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Abstract:Flow forming is an incremental forming process  widely used  used to reduce 
thickness of the tubes. Compared ot machining it improves the strength.  It is extensively used 
for manufacturing of  components used for aerospace and automobile applications.  How ever, 
the surface finish and the deformations after removal from the mandrel due to residual 
stresses are the important concerns of this process. So in the present work experimental 
investigations are carried out the relative effect of the most important parameters; stagger 
and the feed rate  and their combined effect  on the surface finish  of the tube formed by flow 
forming process. Experiments are carried out on SAE 4130 Steel using L4 orthogonal array. 
Column effect method is used to find the most influential parameter, plotting method is used 
for finding the interaction between the parameters and finally ANOVA is used to ascertain 
results obtained by the former methods.  
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1. Introduction 
 

Flow forming is process in which tube fitted on the madrel is is locally deformed by the 
rollers to reduce its thickness. In the processes the mechanical properties of the material 
improve a lot . before the mid of 20th century , the thin walled components form the sheet 
metal such as domestic products were used to be manufactured by spinning process [1]. Due 
to higher skill requirement and lower repeatable more mechanised processes such as flow 
forming is developed [2].  More over lubrication becomes a major problem in drawing of long 
cylinders necciating a better process for manufacturing of thin  walled cylindrical components 
[3]  as the There is a significant work by various authors on mechanics of shear forming, shear 
spinning of cones, spinning of tubes. It is very difficult, if not impossible, to work to close 
dimensional tolerances, especially when producing large diameter articles from thin gauge 
material. It is equally difficult to control thickness variations in the final product to less than 
about 25% of the blank thickness. In contrast to hand spinning sheet metal, flow forming is 
based upon the principle of equal volumes. The basic shape used for practically all 
calculations in flow forming is cylinder. The thickness of the preforms is a function of the 
final length of the finished product [4]. Flow forming is a technique of elongating a thick 
walled preforms by reducing its wall thickness.[5]. Because of a number of merits such as 
lesser loads, flexibility, cheaper tooling the designs can be optimized for weight and cost 
specifically in automotive and aerospace [6] 
 
Various parts that can be manufactured by flow forming are rocket motor shells, airframe and 
power train components, Gas bottles etc. flow forming machines are much more robust and 
can generate sufficiently higher forces, so are capable of processing of stronger materials such 
as super alloys [7]. 
 
The various parameters that need to be considered in flow forming are the speed of the 
mandrel, the contact geometry between the roller and the work piece, the feed, tangential 
force, roller angle, roller nose radius, the angle of the tilt of the roller axis with respect to the 
mandrel axis etc.   
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One of the significant feature of flow forming is its ability to take large local deformations 
with out failure [8].  More over  pressure acting on the cylinder is not uniform. The friction 
force and between the cylinder tube and mandrel affects the average pressure on the roller [9].  
In addition to it , the deformation area is very small compared to the work piece area there by 
the deformation is resisted by the material surround to the localized deformed area. Because 
of this the stress-strain distribution is highly complex and nonhomogeneous [10]. The 
localised large deformations assisted by the non uniform pressure may effect the surface 
quality of the formed tube  So surface finish of the formed component may decided by  the  
roller pressure, stagger, feed rate, speed etc.  
A plenty of parametric studies are  reported in the literature on the experimental, theoretical 
and numerical analysis on the surface finish and forming load [ 11-13]. Hamid et.al [14] 
investigated effect of thickness reduction on the surface finish and mechanical properties of 
the formed tubes. Xu et.al [15] numerically studied the formation of waviness on the surface.  
But there is an evidence of a limited study on the combined effect of various parameters on 
the surface finish of the tube formed. Hence in the present work Taguchi experimental design 
is used to find out the most influential parameter individually and combindly on the ovality of 
the formed tube.A lot of studies were evident in the literature regarding the effect of various 
parameters on surface finish of the components 
 
 

2.0 Selection of input parameters 
 
 In the current work the effect of the feed rate and roller staggering on ovality is  investigated 
using Taguchi method.  A two level experimental design with L-4 orthogonal array is used for 
the design of experiments. The levels are based on the constrains of the machine and are 
presented in table 1. First and second column of orthogonal array is assigned with the feed 
rate and the stagger. The third column automatically gives interaction of feed rate and stagger . 
the L-4 orthogonal array after assignment is shown in table 2. 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

3.0 Experimentation 
 

Flow forming machines are generally equipped with 3,4 or 6 rollers with manual setting of 
axial staggering. Some  authors have done work on a machine with single roller to establish 
the dependency of the process parameters for simplicity reason [ 16,17] . A few have extended 
the work with three rollers [18]. In the present work the experiments are carried out on CNC 
flow forming machine with 3 rollers with a  Model ST 56-90, manufactured by Leifeild ,West 
Germany.  

 

S.No  Input Parameter Level 
1 

Level 
2 

1. Feed 
rate(mm/min) 

40 60 

2. Stagger (mm) 7.3 8.3 

Exp.No Feed rate Stagger 
1 40 7.3 
2 40 8.3 
3 60 7.3 
4 60 8.3 

Table 1: The input variables 

Table 2: OA after assignment 
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Fig 1: Flow forming machine used for the experiment

The composition of SAE 4130 used experimentation is shown in table 3

Table 3: Chemical composition of SAE 4130

Element 
% by Wt

 

The Mechanical Properties are provided in table 4

Table 4: Mechanical Properties of SAE 4130

S.No Property  
1. Hardness 
2. Ultimate Tensile Strength 

(UTS) 
3. 0.2%Proof stress
4. % Elongation

 
The thickness is reduced in 3 passes to a value of 0.9 of initial thickness with 

maximum reduction of 0.5t to  0.6t, where t is the thickness before each pass.  
the tubes at various stages of reductions is presented in Fig 2. 

staggering manually set are given in table 5

 

 
Flow forming machine used for the experiment 

The composition of SAE 4130 used experimentation is shown in table 3 

Table 3: Chemical composition of SAE 4130 

 C Si Cr Mo Mn 
% by Wt 0.28-0.33 0.15-0.3 0.8-1.1 0.15-0.25 0.4-0.6

Mechanical Properties are provided in table 4 

Table 4: Mechanical Properties of SAE 4130 

Value 
210 to 230 BHN 

Ultimate Tensile Strength 120 kg/mm2 (minimum) 

0.2%Proof stress 90 kg/mm2 (minimum) 
% Elongation 12% (minimum) of Gauge 

Length 

The thickness is reduced in 3 passes to a value of 0.9 of initial thickness with 
.6t, where t is the thickness before each pass.   

the tubes at various stages of reductions is presented in Fig 2. The values of 
staggering manually set are given in table 5 

 

 

 

 S P 
0.6 0.01 0.015 

(minimum) of Gauge 

The thickness is reduced in 3 passes to a value of 0.9 of initial thickness with 

The values of 
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 The three rollers are arranged at 1200  to each other with the stagger shown in the OA. The 
arrangement of the roller plans are changed in each experiment the roller stagger is changed 
by moving X  or  Z rollers towards or away from the Y – roller whose arrangement is 
schematically shown in Fig 3.  The component was flow formed ovality and thickness of all 
the trials are  recorded. For each trail 3 parts are manufactured. 

 

. Fig 3: Staggering adjustment of the rollers 

The staggers at the three levels are adjusted as per the table 5. 

Table 5: Adjustment for required staggering 

 
Sl.No 

Stagger(mm) Stagger 
(A+B) 

A B 

1 5.5 3 8.5 
2 5.5 2.4 7.9 
3 4.9 2.4 7.3 

 
 

4.0 Results and Discussion 
 

The results obtained for the 4 trials are presented in table 6. 
 

Table 6: Results of various trials 
Exp.
No 

Feed 
(mm/min)

Stagger 
(mm) 

Inside surface 
finsih (μm) 

Outside surface 
finish (μm) 

   1 2 3    
1 40 7.3 0.60 0.61 0.58 2.9 2.71 2.63 
2 40 8.3 0.65 0.67 0.66 3.16 3.24 3.19 
3 60 7.3 0.77 0.75 0.73 3.47 3.55 3.52 
4 60 8.3 0.79 0.81 0.79 3.52 3.61 3.57 

 
 

Column effect method is carried out to find out the most effective parameter on the 
inside and out side surface roughness. In column effect method the values are summed up 
at various levels and the range is found out. Higher range indicates higher the influence of 
the parameter. The surface roughness (Ra) values obtained from various experiments are 
summed up and averaged. The average values of the surface roughness at level 1 and 
leve2 for the feed, stagger and the combination feed and stagger are calculated and the 
range is computed. The values obtained from the column effect method is presented in 
table 7 and table 8. In the table S1 indicates sum of the average values of surface 
roughness at level 1 and S2 at level2.   
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Table 7: column effect method for Inside surface finish 
 

Exp.No Feed Stagger 
Stagger 
and  

inside 
surface 

Roughness 
(Ra)    

 (mm/min) (mm) feed (μm)    
    1 2 3 Avg 

1 1 1 1 0.6 0.61 0.58 0.60 
2 1 2 2 0.65 0.67 0.66 0.66 
3 2 1 2 0.77 0.75 0.73 0.75 
4 2 2 1 0.79 0.81 0.79 0.80 

S1 1.26 1.35 1.39     
s2 1.55 1.46 1.41     
S2-S1 0.29 0.11 0.02     

 
Table 8: column effect method for Outside surface finish 

 

Exp.No Feed Stagger 
Stagger 
and  

Outside 
surface 
roughness    

 (mm/min) (mm) feed (μm)    
    1 2 3 Avg 

1 1 1 1 2.9 2.71 2.63 2.75 
2 1 2 2 3.16 3.24 3.19 3.20 
3 2 1 2 3.47 3.55 3.52 3.51 
4 2 2 1 3.52 3.61 3.57 3.57 

S1 5.94 6.26 6.31     
s2 7.08 6.76 6.71     
S2-S1 1.14 0.50 0.40     

 
From the table 7 and table 8, it is noted that range for the feed  is higher so feed is the 
most influencing parameter for deciding the inside and outside surface roughness of the 
component. Stagger has less effect. The interaction of these two parameters is also found 
to be nominal. It is in compliance with the finding of PVR Ravindra Reddy et.al [17] . But 
they have not studied the combined effect of stagger and the feed.  The range of the values 
in the table also indicate that there is positive correlation of feed and stagger with the 
surface roughness i.e surface roughness increases with the increase of feed and stagger. 
C.C.Wong et.al [18] have reported that all the forces increase with the feed rate for a 
given reduction due the strain rate sensitivity of the material. This may be attributed to the 
higher localised pressures there by causing higher waviness on the surface impairing the 
surface finish.  
 
Plotting method is used to ensure the combined effect of feed and stagger. In plotting 
method. In plotting method the feed and stagger at levels 1-1. 1-2, 2-1,2-2 are plotted as 
shown in the fig 4. If the two lines are parallel it indicates that there is inter dependency.  
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Fig 4: Plotting method for combined effect

 
 

Fig 5: Plotting method for combined effect
 
 
From the fig 4 it is seen that  the two lines are 
no  inter dependency of feed and stagger  in effecting the 
surface finish (fig 5), the slight di
 
ANOVA is carried out to ascertain the above result and also to find the significant level of 
influence and also the percentage contribution. Two way ANOVA  is carried out with the 
following formulae.  
 
 
 
 
 
 
 
 
 
 

Fig 4: Plotting method for combined effect 

: Plotting method for combined effect  on outside surface finish

From the fig 4 it is seen that  the two lines are perfectly parallel which indicates that there 
inter dependency of feed and stagger  in effecting the inside surface finish.But for out 

surface finish (fig 5), the slight difference in slopes indicates light interaction. 

ANOVA is carried out to ascertain the above result and also to find the significant level of 
influence and also the percentage contribution. Two way ANOVA  is carried out with the 

 

 
on outside surface finish 

indicates that there 
But for out 

ANOVA is carried out to ascertain the above result and also to find the significant level of 
influence and also the percentage contribution. Two way ANOVA  is carried out with the 
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           ANOVA table is constructed using the following formulae. [19] 
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Total d.o.f = N-1………………………….…..….(5) 
d.o.f of any factor = K-1………………….….….(6) 
d.o.f of error = Total d.o.f- Σd.o.f of factors…....(7) 
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P = SS/SST ………….. (10) 
Where SSF, is  sum of squares of factor., SST and SSE are the sum of squares of total 

and error respectively. K is the number of levels, ni is the number of trials for factor F at the ith  
level in equation (1), N is the total number of observations, yi is the observed value.  The 
ANOVA for inside and outside surface roughness are presented in table 9 and table 10. 

 
 
 

Table 9: ANOVA table of inside surface finish 
 

Factor dof SS V F P 
Feed  2 0.7569 0.37845 9.017155 76.1308 
Stagger  2 0.1089 0.05445 1.297355 10.95342 
Feed and stagger  4 0.0025 0.000625 6.896196 0.251456 
SSR 8 0.8683 0.289433     
SST 11 0.99421       
SSE 3 0.12591 0.04197   12.66433 

 
Table10: ANOVA table of outside surface finish 

 
Factor dof SS V F P 
Feed  2 11.6281 5.81405 8.713277 67.11324 
Stagger  2 2.2801 1.14005 1.708546 13.15992 
Feed and stagger  4 1.4161 0.354025 7.655299 8.173223 
SSR 8 15.3243 5.1081     
SST 11 17.32609       
SSE 3 2.00179 0.667263   11.55362 

 
From table 9, it is noted that the contribution of feed on surface roughness is 76% with a  
each at the confidence level of 99%. and with same confidence level it can be stated that 
the interaction between the parameter is minimal.  
From table 9, it can be said that the influence of the feed on the outside surface roughness 
is 67% percent at the confidence level of 99% and the interaction contribution is only 8% 
with the same confidence level. This result reinforces the findings from column effect 
method and plotting method. 
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5.0 Conclusions 
 

The current work is aimed at finding out the most influencing parameters and their 
contribution for the surface finish  in the flow forming operation. In support of the earlier 
findings in the literature, feed is found to be the most influencing parameter for the 
surface finish. In addition to it the following conclusions are drawn. 

 The combined effect of feed and stagger has the minimal influence on the out side 
surface finish. But for inside surface finish it is not established in this work with 
sufficient confidence level.  

 Feed has positive correlation with surface finish. 
 The contribution of feed to inside and outside surface finishes are .76% and 67% 

respectively. 
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