objectives of the 

spinning process.  The manufacturer may be forced to lose material in a pile-up to gain a high-quality cup. Generally, the minimum 

average diameter deviation percentage can be achieved with the first ball clearance set at the minimum tested value C1=4.0 mm and 

the balls profile index set at m=0.5. 

 

 

 

(a) Sliced Plot. 
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(b) 3D plot. 

 

Figure4: Response surface of the separated material percentage. (a) Sliced Plot. (b) 3D plot. 

 

(a) Sliced Plot. 
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(b) 3D plot. 

Figure5: Response surface of the Average Diameter Deviation Percentage. (a) Sliced Plot. (b) 3D plot. 

Effect of process parameters on average thickness deviation percentage. 

The average cup thickness deviation percentage, obtained by Eq (9), is the thickness quality measure in the current work.  It reflects 

the cup thickness deviation from the theoretically targeted cup wall thickness, 1 [mm].  As shown in Figure 6-a, based on the 

predicted correlations with all parameters set at their mean values, the correlations show that the average thickness deviation slightly 

increases with the distance between the first ball and the mandrel (C1).  The correlation also shows that at mean values of the rest 

of the parameters, the thickness average deviation has its maximum value with balls arranged in slightly concave profile and decrease 

anywhere else. In addition, at mean values of the rest of the parameters, the axial feed, f, show significant effects on the average 

thickness deviation. When the average thickness deviation increases, the axial feed increase up to 0.3 mm/rev, then it slightly 

decreases with the increase of the axial feed. Furthermore, with mean values for the rest of the parameters, the average thickness 

deviation decreases with the increase of the mandrel rotational speed.  

The 3D plot, Figure 6-b, shows that the conditions that reduce the pile-up formation will worsen the average thickness deviation 

and vice versa.  This observation implies that the proper working conditions depend mainly on the objectives of the spinning process.  

The manufacturer may be forced to lose material in a pile-up to gain a cup with high-quality thickness. Generally, the minimum 

average thickness deviation percentage can be achieved with the first ball clearance set at the minimum tested value C1=4.0 mm 

and the balls profile index set at m=0.5. 

Effect of process parameters on the average roughness Ra. 

The surface quality is measured using average roughness Ra along with the cup height in the current work.  As shown in Figure 7-

a, based on the predicted correlations with all parameters set at its mean values, the correlations show that the Ra average 

significantly increases with the increase of the first ball clearance (C1). The correlation also shows that at mean values of the rest of 

the parameters, the Ra average has its maximum value with balls arranged in linear profile and decreases anywhere else. In addition, 

at mean values of the rest of the parameters, the Ra average slightly has its minimum value at axial feed, f, of 0.25 mm/rev, while it 

increases anywhere else. Furthermore, with mean values for the rest of the parameters, the Ra average decreases with the mandrel 

rotational speed N.  

The 3D plot, Figure 7-b, shows that the conditions that reduce the pile-up formation will worsen the average surface roughness and 

vice versa.  This observation implies that the proper working conditions depend mainly on the objectives of the spinning process.  

The manufacturer may be forced to lose material in a pile-up to gain a cup with a high surface finish. Generally, the minimum 

average roughness can be achieved with the first ball clearance set at the minimum tested value C1=4.0 mm and the balls profile 

index set at m=0.5. 
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(a) Sliced Plot. 

 

(b) 3D plot. 

Figure 6: Response surface of the Average Diameter Deviation Percentage. (a) Sliced Plot. (b) 3D plot. 
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(a) Sliced Plot. 

 

(b) 3D plot. 

Figure 7: Response surface of the Average Diameter Deviation Percentage. (a) Sliced Plot. (b) 3D plot. 
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5. Conclusions 

The current work presents a new technique in tube spinning using a functionally graded ballizing arrangement.  From the 

experimental work and the preceded surface response analysis, the following conclusions can be obtained: 

(1) The new design has shown the potential to significantly overcome the pile-up formation in front of the forming balls at certain 

balls arrangement. 

(2) The current work presents a new approach to assessing the amount of pile-up formation by measuring the material loss 

percentage after the spinning operation. 

(3) The conditions that reduce the pile-up formation will worsen the average diameter deviation percentage, thickness deviation, 

and surface roughness. 

(4) The minimum pile-up can be achieved with the first ball clearance set at the minimum tested value C1=4.0 mm and the balls 

grading profile index set at m=1.4. 

(5) The minimum average diameter deviation percentage, the minimum average thickness deviation, and the minimum average 

surface roughness can be achieved with the first ball clearance set at the minimum tested value C1=4.0 mm and the balls 

grading profile index set at m=0.5. 
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