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The sheet metals under biaxial tension can withstand much higher strain levels without local 
necking or fracture than in the tensile testing. Various  techniques are known for testing in this 
state. In the hydraulic bulge test a flat sheet specimen is deformed into dome under out-of-plane 
biaxial stretching and both the strains and the stresses can be defined. This test is used both flow 
curves and forming limit diagrams to be found, but only a part of specimen around the pole is 
usualy employed. The paper represents work hardening curves evaluation using data f�r specimen 
areas out of pole by means of coordinate grid method for strain determination. 
 
 
1. INTRODUCTION 
 

The sheet metals under biaxial tension conditions can withstand much higher strain levels 
without local necking or fracture than in the tensile testing. Moreover, the biaxial stretching is a 
common strain state in many sheet forming operations. Three main techniques are known for 
testing in this state. The Marciniak's double blank draw test subjects the specimen to in-plane 
biaxial tension [1, 2] but does not determine the stresses and it is used for forming limit and sheet 
quality estimation. The cross tensile test [3-5] allows both balanced and unbalanced in-plane 
biaxial stretching but an optimised cruciform specimen is required and it should be loaded by 
special equipment. By now this technique has been applied mainly for the yield surfaces 
evaluation. In the hydraulic bulge test [6, 7] the specimen is deformed into dome under out-of-
plane biaxial tension and both the stresses and the strains can be defined. This test is used both 
flow curves and forming limit diagrams to be found but only a part of specimen around the pole is 
usualy employed using not only circular but also elliptical [8, 9] die apertures to involve a greater 
variety of the principal strain ratios. This paper represents analytical solution and some 
preliminary experimental results for strain hardening curves evaluation using data f�r specimen 
areas out of pole. Circular bulge testing of isotropic sheet metals is under consideration here. The 
coordinate grid method has been applied for strain determination over the dome.  

                                                 
* Authors participate in the CEEPUS No PL-013/03-04 project headed by Prof. L.A. Dobrza�ski. 
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2. ANALYTICAL BACKGROUND 
 

In the case of isotropic sheet metals and circular dies the pole of the dome is in balanced 
biaxial stretching (fig. 1) when the principal stresses are 21 σ=σ  and the principal strains are 

2321 ϕ−=ϕ=ϕ . For thin specimens with ratio 10tr 0 >  (die aperture radius to initial 
thickness) the bending stresses can be neglected as 03 ≅σ  and, therefore, the true equivalent 
stress iσ  and the true equivalent strain iϕ  can be readily calculated as  
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where the pressure P and the current values of the radius of curvature R and of the thickness 
in the pole of the dome mint  should be measured. 

 
b)

ρ
h

R

d = 2r

P t

tmin

t0

0

a)

H

 
Fig. 1. Outline of (a) hydraulic bulge test and (b) dome geometry 

 
For all the points out of the pole 21 ϕ≠ϕ  and 21 σ≠σ  but the stresses and the strains are 

subjected to the following set of relations: 
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where R1 and R2 are the main radii of curvature and 21 RR =  in the case of spherical dome. 

This leads to 3k2 1i ϕ=ε  and ( )β+σ=σ 2k3 1i  by the substitution 21k β+β+= . 
Then it would be possible to calculate the values of iσ  and iϕ  for every point out of the pole 
if 1ϕ  and 2ϕ  are known. In the case of spherical shape of the deformed specimen such 
evaluation could be done by the coordinate grid method using the GRID computer code for 
data processing. This code [10-12] provides an optional procedure for recalculation of the 
distances between the nodepoints determined in the X-Y plane when the initial flat surface of 
the grid pattern proves to be changed during deformation to a spherical one with radius R 
being known or measured in addition. If the dome is not spherical then the same way could be 
used but the R1 and R2 values should be measured cell by cell over the deformed grid. 



Strain hardening evaluation by bulge testing of sheet metals  333 
 

3. EXPERIMENTS AND RESULTS 
 

Test experiments by hydraulic bulging have been performed recently [13]using circular 
dies 26 mm and 30 mm in diameter. The materials tested were 1,2 mm and 1,5 mm thick low 
carbon steel, 0,8 mm thick stainless steel 18/8 and commercial aluminium and 1 mm thick 
brass 70/30 being nearly isotropic. The examinations of the deformed contour showed that the 
specimen shapes proved to be nearly spherical all over the dome for steels and brass but not 
for aluminium. This allowed the united flow curves ( )1ii ϕσ=σ  to be plotted for low carbon 
steel (fig. 2) and brass using test data obtained both in the pole and out of the pole of the 
dome as described above. It has been found that the strain hardening determination by biaxial 
bulge testing is in a good agreement with the flow curves obtained by uniaxial tensile test.  
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Fig. 2. Strain hardening evaluation for low carbon steel by data obtained 

from (a) the pole and (b) out of the pole of the dome 

 The spherical dome shape at hydraulic bulge testing has been discussed in more details in 
[14, 15]. In this field further investigations for other materials are needed about the influence 
of the sheet anisotropy [16-18] on the deformed dome shape and on the stress calculation out 
of the pole. Only a few [9, 13, 19] studies are carried out by now and additional analytical 
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solutions, experimental tests and computer simulations should be combined in order to verify 
all the possible applications of the bulge testing for strain hardening determination of various 
sheet metals.  
 
 
4. CONCLUDING REMARKS 
 

Considering the presented results it could be concluded that the strain hardening curves of 
isotropic sheet metals may possibly be obtained by hydraulic bulge testing using data for 
specimen areas out of pole. In this way it is possible to get more experimental points and to 
improve the accuracy of the results at reduced number of tests. Further investigations are 
needed to validate the capability of the proposed approach in the cases of anisotropic sheet 
materials or non-spherical dome shape.  
 
 
REFERENCES 
 
1. Metals Handbook, Vol. 14, Forming and Forging, Metals Park, Ohio, 1996. 
2. J. Kim, Res. Report 91.18 (1991), TU, Denmark. 
3. E. Doege. K. Droder, B. Griesbach, J. Mater. Proc. Technol., 71 (1997), 152-159. 
4. D. Banabic, D. S. Comsa et al., Proc. of the Romanian Academy, Ser. A, Vol. 1, 3 

(2000), 177-181. 
5. D. Banabic, D. S. Comsa et al., Proc. of the Romanian Academy, Ser. A, Vol. 3, 3 

(2002), 91-98. 
6. A. Averkiev, Methods of Sheet Metal Formability Estimation, Mashinostroenie, 

Moscow, 1985 (in Russian). 
7. K. Pohlandt, Materials Testing for the Metal Forming Industry, Springer, Berlin, 

1989. 
8. D. Rees, Int. J. of Mech.Sci., 37 (4) (1995), 373-389. 
9. D. Banabic, T. Balan, D. S. Comsa, J. Mater. Proc. Technol., 115 (2001), 83-86.  

10. B. Tomov, E. Minev, V. Gagov, Proc. of  Advanced Technology and New Materials 
Conf., TU, Gabrovo, (1992), 192-196 (in Bulgarian). 

11. V. Gagov, E. Minev, I. Davidov, Res. Reports of IPF, Sliven, 2 (1994), 204-209 (in 
Bulgarian). 

12. V. Gagov, Proc. of the Workshops on Development, Testing and Processing of 
Contemporary Materials, Ljubljana-Rousse-Gliwice, 2 (1997), 125-136. 

13. V. Gagov and N. Feschiev, Proc. of AMTECH Conf, Sozopol, 1 (2001), 139-144 (in 
Bulgarian). 

14. M. Atkinson, Int. J. Mech. Sci., 39 (1997), 761-769. 
15. A. Boulila et al., Mécanique & Industries, 3 (2002), 627–638 (in French). 
16. D. Banabic, D. S. Comsa et al., Proc. of 8th AMME Conf., Gliwice, (1999), 33-36. 
17. D. Banabic (ed.), Formability of Metallic Materials, Springer, Berlin, 2000. 
18. P. D. Wu et al., Int. J. of Plasticity, 19 (2003), 121-138. 
19. D. S. Comsa, Res. Report (2002), Technical University, Cluj-Napoca (in 

Romanian). 
 


