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A B S T R A C T  
 

 

In this paper, the loading path was optimized in hot metal gas forming (HMGF) process for making 

AA6063 cylindrical stepped tubes. For this purpose, the response surface method (RSM) and finite 

element method (FEM) were applied using Design-Expert and ABAQUS softwares, respectively. The 
parameters of internal pressure, pressure rate, axial feeding, and punch speed were examined based on 

the central-composite design in the three levels. The maximum die filling and the minimum tube thinning 

percentages were selected as the objective functions. The analysis of variance showed that the axial 
feeding, internal pressure, and their interaction were the most significant parameter in the die filling and 

tube thinning. The optimum loading path at the temperature of 550 oC was obtained at pressure of about 

7 bars, pressure rate of 0.01 bar/s, axial feeding of 7 mm from each side and punch speed of 0.02 mm/s. 
Experimental tests were performed for the specified process parameters. The numerical results were 

validated by experimental testing. 

doi: 10.5829/ije.2021.34.05b.25 
 

 
1. INTRODUCTION1 
 
Although the deformation of high-strength and 

lightweight alloys are difficult, their applications are 

widely expanded in various industries, including the 

aerospace and automotive industries [1-5]. Hot metal gas 

forming (HMGF) is a high temperature forming 

processes, which serves for forming metal sheets and 

tubes using gas with low pressure. This technique is used 

for the deformation of alloys that have limited 

formability at ambient temperature [6, 7]. Paul et al. [8] 

developed a one-step HMGF process to produce an 

exhaust component made of titanium grade 2. Mosel et 

al. [9] described a process chain for the HMGF process 

to produce exhaust components made of ferritic stainless 

steel 1.4509. Talebi-Anaraki et al. [10] used a flame 

heating technique for forming aluminum alloy tubes by 

HMGF process. Rajaee et al. [11] showed that the effect 

of HMGF parameters on the deformation behavior is 

complicated, and it is necessary to obtain their optimal 
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range. Response surface methodology (RSM) is one of 

the modeling methods, which uses mathematical and 

statistical techniques, leading to the reduction of costly 

experimental tests and the prediction of the optimized 

trend of the process. Many research works were carried 

out using this method to optimize parameters in various 

processes [12, 13]. Here are a few of them on the subject 

of forming metal tubes. Alaswad et al. [14] investigated 

the effect of geometric parameters on tube thickness and 

protrusion height in the hydroforming process of a T-

shaped two-layer tube. The finite element model and 

RSM were used in this research. Chebbah et al. [15] 

optimized the loading path in the tube hydroforming 

process using a reverse finite element simulation method 

and RSM based on scattering approximation. The 

optimization purpose was to minimize the probability of 

some defects like necking and wrinkling. To search the 

global optimum of the objective function, they used the 

sequential quadratic programming (SQP) algorithm. 

Kadkhodayan et al. [16] determined the mathematical 
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model between force variables and ductility using 

statistical analysis and the simulation of the tube 

hydroforming process. They acquired optimal loading 

curves for the production of T-shaped parts by applying 

the mathematical models initiated from an evolution 

algorithm. Safari et al. [17] maximized the convolution 

height and thickness of bellows congress parts by 

applying the mathematical models initiated from RSM. 

They reported that an increase in the convolution height 

and decrease in the thickness of the top point of bellows 

congress will occur by increasing the internal pressure 

and die stroke. Ahmadi Brooghani et al. [18] used a 

statistical manner established upon finite element 

simulation to find the optimal loading path. The exact 

finite element model of the forming process was 

prepared, and the created model verified in comparison 

with the experimental specimen. Huang et al. [19] 

optimized the loading path in the hydroforming of a T-

shaped tube based on the response surface and non-

probabilistic methods. The purpose of this research was 

to achieve the maximum protrusion and minimum 

thinning ratio with optimization of pressure path. Ge et 

al. [20] recommended a multi-objective optimization 

method for determining the parameters related to the 

hydroforming process of the tube using a differential 

evolution algorithm. They used several finite element 

simulations to set up a least-squares support vector 

machine-based on response surface model. 

Studies show that little research carried out to find the 

optimal loading path of the HMGF process, and also most 

of the research was done on the tubes with specific 

geometrical properties. In this paper, optimization was 

performed using RSM and FEM to obtain the highest die 

filling and lowest tube thinning percentages for 

fabricating AA6063 cylindrical stepped tubes by the 

HMGF process. 

 

 

2. MATERIALS AND METHODS 
 
2. 1. Process Description and Simulation         
AA6063 tube with a diameter of 25 mm and a thickness 

of 1.3 mm was employed. Figure 1 shows the die 

geometry, which the die diameter was 32 mm, and the 

length of the deformation zone was 60 mm. The axial 

feeding was carried out from the both sides of the die by 

two step-motors, and an air compressor was used to 

applying internal pressure. Uniform heating was created 

by applying resistance heaters inside the die and tube. 

As shown in Figure 2, a one-fourth model was 

considered to simulate the process with ABAQUS finite 

element software. The tube was modeled deformable by 

C3D8R element with a mesh size of 1×1×0.43 mm3, and 

the die was modeled as discrete rigid by R3D4 element. 

A distributed load was used to apply the effect of gas 

pressure, and the process was considered as an isotherm 

process. A friction coefficient of 0.5 was used for contact 

surfaces [21, 22]. More details about the experiments and 

simulations are found in literature [10]. 

 

2. 2. Response Surface Methodology (RSM)          
RSM was used to optimize the process parameters. The 

level of variables was specified, and then a matrix of the 

experiments was obtained based on the standard models. 

Afterward, the quadratic regression model and the mutual 

effect of the parameters were estimated using the analysis 

of variance (ANOVA). Finally, the optimal model was 

identified. 

The process parameters, including internal pressure, 

pressure rate, axial feeding, and punch speed, were 

selected as independent variables. The forming 

temperature was constant at 550 oC during the process. 

The first objective function was the highest die filling 

percentage, which was defined as follows: 

Objfilling (%) =
Vs

Vd
 × 100 (1) 

where Vd and Vs denoted the volume of the die and the 

specimen, respectively. The second objective function 

was the lowest tube thinning percentage, which was 

defined as follows: 

Objthining (%) =
t0 − tmin

t0
 × 100 (2) 

where t0 and tmin were the initial and minimum thickness 

of the tube, respectively. 

Design-Expert software was used for the test design. 

Table 1 presents the independent variables, which 

 

 

 
Figure 1. The die geometry, heaters, and tube (dimension in 

mm) 
 

 

 
Figure 2. Finite element simulation model 
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evaluated at three levels based on the central composite 

design (CCD), and the matrix related to the test design is 

presented in Table 2. 
 

 

3. RESULTS AND DISCUSSION 
 

3. 1. Statistical analysis       Twenty five tests were 

obtained considering four continuous variables, 
 

 

TABLE 1. The studied variables and their levels 

Forming Parameters Symbol -1 0 1 

Pressure (bar) P 5 7 9 

Pressure Rate (bar/s) Ṗ 0.01 0.03 0.05 

Axial feed (mm) X 0 3.5 7 

Punch speed (mm/s) V 0.01 0.03 0.05 

 
TABLE 2. The design matrix of experiments 

No. 
P 

(bar) 

�̇� 

(bar/s) 

X 

(mm) 

V 

(mm/s) 

Filling 

(%) 
(%) Condition 

1 5 0.01 0 0.01 - - Not filled 

2 9 0.01 0 0.01 27.4 10.8 Ruptured 

3 5 0.05 0 0.01 - - Not filled 

4 9 0.05 0 0.01 11.58 4.97 Ruptured 

5 5 0.01 7 0.01 82.72 8.98 Accepted 

6 9 0.01 7 0.01 84.39 9.12 Accepted 

7 5 0.05 7 0.01 89.22 14.62 Accepted 

8 9 0.05 7 0.01 18.74 2.39 Ruptured 

9 5 0.01 0 0.05 - - Not filled 

10 9 0.01 0 0.05 27.77 11.2 Ruptured 

11 5 0.05 0 0.05 - - Not filled 

12 9 0.05 0 0.05 9.42 3.67 Ruptured 

13 5 0.01 7 0.05 42.41 -0.02 Wrinkled 

14 9 0.01 7 0.05 68.95 7.16 Wrinkled 

15 5 0.05 7 0.05 72.67 4.3 Accepted 

16 9 0.05 7 0.05 71.23 6.38 Ruptured 

17 5 0.03 3.5 0.03 32.98 4.32 Accepted 

18 9 0.03 3.5 0.03 79.28 8.46 Accepted 

19 7 0.01 3.5 0.03 73.58 14.21 Accepted 

20 7 0.05 3.5 0.03 69.27 12.26 Accepted 

21 7 0.03 0 0.03 15.81 7.82 Accepted 

22 7 0.03 7 0.03 81.98 6.44 Accepted 

23 7 0.03 3.5 0.01 82.84 14.57 Accepted 

24 7 0.03 3.5 0.05 73.04 13.04 Accepted 

25 7 0.03 3.5 0.03 71.32 10.6 Accepted 

including pressure, pressure rate, axial feed on each side, 

and punch speed, where the results are reported in Table 

2. The diagrams related to the main effect of the four 

variables mentioned above on the die filling percentage 

and the thinning percentage can be observed in Figure 3. 

For the die filling percentage, the effect of the axial feed 

on each side was positive, meaning that by increasing this 

variable, the filling percentage is increased. The material 

flow to the die is facilitated by increasing the axial feed, 

causing the filling percentage to be increased. When the 

punch speed and pressure rate increased, the material 

flow does not have sufficient time to enter the die; 

therefore, the filling percentage is reduced. Increasing the 

pressure up to 7 bars leads to the enhancement of the die 

filling. However, increasing the pressure more than 7 

bars leads to the collision of the tube with the die wall, 

and as a result of the generated friction, the filling 

percentage will decrease. About the effects of the 

pressure and axial feed on the thinning percentage, it can 

be seen that the effects of these two parameters on the 

thinning percentage are similar, meaning that the 

thinning percentage will increase first, and then, it will 

decrease by increasing these two parameters. Increasing  

 

 

  

  
(a) 

  

  
(b) 

Figure 3. The effect of HMGF parameters on; a) die filling 

percent, and b) thinning percent 
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the pressure leads to the deformation of the tube inside 

the die cavity. Therefore, the thinning percentage of the 

die in the die cavity area will increase. However, due to 

the collision of the tube to the die surface, with a further 

increase in the pressure, the material flow becomes more 

difficult, and the thinning percentage will be reduced. 

Due to the formation of wrinkles in the tube, the 

excessive increase in the axial feed prevents the material 

to flow easily during the forming process, and the 

thinning percentage decrease. As can be seen, while the 

impact of the pressure applying speed on the thinning 

percentage is insignificant, the thinning percentage 

decreased by increasing the punch speed due to the 

generation of non-uniform flows inside the tube. 

The results of the statistical investigation on the 

filling percentage based on different models are 

presented in Table 3. P-value is used to make sure of the 

accuracy of the model. The smaller the P-value (the 

significance value), the better the result fitting of the 

proposed model. Models and parameters that have P 

values less than 0.05 can statistically predict the data with 

errors of less than 5%. Due to the P-value, the quadratic 

equation was chosen as the most convenient model for 

the data fitting. Also, some of the statistical data related 

to the mentioned model, such as the coefficient of 

determination and the standard deviation, are briefly 

shown. If two parameters have equal significance value, 

the parameter that has a higher F-value (the test statistic) 

is more important. In Table 4, the results of the statistical 

investigation on the thinning percentage based on 

different models are presented. Here, the quadratic 

equation was also chosen as the most convenient model 

for the data fitting due to the P-value. 

After choosing the quadratic equation as the proper 

model for the die filling, the ANOVA variance analysis 

was carried out, where the results are shown in Table 5. 

 

 
TABLE 3. Statistical data of filling percentage based on 

different models 

Source SS DF MS 
F 

value 

P 

value 
 

Mean vs 

Total 
1297.08 1 1297.08    

Linear vs 

Mean 
142.41 4 35.6 8.33 0.0002  

2FI vs 

Linear 
30.47 6 5.08 1.26 0.3204  

Quadratic 

vs 2FI 
66.32 4 16.58 24.57 

< 

0.0001 
Suggested 

Cubic vs 

Quadratic 
9.22 8 1.15 8.92 0.0046 Aliased 

Residual 0.9 7 0.13    

Total 1546.4 30 51.55    

 

TABLE 4. Statistical data of thinning percentage based on 

different models 

Source SS DF MS 
F 

value 
p value  

Mean vs 

Total 
1755.49 1 1755.49    

Linear vs 

Mean 
105.66 4 2.64E+1 1.28 0.3046  

2FI vs 

Linear 
184.2 6 3.07E+1 1.76 0.1622  

Quadratic 

vs 2FI 
279.39 4 69.85 19.92 

< 

0.0001 
Suggested 

Cubic vs 

Quadratic 
4.4E+1 8 5.53E+0 4.61 0.0294 Aliased 

Residual 8.4E+0 7 1.20E+0    

Total 2377.3 30 79.24    

 

 
It can be observed that the two linear effects of pressure 

(P), and axial feeding (X) as well as their quadratic 

effects, and the two mutual effects of PX and PṖ are 

meaningful to the die filling. According to the ANOVA 

results, the parameters of axial feeding (X) and the 

mutual effect of PX have the most significant impact on 

the die filling. The obtained results indicated that the 

fitted quadratic model corresponds to the experimental 

data with a reliability coefficient of more than 93% 

(R2>93). After statistical analysis of the simulated data, 

the mathematical model (Eq. 3) presented using the four 

parameters, including pressure, pressure rate, axial feed 

on each side, and punch speed, to predict the value of the 

filling percentage. 

(% Die Filling)0.5 = -17.69 +5.40 P +73.52 Ṗ 

+3.05 X -103.28 V -17.33 PṖ -0.15 PX +10.10 

PV+975.91 ṖV-0.31 P2 -0.17 X2 

(3) 

Also, after selecting the quadratic model as the proper 

model for the thinning percentage, the ANOVA variance 

analysis was carried out, where the results are given in 

Table 6. It is seen that the three linear effects of pressure 

(P), axial feeding (X), and punch speed (V) as well as 

their quadratic effects, and the three mutual effects of 

PP ̇, PX, and PV are meaningful to the tube thinning. 

According to the ANOVA results, the parameters of 

pressure (P) and the mutual effect of PX have the most 

significant impact on the tube thinning. Moreover, after 

the statistical analysis of the simulated data, the 

following mathematical model is presented to predict the 

thinning percentage. 

% Thinning = -59.48 +18.80 P +250.91 Ṗ +4.74617 

X -634.55 V -48.25 PṖ -0.29 PX +31.88 PV +14.35 

ṖX -14.78 XV -1.17 P2 -0.33 X2 +6814.91 V2 

(4) 
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TABLE 5. The ANOVA results for the die filling percentage 
 SS DF MS F Value P Value 

Model 238.86 10 23.89 43.37 < 0.0001 

P 9.79 1 9.79 17.78 0.0005 

Ṗ 2.48 1 2.48 4.50 0.0474 

X 130.07 1 130.07 236.17 < 0.0001 

V 0.076 1 0.076 0.14 0.7140 

PṖ 7.69 1 7.69 13.97 0.0014 

PX 17.54 1 17.54 31.85 < 0.0001 

PV 2.61 1 2.61 4.75 0.0421 

ṖV 2.44 1 2.44 4.43 0.0489 

P2 5.14 1 5.14 9.33 0.0065 

X2 14.18 1 14.18 25.75 < 0.0001 

Residual 10.46 19 0.55   

Lack of Fit 10.46 14 0.75   

Pure Error 0.000 5 0.000   

Cor Total 249.32 29    

    R² =95.8 % 

    R²(adj) = 93.59 % 

 

 

Confirmation charts were utilized to determine the 

suitability of the filling percentage and thinning 

percentage regression models. Figure 4 shows the images 

of the actual values and the predicted values for each 

response. The straight line with a 45-degree angle 

represents the model, and the square dots represent the 

results obtained from the tests. The closer the dots to the 

line, the higher the accuracy of the model. This diagram 

confirms that the selected model describes the 

experimental values relatively well because the dots are 

around a line with a constant slope. 
 

 

TABLE 6. The ANOVA results for the tube thinning 

percentage 
 SS DF MS F Value P Value 

Model 561.52 12 46.79 13.19 < 0.0001 

P 52.93 1 52.93 14.92 0.0013 

Ṗ  9.29 1 9.29 2.62 0.1241 

X 21.71 1 21.71 6.12 0.0242 

V 21.73 1 21.73 6.12 0.0242 

PṖ 59.60 1 59.60 16.80 0.0007 

PX 65.71 1 65.71 18.52 0.0005 

PV 26.02 1 26.02 7.33 0.0149 

ṖV 15.68 1 15.68 4.42 0.0508 

XV 16.64 1 16.64 4.69 0.0449 

P2 62.42 1 62.42 17.59 0.0006 

X2 44.39 1 44.39 12.51 0.0025 

V2 21.09 1 21.09 5.94 0.0260 

Residual 60.33 17 3.55   

Lack of Fit 60.33 12 5.03   

Pure Error 0.000 5 0.000   

Cor Total 621.84 29    

    R² =90.94 % 

    R²(adj)= 86.47 % 

 

 

 

 
Figure 4. The predicted values of the regression model 

based on the actual values for; a) the filling percentage of the 

die, and b) the thinning percentage of the tube 

 

 

3. 2. Mutual effect of parameters       Fig.  5 shows the 

mutual effect of PX and PṖ on the die filling and tube 

thinning. Figure 5a indicates the effect of axial feeding 

on the die filling percentage is enhanced by increasing 

the pressure. The reason is that the probability of 

(a) 

(b) 
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wrinkling due to increasing the axial feeding is reduced 

by increasing the pressure. The response surface is dome-

shaped shown in Figure 5b, which means that the highest 

tube thinning is obtained at the center of the surface. 

Increasing the internal pressure increases the tube 

thinning, while increasing the axial feeding decreases the 

tube thinning [10]. Figures 5c and 5d indicate that at low 

pressure, increasing the pressure rate has no significant 

effect on the die filling, while it increases the tube 

thinning sharply. However, at high pressure, increasing 

the pressure rate decreases both the die filling and tube 

thinning. It can be due to increasing the probability of 

bursting at the initial of the deformation. 

 

3. 3. Optimization       Optimization was performed to 

obtain the maximum die filling and the minimum tube  

 

 

 

 

 

 
Figure 5. Response surfaces of die filling and tube thinning 

in terms of input parameters 

thinning percentages. The result showed that the optimal 

loading path was obtained at pressure of 7 bars, pressure 

rate of 0.01 bar/s, axial feeding of about 7 mm on each 

side, and a punch speed of 0.02 mm/s. At this condition, 

the amounts of die filling and tube thinning of 95% and 

9.5% were achieved, respectively. Figure 6 shows the 

loading path obtained from the optimization. It can be 

seen that the axial feeding reached its maximum value 

after 350 s and then remained constant by increasing the 

pressure for 700 s. 

Figure 7 shows a cylindrical stepped tube, which 

formed experimentally using the optimal loading path. 

The deformation behavior of the tube at different times 

in the optimal loading path condition is shown in Figure 

8. As can be seen, up to 350 s wrinkles were created in 

the tube due to high axial feeding and low internal 

pressure, which resulted in a significant amount of the 

material flowing from the tube edges to the die cavity. 

Then, by increasing the internal pressure for duration of 

700 s, the wrinkles were gradually eliminated, and the die 

cavity was filled. The internal pressure and axial feeding 

for different t/d and D/d ratios in the thin-walled tubes 

range were changed using simulations based on the 

optimal loading path. Figure 9 shows the perfect 

specimens, which obtained from experiments for tubes 

with different t/d and D/d ratios according to the 

simulations. 
 

 

 

 
Figure 6. The loading path obtained from the optimization 

 

 

 

 
Figure 7. A stepped tube formed with the optimal loading 

path 
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150 s 350 s 

  

550 s 700 s 
Figure 8. The deformation behavior in the optimal loading 

path condition 
 

 

 
D/d=1.14, t/d=0.046 

 
D/d=1.14, t/d=0.054 

 
D/d=1.28, t/d=0.046 

 
D/d=1.28, t/d=0.054 

Figure 9. Stepped tubes formed at various D/d and t/d ratios 
 

 

4. CONCLUSION 
 
A combination of the response surface method and finite 

element method were used to optimize the loading path 

of the HMGF process for producing a cylindrical stepped 

tube from AA6063 alloy at 550 oC. The process variables, 

including pressure, pressure rate, axial feeding, and 

punch speed, were investigated to obtain the maximum 

die filling and minimum tube thinning. The ANOVA 

results showed that the axial feeding, internal pressure, 

and their interaction had the most significant effect on the 

die filling and tube thinning. At low pressure, increasing 

the pressure rate had no significant effect on the die 

filling, while it increases the tube thinning sharply. The 

optimal parameters were obtained based on the highest 

die filling rate and the lowest tube thinning at the pressure 

of 7 bars, pressure rate of 0.01 bar/s, axial feeding of 7 

mm from each side, and a punch speed of 0.02 mm/s. At 

this condition, the amounts of die filling and tube 

thinning of 95% and 9.5% were achieved, respectively. 

At optimal loading path, first wrinkles were created in the 

tube due to high axial feeding and low internal pressure, 

which resulted in a significant amount of the material 

flowing from the tube edges to the die cavity. Then, by 

increasing the internal pressure, the wrinkles were 

gradually eliminated, and the die cavity was filled. 
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Persian Abstract 

 چکیده 
از  منظور،    نیا  یشد. برا  سازینهیبه  6063از آلیاژ آلومینیوم    یاپله  یااستوانه  یهاساخت لوله  ی( براHMGFگاز )با  فلز داغ    دهیشکل   ندی در فرا  ذاریبارگ  ر یمقاله مس  نیدر ا

اعمال  نرخ، یفشار داخلمقدار  یپارامترها .شداستفاده  ،آباکوس و دیزاین اکسپرت  هاینرم افزار  کمک هب بیبه ترت  ،(FEMمحدود ) ی ( و اجزاRSMسطح پاسخ ) هایروش

لوله  نازک شدگیقالب و حداقل درصد  شدگی قرار گرفت. حداکثر پر یدر سه سطح مورد بررس یمرکز-یبی ترکی آزمایش حابر اساس طر سنبهو سرعت  یمحور هیفشار، تغذ

قالب و    گیدر پرشد  های تاتیرگذارپارامتر  نیو برهم کنش آنها مهمتر  یل، فشار داخیمحور  هینشان داد که تغذ  انسیوار  لیو تحل  هیبه عنوان توابع هدف انتخاب شدند. تجز

متر از هر   یلیم 7 یمحور هی، تغذهیبار در ثان 0.01 فشاراعمال  نرخبار،  7فشار حدود  تحت گرادیدرجه سانت 550 یمطلوب در دما ذاریبارگ ری. مسباشندمی لوله  گینازک شد

 کند. ی م دییرا تأ یسازنهیبه جیکه نتا مشخص شده انجام شد یپارامترها یبرا یشیآزماتجربی  یها بدست آمد. آزمون ه یمتر بر ثان یلیم 022/0 سنبهطرف و سرعت 
 


