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ABSTRACT 
     This study aims to establish the forming limit diagrams of tubular material by bulge test. 

The bulge test applies internal (hydraulic) pressure with and without applied axial feeding on 

tubular specimen causing tube expansion, undergoing plastic deformation until bursting occurs. 

     In order to investigate bulge test, a hydraulic bulge tool has been designed and manufactured 

with insert dies having profile die radius (10) mm. the fixed bulge and the bulge with axial 

feeding can be fulfilled by this tool. Axial feeds applied to tube ends were (1, 3, 5, 7) mm. The 

process has been carried out using aluminum alloy (6063) tubes with dimension of (      ,    
=1.7,    =150) mm before and after annealing. 

    Before doing the bulge test, tubes were annealed at temperatures of (425) ᵒC with holding 

time of two hours and then cooled in the furnace. Square grids have been printed on all tubes 

wall with dimension (5x5) mm. The grid was printed by screening method to calculation major 

and minor strain. A commercially available finite element program code (ANSYS11.0), was 

used to perform the numerical simulation of the bulge test. 

     Maximum bulge height without axial feeding that can be obtained from tubes annealed at 

425ᵒC was (4.62) mm with bursting pressure of (7.5) Mpa and final tube thickness of (1.42)mm. 

When applying axial feeding  the max bulge height is(4.95)mm with bursting pressure 

of(9.5)Mpa and final tube thickness of (1.55)mm these results obtained from axial 

feeding(5)mm, wrinkling occurs when applying axial feeding(7)mm.  

     Strain calculation was performed using software program (Matlab). The strain value was 

obtained by measured grid dimension before the bulge test and grid dimension after bulge test 

for tubes at all annealed temperatures and applied axial feeding. 
    It is noted that good agreement between experimental and numerical results, the maximum 

error is 5.2%. 
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تواسطة اختثار الانتفاخحساب قاتلية التشكيل لاناتية الالمنيوم السثائكي   
 الخلاصة

لأا ب دددلا حنثوم دددىا حثبددد   ا بىحرددد   ح ت ددد    حثقصدددىي حثتتددد    وديهدددال حث ادددا حثدددً حاتددد       ددد    دددا      

حناتف خ.ح ت دد   حناتفدد خ سددى ضبددد ظ يدديظ دح دا(س ددا وث  اب بتيتيدد  حو بدداول ضيتيدد   اى يدد   دددً   مدد  حا ىب دد  

حثضديظ يبد لا ضوداد حنا ددىر  دتو ح بتتدىح ثددال ثاد ف  داون حنافتدد  . ف باد  ضاق دخ ح ت دد   حناتفد خ ضد  ضصددو   

ب  .ح ت د   حناتفد خ حثب بددلا وحناتفد خ  دو ضيتيدد  01( ضقدى تفد خ  ددو لىحثدلا دح د د  بمصدد  ل ت مظى د  ح ت د   حنا

 اى يدددددد  يددددددت  حاتح سدددددد  بىحردددددد   سددددددتح حثومظى  .حثتيتيدددددد  حثواى يدددددد  حثوبددددددد    دددددددً اه يدددددد   حلأا ب ددددددلا 
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    , 1.7=    ,      )ب بأبعد د0105ب  .حثعود د  يدت  حاتحاهد   ددً با ب دلا حلأثوم دىا حثبد  ا ا(0,5,3,1سدا(

=150).   

وثودا  رد  ت ف  د   ضد  ض تيداس  دح د   بᵒC )523حلأا ب لا يت  ضددايمه  بدا ا    دتح ح  ح ت    حناتف خحاتح  ل       

ب   ثتو و حلأا ب لا نا   ب ر لد   حنافعد  . ضودلا 35xحلأا ب لا وبأبع د(ااح حثفتل. ض  ط     ش      تبع   دً 

حث دد ب بتقم دد   (ANSYS 11.0)عم صددت حثوادداد  حثتددا ضدد  ضمف ددتس  ب رددت احا بتادد   حثوا  دد   ب رددت احا طتيقدد  حث

 .لأات ز ح ت    حلأاتف خ   حثعم صت حثوااد 

 ᵒC523ض  حثاصى   دً حلصً حاتف خ باول ضبد ظ ضيتي   اى ي    ف حلأا ب لا حثتا ض  ضددايمه  با اد   دتح         

ب د .  مدا ضبدد ظ ضيتيد   اى يد  حلصدً 0.52حثمهد اا ثنا دىر(وحثبوك  بMpa )1.3ب   وبضيظ حافت  5.02سى(

ب د  سدتح حثمتد ا  يدت  حثاصدى   د هد   0.33ب وحثبوك حثمهد اا ثنا دىر (Mpa)..3بوبضيظ حافت  3..5حاتف خ سى(

   .(7)ب  . حنا ع ج ياان  ما ضبد ظ ضيتي   اى ي 3بتيتي   اى ي (

,ل   حنافع   يت  حثاصى   د هد  ب ثوق  اد  بد ف حبعد د حثتد    (Matlab)حنافع   ض  حات زح بىحر   بتا     ب ر   

 . ل   ح ت    حناتف خ وحبع د حثت    بعا ح ت    حناتف خ

 ب%.3.2ض   لا ظ  ضق  ر حثمت ا  حثعود   وات ا  حثوا     حثتلو   وحل ح دً اب     أ سا (      

 

 
INTRODUCTION 

n order to obtain reliable data on material properties of the tube, a test procedure should be 

used, that is as close as possible to the hydroforming process. Although the results of the 

tensile test can provide information about the stress-strain relationship, they can hardly be 

used to evaluate formability of tubes for hydroforming, since the tensile test induces a uniaxial 

state of stress, while the THF process is mainly biaxial. In other words, a test generating a 

biaxial tensile stress state in the sample (such as a bulging test) would be closer to the real 

process conditions and this would insure a much more effective evaluation of formability. The 

principle of the bulge test is very simple: a metal tubular specimen is loaded with internal 

pressure (usually hydraulic) and expands, undergoing plastic deformation until bursting occurs 

by measuring the internal pressure and the tube deformation at the apex of the tube [1]. 

    The geometry of the tube bulge test as shown in Figure (1).bulge test is very simple and 

therefore suitable to be used on any hydroforming press. And used as system tool, In fact, it 

does not require any other sensors than a pressure-recording device: several tubes of the same 

material are tested at different pressure levels, and the deformations (strains and bulge height) 

are measured after each tube is extracted from the tooling [2]. 

    Zhu bin He, Yanli Lin [3], carried out a bulge test at different temperatures from RT up to 

480 ᵒC. To evaluate the formability of AZ31B extruded tube. Bursting pressure and maximum 

expansion ratio (MER) of the tube were obtained. The bursting pressure decreased almost 

linearly as testing temperature increased and the hardness value of the tube decreased 

significantly after the bulging test at elevated temperature, MER value remains almost 

unchanged from RT to100ᵒC. and about30. 3% expansion ratio was reached at 480 ᵒC.  

Fuchizawa et al [4].used hydraulic bulging of tubes determining the stress-strain characteristics 

of tubular materials by annealed aluminum, copper, brass and titanium tubes were tested under 

only internal pressure. With the instrumentation and control systems available, tube thickness, 

radius of curvature in both longitudinal and hoop directions, and internal pressure measured and 

recorded during formation of the bulge. Using analytical methods were derived stress-strain 

relations.  These findings were also compared with those obtained from tensile tests. Stress-

strain relations for aluminum, copper and brass were found to be similar by two tests, whereas 

that for titanium were different. Since they did not use axial compressive load during bulging, 

stress-strain relation obtained was limited to low strain values up to (0.7).  

A. S. Selvakumar, et.al [5], studied the effect of the deformation characteristics of tubular 

materials before and after heat treatment in hydroforming process. The test was carried out by 

placing the tube into the die and filling the tube completely with fluid. The experimental work 

was performed on aluminum, brass and mild steel tubular materials of thickness 1.5 mm, and 
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diameter 38 mm. The movement of punch provided both axial feeding of the tube and 

increasing pressure inside the tube. The experimental work was performed in two phases. In 

phase I, without heat treatment process, in phase II, after annealing treatment to tubular 

specimens, the annealed specimens showed better permeability than those without heat 

treatment.  By proper annealing treatment, leakage arresting and suitable punch movement, the 

desired shape of the component without failure was obtained. 

  Mehdi Safari,Seyed Jamal Hosseinipour[6], calculated  forming limit diagram for aluminum 

alloy 3105 is performed experimentally  and forming limit based on stress (FLSD) numerical 

prediction by ductile fracture criteria. Using simulation is considered. The strain paths from 

finite element simulations are found fairly acceptable to represent both sides of the FLD. The 

necessary strain paths are obtained by using different sample widths .Finite element showed 

FLD and FLSD predicted by ductile fracture criteria are in good in agreement with results 

obtained from experimental work. 

 

 
                           Figure(1) Geometry of the deformed tube. 

 
Experimental Procedure 
      The bulge test has been carried out by designed and manufactured the  bulge tool set shown 

in Figure(2). The tooling is applicable to tubes of various material, wall thickness and 

diameters. There is no need to change any hard tooling for material and wall thickness changes, 

various THF processes can be performed through the tooling. 
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 Figure (2) Bulge Tool Set. 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

   In order to provide axial feeding at the end of the tube in the bulge test two punches are 

designed one is solid and the other is hollow as shown in Figure (3), the hollow punch was used 

to allow hydraulic fluid to flow to the tube, upper and lower plate replaced when applied axial 

feeding as shown in Figure (4),. The bulge testing with applied axial feeding is shown in Figure 

(5).  

Part 

NO. 

Part name Quantity Material 

1 Plate 2 Steel 

2 Container 1 Steel 

3 Rubber 2 Rubber 

4 Solid shaft 1 steel 

5 Tube 1 Aluminum 

6 Insert die 2 steel 

7 High tension 

bolt(M10) 

8 steel 

8 Hollow shaft 1 steel 

9 Nut(M20) 2 Steel 
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Figure(3)Solid and Hollow punches. 

                             

 
Figure(4) Upper and Lower Plate 

 

 

 
 

Figure (5) applied axial feeding. 
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    The end cover and container   which also serves as a guiding sleeve are held together by 

bolts, whereas on the side of the container one  holes are properly machined for a dial gauge in 

order to permit the measurement  of the bulge height. The insert die and end cover are held 

together by bolts and the tube insert in the die .the pressure source is applied by pass the 

hydraulic fluid through the hollow shaft to the tube .The strains in bulge test can be determined 

by following equations. 

 
       

  
  

⁄                                                                               … ……..(1) 

       
  

  
⁄                                                                                 ………..(2) 

                                                                                      ………..(3) 

Where 

                           Initial tube radius                                                      mm 

                       Instantaneous circumferential tube radius                   mm 

                           Instantaneous tube wall thickness                             mm 

                           Original tube wall thickness                                    mm 

                           Circumference strain                                                

                           Thickness strain    

                         Longitudinal strain       
 Numerical simulation 
    Numerical simulation provides a cost-effective way to explore the performance of products 

or processes in a virtual environment. This type of product development is termed virtual 

prototyping. Virtual prototyping techniques enable a reduction in the level of risk, and in the 

cost of ineffective designs. The multifaceted nature also provides a means to ensure that users 

are able to see the effect of a design on the whole behavior of the product. 

Contact rigid-flexible used in this model to represent the contact procedure  

Between die(rigid)and deform tube(flexible). 

The 2-D 4-node plastic solid structural element VISCO106 was used for modeled tube which 

defined by four nodes having up to three degrees of freedom at each node. 

The contact elementCONTA171was used to represent the deformable material and used the 

target element TARG169 to represent the die. 

Isotropic Hardening Plasticity model was used, the plastic response was modeled using the Von 

Mises Yield Criterion with modulus of elasticity 0. Gpa and passions ratio 0.3.Due to the 

symmetry in the geometry of the tube in free bulge hydroforming only (1/2)portion was 

modeled and define as axisymmetry to represent full tube in solution. In this model used 

aluminum alloy (6063)tube after heat treatment and with applied axial feeding. 

 
Results and Discussions 
    The experimental test was carried out at different pressure levels to obtain the relationship 

between bulge height and internal pressure. From this relationship can be determine the 

deformation and thinning percentage by measuring bulge height and wall thickness after tube 

bursting. Figure (0) shows the bulge test at annealing temperature (425) ᵒC. 

    Figures (6), represented the bulge test carried out with tube annealed at temperature (425)ᵒC. 

From this Figure the max bulge was obtained from these tubes are (4.65) mm and, bursting 

occur at pressures (7.5) Mpa and yield pressure are(3 )Mpa. The max bulge radius occurs in the 

center of the tube also the bulge has symmetry distribution above and below the tube center, 

Figure (7) show the bulge distribution along longitudinal axes of the tube. Figure (8) show the 

thickness and radial strain distribution above and below tube center. at 425ᵒC the  maximum  
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thinning was obtained (17.6) %  from tube annealing at425ᵒC when thickness reduced from ( 1.7 

to 1.4). 

 

 

Figure (6) Relationship between pressure and bulge height for tube annealing at 425ᵒC 

 

                                    Figure (7) Bulge distribution. 
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                    Figure(8) Numerical Thickness distribution. 

     The axial feeding was applied to the end of the tube to obtain negative strain (tension-

compression) for left side of the forming limit diagram. The experimental and numerical tests 

were carried out with axial feeding (1,3, 5 and 7) mm.  The effect of the axial feeding on the 

bulge are shown in Figure (9), and the wrinkling occurs when using feed 7mm .Figure (10) 

shows the wrinkling which occurs in the experimental and numerical tests.  The pressure 

increases with axial feeding and the percentages of the pressure increase are (21)%,and 

percentages of increasing for bulging at axial feeding 1mm and 5mm is (5.7) %respectively. 
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                                           (b) 

Figure (9) (a) Experimental results at annealing temperature 425ᵒC. 

                           (b) Numerical results at annealing temperature 425ᵒC. 

 

 

                           Figure (01) Wrinkling at 7mm axial feeding. 

    Figure (11) represent the forming limit diagram of aluminum tube .The right side was 

obtained from bulge test without any axial feeding (tension-tension) and internal pressure is 

applied only. The left side is determined by applied axial feeding to the end of the tube. The 

3

4

5

6

7

8

9

10

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

p
re

ss
u

re
(M

p
a)

 

bulge height(mm) 

without
axial feed

1 mm

3 mm



 Eng. &Tech.Journal, Vol.34,Part (A), No.2, 2016        Determination Formability of Tubular (AL-alloy) 

                                                                                                 by Hydraulic Bulge Test 

 

                

254 

 

point in plane strain is equal to (n) strain hardening exponent. From these forming limit 

diagram. The strain hardening exponent (n) is (0.145) .  

 

                                           Figure (11)  (a) 

 

                                                  (b) 

Figure(00)(a) Experimental FLD of tubular material annealed at 425ᵒC. 

(b) Numerical FLD of tubular material annealed at 425ᵒC. 
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Figure (01) Numerical Result  

 

 

Figure (02)Bulge test at different axial feeding. 
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CONCLUSION 

1- The bursting pressure increases with axial feeding and the maximum percentages of the 

pressure increase are (21) % 

2-The maximum bulge for tube increases with applied axial feeding to tube end and the 

maximum percentages of the increase are (5.7) %. 

3- Thinning for tube decreases with applied axial feeding to tube end.       

    

REFRENCES 

[1]Rees, D.W.A., 1995.” Instability limits to the forming of sheet   metals” J. Mater. Process. 

Tech. (1995), 55, 146-153. 

[2]Altan T., Koc M., Aue-u-lan Y., Tibari K., 1999.” Formability and design issues in tube 

hydroforming, Hydroforming of Tubes Extrusions and Sheet Metals” vol. 1. Ed. K. Siegert. 

[3] Zhubin He, Yanli Lin, Jia Wu, and Shijian Yuan” Study on the Formability and Deformation 

Behavior of AZ31B Tube at Elevated Temperature by Tube Bulging Test” Journal of Materials 

Engineering and Performance, 10.1007/s11665-010-9744-8. 

[4]Fuchizawa, S., Narazaki, M” Bulge Test for Determining Stress-Strain Characteristics of 

Thin Tubes” Advanced Technology of Plasticity pp. 488-493, 1993. 

[5]A. S. Selvakumar, K. Kalaichelvan, S. Venkataswam” Effect of Heat Treatment Process on 

Hydroforming of Tubular Materials” European Journal of Scientific Research, Vol.68 No.3 

(2012), pp. 377-388. 

[0] Mehdi Safari1*, Seyed Jamal Hosseinipour, Hamed Deilami Azodi,  “Experimental and 

Numerical Analysis of FormingLimit Diagram (FLD) and Forming Limit StressDiagram 

(FLSD)”  Materials Sciences and Applications, 2011, 2,pp 497-503. 

 


