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INTRODUCTION 

Nowadays, sheet metal products play an important role in most sectors such as automotive, aviation, and civil 

engineering. Therefore, different methods of sheet metal forming have been researched and developed. This tendency has 

made a big motivation for studies on sheet technology to be done with considerable achievements [1-6].  In sheet metal 

forming process, thinning variations occur in most areas of the products and considerably affect the product quality, 

especially in drawing operation [2]. The thinning variations have been investigated and evaluated through typical 

parameters, including the largest thinning ratio of the product and thickness distribution [7, 8]. 

The largest thinning ratio is a ratio between the biggest thinning variation (ie, the difference of the initial thickness of 

workpiece and the minimum thickness of the product) and the initial thickness of workpiece. The ratio allows evaluating 

the product quality in the process. If the ratio is too high, there might be either visible cracks or microscopic cracks which 

reduce the strength of the product. In the thin-shell industry, this indicator is important to determine if a product is of 

good quality or not. Thickness distribution is a change in thickness at different locations on the product from the original 

workpiece thickness. In drawing operation for sheet metal, some regions on the product may be thickened, some may 

remain intact, while others may become thinner. Due to the characteristics of the forming process, the thickness 

distribution in hydrostatic forming differs from that of conventional forming. 

Hydrostatic forming technology is one of the most emerging technologies that can be applied into manufacturing a lot 

of products in automobile and aerospace industries [9-11]. In this technology, the product is shaped in accordance with 

the die profile by a high liquid pressure source as shown in Figure 1. Hydrostatic forming for sheet metal has many 

advantages such as improving the ability to shape complex parts, increasing surface quality, and especially suitable for 

shaping lightweight and thin sheet materials [12-14]. Because of its superiority, there have been many studies on this 

technology over the years with different aspects of materials, temperatures, and die structures [15-20]. In hydrostatic 

forming process, the workpiece is remarkably thinned because of bulging phase under the action of a high-pressure liquid.  

Modi and  Kumar [21] in the AA5182 material study showed that when the variable closing force was applied,  the square 

cup product was more uniform in thickness and less thinned after forming than in case of constant closing force. Feyissa 

et al. [22] also presented that maximum percentage thinning reduced with the decrease in coefficient of friction from 

nearly 20% at (μ=0.25) to 6% at (μ=0.04) when studying the drawability of cryo-rolled AA5083 alloy sheets by 

hydrostatic forming. Zhang et al. [23] presented the causes of this thinning and indicated stress in each region. In addition, 

there are some studies to reduce thinning in the deformation stages [3, 24] especially in the period of free bulging, by 

using hard or soft opposite pressure. It can be seen that the thinning phenomenon has been of interest to many researchers 

in various aspects. However, the thickness distribution on hydrostatic formed products and the largest thinning ratio have 

not been specifically mentioned.  

 

ABSTRACT – In sheet metal forming, thinning phenomenon is one of the most concerned topics 
to ameliorate the final quality of the manufactured parts. The thinning variations depend on many 
input parameters, such as technological parameters, geometric shape of die, workpiece’s 
materials, and forming methods. Hydrostatic forming technology is particularly suitable for forming 
thin-shell products with complex shapes. However, due to the forming characteristics, the thinning 
variations in this technology are much more intense than in other forming methods. Therefore, in 
this paper, an empirical study is developed to determine the thinning variations in hydrostatic 
forming for cylindrical cup. Measurement of thickness at various locations of deformed products 
are conducted to investigate the thickness distribution and determine the dependence of the largest 
thinning ratio on the input parameters (including the blank holder pressure, the relative depth of the 
die and the relative thickness of the workpiece). The results are expressed in charts and equation 
which allow determining the effect of each input parameter on the largest thinning ratio. 
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(a) Initial state (b) Free bulging (c) Calibration 

Figure 1. Diagram of hydrostatic forming 

 

In this paper, an empirical study on hydrostatic forming technology for cylindrical cups is presented. The final 

products are measured in many positions to build a thickness distribution chart and determine the largest thinning ratio 

of each product. The measurement results of the largest thinning ratio are used to establish mathematical model showing 

the relationship between the largest thinning ratio and the input parameters including the blank holder pressure, the 

relative depth of die and the relative thickness of workpiece. The mathematical model has been obtained for certain 

conditions of the process execution. 

 

METHODS AND MATERIALS 

The research object is cylindrical product made of DC04 steel with initial thicknesses s0 of 0.8 mm, 1.0 mm, 1.2 mm. 

It is formed in accordance with the die cavity as shown in Figure 2. The diameter of die d is 70 mm. Properties of DC04 

steel are given in Table 1.  

 

 

Figure 2. Geometric details of the cylindrical-shaped die 

 

In this research, the depth of the die H is varied with three levels including 16.0 mm, 18.0 mm and 20.0 mm. 

 

Table 1. Properties of material DC04 

Yield stress (MPa) Tensile strength (MPa) Equivalent label 

210~280 314~412 
Russia-GOST 08kp 

Japan-JIS SPCE 

 

 

 

Figure 3. Workpiece covered with polythene on the outer flange 

 

The diameter of workpiece  D0  is 110 mm and the workpiece is covered with a polythene film as shown in Figure 3. 

With the plastic film, the coefficient of friction is kept more stable in all experiments. The workpiece can slide easily on 
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the die surface and be pulled smoothly into the die cavity. Therefore, it can be assumed that the effect of friction in 

experiments is the same.  

The relative depth of die H* is calculated according to Eq. (1): 

100**
d

H
H =

 

(1) 

The relative thickness of workpiece S* is calculated according to Eq. (2): 

100**

0

0

D

s
S =

 

(2) 

Research range of the blank holder pressure Q* is of (80-115) bar. In order to solve the aims of the research, input 

variables and their value survey area are collected and given in Table 2.  

 

Table 2. Input variables and research values 

Independent variables Coded variables Research value 

Q* x1 80 ~ 115 (bar) 

H* x2 23.0, 26.0, 29.0 (%) 

S* x3 0.73, 0.91, 1.09 (%) 

 

The experiment system consists of 4 modules as shown in Figure  4 including  hydraulic 125-ton press, CP700 high- 

pressure pump, die system and measurement system.  

 

 

Figure 4. Schematic diagram of hydrostatic forming experiment system 

 

Schematic diagram of forming a product by the hydrostatic forming method is presented in Figure 4. The workpiece 

is clamped between the hydrostatic die and the blank holder. High-pressure liquid is pumped into the groove gradually to 

form the product. The product is shaped according to the die shape. The changes in the pressure in the pump and the 

hydraulic press and the formation depth are recorded and monitored on the computer screen. Measuring microscope 

Mitutoyo MF is used to take photos of thickness of the product at 9 points as shown in Figure  5. 

 

 

Figure 5. Measuring points on the product 
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RESULTS AND DISCUSSION 

Evaluation the Thickness Distribution  

In order to investigate the thickness distribution of products, the thickness deformation ratio γ is considered and 

determined by Eq.(3). The selected product for examination has the dimensions and the technological parameters as 

shown in Table 3. 

100*
0

0

s

ss i−
=

 

(3) 

Where si  is the thickness value at each measuring position on the product (mm); 

 

Table 3. Geometric parameters and technological parameters of the investigation case 

Input parameters Survey value 

The thickness of workpiece, so, mm 0.8 

The depth of die, H, mm 16.0 

The blank holder pressure, Q*, bar 95.0, 100.0, 110.0, 115.0 

 

The values of thickness at 9 measuring positions are converted into thickness deformation ratios according to the Eq. 

(3) and are collected in Table 4. 

 

Table 4. Values of thickness deformation ratio (%) 

Blank holder 

pressure (bar) 

Value of each measuring point (%) 

1 2 3 4 5 6 7 8 9 

115 -2.87 -1.65 3.76 8.81 13.75 15.31 15.76 13.73 13.74 

110 -4.44 -3.68 -2.87 4.09 8.16 10.61 10.83 9.69 8.70 

105 -7.75 -6.37 -4.64 1.41 6.69 7.51 5.60 4.38 5.25 

100 -7.86 -7.12 -4.85 1.08 5.81 7.36 8.34 4.85 6.34 

95 -9.91 -7.60 -5.04 -0.60 4.46 7.69 8.14 4.48 5.68 

 

Based on the results in Table 4, the thickness distribution charts are shown in Figure 6. 

 

 

 

Figure 6. The thickness deformation ratio at measurement sites 
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The charts in the Figure 6 show the ratio of deformation at 9 measurement locations of the products at different blank 

holder pressure values. There are two main deformed regions on the product, including the thickening area (negative 

values) at part or all of the flange and the thinning area (positive values) at the body and bottom.  

The charts in Figure 6 also show the change of thickening and thinning regions through different cases of blank holder 

pressure (95 bar, 100 bar, 105 bar, 110 bar and 115 bar). When the blank holder pressure is higher, the thinning region 

enlarges while the thickening region narrows. For each product, the flange or part of it is thickened (points 1, 2, 3, 4 under  

95 bar of Q*; points 1, 2, 3 under (100~110) bar of Q*; points 1, 2 under 115 bar of Q*). This effect indicates that, in the 

flange region, the stress and deformation state of the product still obey the theory of metal plastic deformation for the 

conventional drawing process. 

The product then starts to thin somewhere on the wall or the flange (point 3 under 115 bar of Q*, point 4 under (100-

110) bar of Q* and point 5 under 95 bar of Q*). In all the measurement results, most values of thickness deformation 

ratio at three points (5, 6, 7) are higher than those of the remaining points. It means that the maximum thinning ratio 

occurs at a point on the rounded corner between the wall and the bottom. This can be explained by the friction between 

the workpiece and the die when forming. When the workpiece is exposed to the die, friction at the bottom and the wall 

of the die will prevent the workpiece from filling the corner radius. Therefore, the material is more prone to thinning and 

the product is more easily cracked in this area. 

The graphs also show that thickness deformation ratio at point (8, 9) is less than at point (5, 6, 7). In hydrostatic 

forming technology, the material will contact the die’s bottom under the effect of forming liquid pressure. Friction 

between the workpiece and the die’s bottom prevents the movement of materials, so the workpiece in this area is less 

thinned. Through this study, it can be inferred that deformation on the flange of the product in hydrostatic forming 

technology is similar to the conventional drawing while deformation at the product body is different. The bottom radius 

of the product is the most thinned area due to the friction effect between the die and the workpiece. The investigation 

results propose that hard opposing pressure (here the bottom of the die) be also a good choice for reducing the thickness 

deformation ratio and improving the quality of product. 

 

Building Mathematical Models of the Largest Thinning Ratio γmax 

Determination the largest thinning ratio 

In this research, the orthogonal second order design specifies the number of experiments as shown in Eq. (4) [25]: 

N=2k-p + 2.k + n0= nk+ nα+ n0 =23 + 2.3 + 3 = 17 (4) 

In which, N is the total number of experiments, n0 is the number of repetition in plan central, nk is the number of 

change of variables, nα is the number of symmetrically positioned points at plan central;  

Coded values of physical quantities are obtained using following Eq. (5): 

x1= 17.5

97.5*Q −

; x2 = 3

26*H −

;  x3 = 0.18

0.91*S −

 
(5) 

Experimental array is established according to Table 5. 

 

Table 5. Experimental array 

Input variables of the 

process Coded values 

Physical values 

No. Q* H* S* x0 x1 x2 x3 x12 x13 x23 x'1 x'2 x'3 

Vector 

output 

Yi 

1 80.0 23 0.73 1 -1 -1 -1 1 1 1 0.27 0.27 0.27 Y1 

2 115.0 23 0.73 1 1 -1 -1 -1 -1 1 0.27 0.27 0.27 Y2 

3 80.0 29 0.73 1 -1 1 -1 -1 1 -1 0.27 0.27 0.27 Y3 

4 115.0 29 0.73 1 1 1 -1 1 -1 -1 0.27 0.27 0.27 Y4 

5 80.0 23 1.09 1 -1 -1 1 1 -1 -1 0.27 0.27 0.27 Y5 

6 115.0 23 1.09 1 1 -1 1 -1 1 -1 0.27 0.27 0.27 Y6 

7 80.0 29 1.09 1 -1 1 1 -1 -1 1 0.27 0.27 0.27 Y7 
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Table 5. Experimental array (cont.) 

Input variables of the 

process Coded values 

Physical values 

No. Q* H* S* x0 x1 x2 x3 x12 x13 x23 x'1 x'2 x'3 

Vector 

output 

Yi 

8 115 29 1.09 1 1 1 1 1 1 1 0.27 0.27 0.27 Y8 

9 97.5 26 0.91 1 0 0 0 0 0 0 -0.73 -0.73 -0.73 Y9 

10 97.5 26 0.91 1 0 0 0 0 0 0 -0.73 -0.73 -0.73 Y10 

11 97.5 26 0.91 1 0 0 0 0 0 0 -0.73 -0.73 -0.73 Y11 

12 118.8 26 0.91 1 1.215 0 0 0 0 0 0.75 -0.73 -0.73 Y12 

13 76.2 26 0.91 1 -1.22 0 0 0 0 0 0.75 -0.73 -0.73 Y13 

14 97.5 29.6 0.91 1 0 1.22 0 0 0 0 -0.73 0.75 -0.73 Y14 

15 97.5 22.4 0.91 1 0 -1.2 1. 0 0 0 0 -0.73 0.75 -0.73 Y15 

16 97.5 26 1.13 1 0 0 1.215 0 0 0 -0.73 -0.73 0.75 Y16 

17 97.5 26 0.69 1 0 0 -1.22 0 0 0 -0.73 -0.73 0.75 Y17 

 

In order to determine the largest thinning ratio, each product is measured at 9 points as shown in Figure 5 and finds 

the point at which the thinnest thickness. The largest thinning ratio γmax is determined by Eq. (6) 

100*

0

0 min
max

s

ss −
=

 

(6) 

Where smin is the minimum value of the product thickness (mm) 

Experimental results of the largest thinning ratio are collected in Table 6.  

 

Table 6. Experiment results 

N0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

γmax 

(%) 
9.98 14.98 11.24 16.23 8.32 11.65 13.32 18.31 14 20.95 12.48 15.33 12.89 12.48 15.13 9.98 14.98 

 

As mentioned above, in hydrostatic forming technology, the thinnest area is the corner radius at the bottom of the 

product. In this area, there is a dangerous position with the largest thinning ratio. These values on each product are 

summarized in Table 6. 

A mathematical model based on the theory of the orthogonal second-order design with 3 variables is represented by 

Eq. (7) [25]. 

3 3 3
2

0 j j ij i j jj j

j 1 i, j 1;i j j 1

b   b x b x x b xY
= =  =

= + + +  
 

(7) 

Where, bj and bij are the coefficients  of the regression function; 

Testing of adequacy has been conducted with mathematical analysis according to F-distribution [25]. The condition 

Fα≤ Ft is satisfied as shown in Eq. (8):  

Fα = 2.14 < Ft = 19.41 (8) 

Where Ft is the tabulated value according to Fisher criterion, Fα is the adequacy according to Fisher criterion; 

Test with regression coefficients R for mathematical equation obtained using the Eq. (9): 

( )
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(9) 
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(10) 

Where Y* is the arithmetic mean of all experimental results as shown in Eq. (10), Yj
E is the value of experimental 

results, Yj
R is the calculation values of the obtained model; 

The coefficient of determination R2 is determined by the quality and reliability of the model as shown in Eq. (11): 

R2= 0.9959 (11) 

The obtained results of the coefficient of determination R2 indicate that 99.59% of the variability is attributed to the 

operation of the input variables (xi).  Final, decoded form of mathematical model for the largest thinning ratio γmax is given 

in polynomial Eq. (12). 

γmax = -0.81 + 0.15 Q* - 1.4 H* + 2.11.H*.S* + 27.71.S* - 45.37.S*2 (12) 

Comparing the values of experiments with the values obtained from mathematical model in the Eq. (12) is shown in 

Figure 7. It can be noticed that the difference between experimental results and calculated results from mathematical 

models is not significant. The largest error of experimental results and modelled results is 15.95 % and the average error 

is 5.7 %.  

 

 

Figure 7. Comparison of modelled and experimental results 

 

Evaluation the Effect of Each Variable on the Largest Thinning Ratio 

The research has shown that the largest thinning ratio γmax depends on x2 (the relative depth of die) at the highest 

extent, and the depending extent decreases with respect to x1 (the blank holder pressure) and x3 (the relative thickness of 

workpiece) alternatively. 

Using the Eq. (12) to assess the effect of each factor on the largest thinning ratio, it is necessary to consider the fixed 

values of each factor. Graphs are established from the Eq. (12) using Matlab, from which maximum and minimum value 

of γmax can be figured out.  
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Figure 8. Dependence of γmax on H* and S* at Q*= 80 bar 

 

 

Figure 9. Dependence of γmax on H* and S* at Q* = 97.5 bar 

 

 

 

Figure 10. Dependence of γmax on H* and S* at Q*= 115 bar  
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Figure 11. Dependence of γmax on S* and Q* at H* = 23% 

 

 

 

Figure 12. Dependence of γmax on S* and Q* at H* = 26% 

 

 

 

Figure 13. Dependence of γmax on S* and Q* at H* = 29% 
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Figure 14. Dependence of γmax on H* and Q* at S* = 0.73 % 

 

 

 

Figure 15. Dependence of γmax on H* and Q* at S* = 0.91% 

 

 

 

Figure 16. Dependence of γmax on H* and Q* at S* = 1.09 % 
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The Eq. (12) and Figures (8-16) show the influence of the surveyed parameters including (Q*, H*, S*) on the values 

of γmax. It can be seen that the dependence of γmax on S* is more complicated than the other variables. There is the best 

value of S*, where γmax reaches the minimum value shown in Figures (8-13). 

When the relative depth of the die H* increases, the free-bulging phase takes longer, so under the effect of forming 

pressure, the product becomes thinner. 

When the blank holder pressure Q* increases, it is more difficult to pull the workpiece into the cavity of die, so the 

formed product becomes thinner. Moreover, in the case of large values of Q*, forming pressure also reaches high values. 

This forming pressure affects the workpiece, making the workpiece better deformed, especially at the corners of the die’s 

bottom. Under the effect of large forming pressure and blank holder pressure, the workpiece will be more deformed, so 

the thinning increases. 

The graphs in Figures (8-13) also show the effect of the relative thickness of workpiece S* on the largest thinning 

ratio. Its impact on thinning variation is more complicated than the other two independent variables. It can be seen that 

in the cases under consideration, there always exists the most appropriate S* value to achieve the smallest value of γmax. 

Thus, based on the empirical the Eq. (12), it is possible to determine the appropriate values of input variables to 

achieve the smallest thinning ratio. In this study, in order to the smallest thinning level, the optimal input parameters (Q*, 

H*, S*) are 80 bar, 23% and 1.09%, respectively. 

 

Verification of the Applicability of the Equation 

In order to verify the applicability of the Eq. (12), a cylindrical product with diameter of 60 mm and a height of 15 

mm is investigated. The product is formed from a workpiece with an initial thickness of 0.8 mm and a diameter of 100 

mm. As such, the relative height of the product H* is 25% and the relative thickness of the product S* is 0.8 %. 

The surveyed values of blank holder pressure Q* are 80, 90, 100, 110, 115 bar respectively. The values of the largest 

thinning ratio γmax are determined by the Eq. (12), and by experiment as shown in Figure 17. The biggest error between 

the experimental values and the modelled values is 5.3 % which is within the permissible error limit of the equation. 

Therefore, the Eq. (12) can be used to predict the largest thinning ratio of a product within its range of the research.  

 

 

Figure 17. Comparison of modelled and experimental results for other products 

 

CONCLUSIONS 

The research results have made a considerable contribution to the number of research as well as the development in 

the field of hydrostatic forming. The experimental research indicates the thickness distribution of the product and the 

relationship between the largest thinning ratio and the input parameters.  

Thickness distribution is proven to be non-uniform. In hydrostatic forming, thickening occurs on one part or the whole 

of the flange while thinning occurs in the rest of the product. For the product of this study, the region of radius at the 

bottom is the thinnest. This is a dangerous area that needs attention to avoid damage. The mathematical model of largest 

thinning ratio shows that this parameter depends the most on the relative height of die, then in turn on the blank holder 

pressure and the relative thickness of workpiece. A series of mathematical verifications regarding to the homogeneity of 

results, reliability and completeness testing of mathematical model have been carried out to confirm highly reliable 

mathematical model. Comparing experimental results and calculated results from the model, the deviations of the results 

are acceptable. Considering another product with different dimension in the study area, the difference in the maximum 

thinning ratio from the equation and experiment is also small. 
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The mathematical model for thinning variation is necessary because it helps to evaluate the thinning that occurs on 

the product. Therefore, it is possible to know if the product meets the requirements. From there, manufacturers can choose 

the appropriate parameters to shape the product. 
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