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Abstract: This paper is focused on forming hemispheres from the commercial 2024-T3 aluminum alloy at 

different temperatures, pressures and the walls thickness variation for the formed hemispheres. The 

aluminum alloy do not exhibit superplastic properties under conventional processing conditions and for this 

it was thermo-mechanical processed for grains refining, in order to improve deformation characteristics. 

The gas pressure forming tests were carried out at the temperatures of 460°C, 480°C and constant pressures 

of 0.75 MPa, 0.8 MPa, using aluminum alloy sheets of a 0.67 mm thickness, obtained from thermo-

mechanical processing. The polar heights of the sheets have been measured as a function of the forming time. 

The results of tests showed that for formed hemispheres the walls thickness gradually decreases with 

increasing of height from base to pole and the largest thinning of the walls is obtained at the pole of these. 

Key words: 2024 aluminum alloy, thermo-mechanical processing, grains refining, gas bulge forming test, 

thickness distribution. 

 
1. INTRODUCTION 

 
Superplastic forming is an attractive forming 

technique that has found application in sheet 
metal forming in the aerospace and automotive 
industries. Bulge forming is a superplastic 
forming process, an advanced method for the 
fabrication of complex thin-walled parts. To 
increase the hot forming ability and improve 
the mechanical properties of the final products, 
the utilization of superplasticity effect is 
desired [1], so the ability of some materials to 
exhibit large strains to failure when are 
deformed at high temperatures and at lower 
strain rates. The superplastic materials show 
elongation more than 200%. These elongations 
help in producing components with complex 
shape, in a single operation, to a near final 
shape, high strength components, with a much 
lower manufacturing cost, greater design 
flexibility. Materials such as aluminum alloys 
shall exhibit the phenomena of superplasticity, 
when subjected to certain conditions of 
pressure, temperature and strain-rates [2]. The 
conditions are summarized as: grain size less 

than 10 m, low strain rates within the range 
10-5 – 10-3 s-1 and temperatures greater than 0,5 
Tm, where Tm is the melting point in degrees 
Kelvin of the material under investigation [3]. 
High degrees of deformation can be obtained in 
the case of commercial metallic materials by 
using grain refinement techniques, for example 
by thermo-mechanical processing [4]. 
Superplastic materials are characterized by their 
total elongation at failure in uniaxial tensile 
testing and by the strain rate sensitivity 
exponent. Because commercial superplastic 
forming processes are performed under 
multiaxial stress conditions and the material 
data from the uniaxial tensile tests are 
insufficient to describe the formability, they 
began to use the bulge forming tests. In the 
superplastic forming process the sheet is 
clamped around its periphery and gas pressure 
is applied on the sheet surface, forcing it to take 
die shape. During the initial stage of 
deformation the sheet is not in contact with the 
die. The deformation is concentrated at the pole 
and consequently this region exhibits the 
greatest flow stresses, strain rates and strains. 
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When the pole comes in contact with the 
surface of the die, the material is locked due to 
friction and forming pressure and this prevents 
further deformation within the region.  

The forming time in superplastic forming 
process is from 20-30 minutes to several hours, 
due to very low strain rates [5]. The 
superplastic forming of hemispherical and box 
shaped products poses a problem of large 
thickness variation between pole and base of 
the product. This variation is inevitable in 
superplastic forming [6], although the early 
analysis by Jovane [7] and Belk [8] did not 
consider the thickness non-uniformity of the 
bulging profile. The constant gas pressure 
forming is characterized by changes in the 
value of strain rate [7] and can lead to a 
significant variation of thickness. 

 
2. EXPERIMENTAL RESEARCH 

 

 The experiments were conducted using a 
commercial 2024-T3 aluminum alloy received, 
in the extruded rectangular shape bar with 40 
mm width and 20 mm thickness, produced by 
S.C. ALPROM S.A. Slatina, Romania. 
Chemical composition (in wt%) is: 4.954 Cu; 
1.663 Mg; 0.696 Fe; 0,519 Mn; 0.279 Si; 0.096 
Zn; 0,.029 Cr; 0.022 Sb; 0.020 Pb; 0.007 Sn; 
0.006 Ni; Al-balance. This bar was heat treated 
to T3 temper, that means that the extruded bar 
has been solution heat treated, cold deformed 
and then naturally aged. 
 The commercial 2024 aluminum alloy was 
thermo-mechanical processed in order to induce 
superplastic behavior. The test specimens from 
a received material with a width 40 mm, 
thickness of 20 mm and a length of 45 mm, 
were homogenized at 500oC for 8 hours, to 
remove residual thermal stresses present in the 
non-homogenized material and to improve the 
deformability. Hot rolling was performed at 
temperatures between 440÷480oC with a total 
reduction of 90%, until a thickness of 2 mm. 
After hot rolling, followed by cooling in cold 
water, cold rolling was performed with a total 
reduction of 66.5%, until a thickness of 0.67 
mm. Because during the cold rolling the 
material was hardened, the recrystallization 
annealing was intercalated after 4-5 passes, by 

heating the alloy to 480oC and keeping at this 
temperature for 15 minutes, followed by fast 
cooling in water. Then the rolled samples were 
recrystallized by fast heating to 480oC, kept for 
15 minutes and fast cooling in water, to obtain 
a fine grain structure before gas bulge forming.  
 The experimental installation for gas 
pressure bulge forming designed for material 
testing at high temperatures consists of: the 
preparation and filtration group of air (which 
includes: pressure source (compressor), air 
filter, pressure valve, lubricator); horizontal 
electric furnace CARBOLITE CTF 12/75/700 
type; gas pressure forming die; inductive 
displacement transducer of 100 mm, precision 
proportional valve; strain gauge deck with six 
channels; SUPER 12 bit AD/DA acquisition 
board; IBM PC 386 computer system; 
SUPERPLAST software which performs 
signals acquisition from the displacement 
transducer, the pressure transducer and the 
command of the pressure pneumatic regulator. 

The tools used to gas pressure bulge forming 
are two halves of the die from refractory steel. 
By means of two rods with a length of 300 mm, 
made of refractory steel, which are pierced, is 
provided the air access in the die, during the 
process of superplastic forming (fig. 1).  

 

 
Fig. 1. The die halves for gas bulge forming. 

 
The half die which gives the final form of 

the piece has a cylindrical portion with a 
diameter of 32 mm and height of 8 mm (which 
has the role to reduce and even cancel the 
friction between the semi-finished products and 
die during deformation) with a die entry radius 
of 3 mm, and a half sphere.  

It has performed an experimental research 
for obtaining hemispheres through gas pressure 
bulge forming at constant pressure with interest 
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for evolution of height and thickness non-
uniformity of formed components. 
 The disks from 2024 aluminum alloy which 
has been thermo-mechanical processed, with a 
diameter of 49 mm and with thickness of 0.67 
mm were deformed super-plastically in 
spherical cavity of the die with diameter of 32 
mm, at the constant forming pressures of 0.75 
MPa, 0.8 MPa and at temperatures of 460oC, 
480oC. Each test-piece was clamped between 
the two heaves of die. The die was introduced 
within the furnace and after heating the sample 
to the required forming temperature, the air was 
introduced in the deformation room with the 
help of preparation and filtration group of air 
and of proportional valve. Each specimen was 
formed at a constant pressure by rapidly 
increasing of the pressure to a prescribed level. 
As the bulge forming process progresses a 
significant thinning in the aluminum alloy sheet 
becomes obvious. During each forming test 
which has been performed until material failure, 
the polar heights of the sheet have been 
measured as a function of the processing time. 
 In order to determine the hemispheres 
profile and the thickness of formed components 
in bulging tests, was used a Zeiss Eclipse 
coordinates measuring machine which 
generates through rigorous touching by a stylus 
with a radius of 1.5 mm, the meridian profile 
passing through pole, with a step of 1 mm (fig. 
2).  

                            
Fig. 2. Zeiss Eclipse coordinates measuring machine.  

 
Accurately locating of the pole has imposed 
several measurements of profile for deformed 
sheet, according to the two perpendicular 
directions to 0o and 90o in relation to the X axis. 
In this way it was precisely located the 
maximum height that is desired. Then, using 
the offered facilities by the AUTOCAD, was 
plotted the meridian profile of hemispherical 

shape and were established the points for 
determining of thickness along the profile. 
These selected points were obtained taking the 
current heights of hemispherical profile from its 
base (periphery) to pole. Then, local 
thicknesses were determined at selected points 
along the meridian profile.  

For analysis of superplastic forming 
behavior, the disc-shaped specimens of 2024 
aluminum alloy sheet were likened to spherical 
membranes of uniform thickness, formed by the 
constant pressure of compressed air. An applied 
pressure p, in a hemispherical die of radius R, a 
disk specimen with the initial thickness go will 
deform into a spherical membrane of radius Rd 
and the thickness at the pole g (fig.3). 

 

 
Fig. 3. The gas pressure bulge forming.  

 
Knowing the value of the bulge height hd 

and assuming the volume constancy of the 
material, can be calculated the instantaneous 
radius of curvature Rd, the equivalent stress , 
the thickness strain , the strain rate ε , at the 
pole of the formed component, using the 
following relations [9]: 
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where: g is the wall thickness at the pole of the 
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is the height at the pole of bulge profile, t is the 
forming time, p is the forming pressure, D is 
the diameter of the cavity.  
 The as-processed aluminum samples were 
cut in the transversal and longitudinal direction, 
polydol mounted, and mechanically polished. 
Keller's reagent was used to reveal 
microstructure in this material. Microstructures 
were observed through optical microscopy 
using a optical microscope. 

 

3. RESULTS AND DISCUSSIONS 

 
 Figure 4 shows an optical micrograph of the 
commercial 2024 aluminum alloy after thermo-
mechanical processing, with grain size smaller 
than 10 m. Such fine structure is suitable for 
superplastic deformation at high temperatures. 
 
 

 
 
 
 
 
 
 
 
 

Fig. 4. Optical micrograph of 2024 aluminum 
alloy after thermo-mechanical processing. 

 
The variation of the bulge height with 

forming time at pressures of 0.75 MPa, 0.8 
MPa and at temperatures of 460oC, 480oC  is 
shown in figure 5.  

 
Fig 5. Bulge height versus forming time at temperatures 

of 460oC and 480oC and different pressures. 
 

The curves in figure 5 indicate that there are 
tree distinct region. Initially, the height 
increases  rapidly.  Then,  follows  a  period   of 

apparent steady-state deformation characterized 
by o minimum deforming rate. Finally, the 
deformation rate increases again and the height 
approaches that of a hemisphere.  
 The sigmoidal variation of bulge height with 
the time in condition of constant pressure, may 
be attributed to the large stresses existing in the 
early stages of forming, when the height is 
small [10].  

At a given temperature, as the forming 
pressure increases, more deformation is 
obtained within the material and hence the 
forming time decreases. It also can be observed 
that the bulge height reduces while the forming 
pressure increases. 

At a given forming pressure, forming time 
decreases with an increase in temperature. The 
reduction of the forming time is due to decrease 
in flow stress of the material at high 
temperatures. At higher temperature, the yield 
strength of the material decreases thereby 
reducing the forming load and the forming time. 
 The various stages in superplastic forming of 
hemispherical shape is shown in figure 6.  
 

                                            
                        a)                                       b) 

                            
  c)                                      d) 

Fig. 6. Various stages in forming of hemispherical shape 
at temperature of 4600C and pressure of 0.75 MPa: 

a) initial sample; b) bulge height of 4.7 mm; c) bulge 
height of 12.12 mm; d) bulge height of 16.32 mm. 

 
The results obtained during bulge forming 

analysis of the aluminum alloy sheets are given 
in table 1. The higher bulge height of 16.32 mm 
and the highest thickness variation of 0.477 mm 
were obtained at the formed hemisphere to the 
pressure of 0.75 MPa and temperature of 460oC. 
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For a particular pressure, the thickness strain decreases as the forming temperature increases. 

                                                                                                                                                                    Table 1 
Results obtained during bulge forming analysis, at different  temperatures and pressures

Specimen T 

[0C] 

hd 

[mm] 

p 

[MPa] 

t 

[s] 

g0 

[mm] 

g 

[mm] 

 

[MPa] 
ε  

[x10-4 s-1] 

 

Gazo 1 460 16.32 0.75 4557 0.67 0.193 31.09 2.72 1.24 
Gazo 2 460 16.17 0.8 3630 0.67 0.213 30.05 3.17 1.15 
Gazo 3 480 14.43 0.75 1498 0.67 0.268 22,51 6.14 0.92 
Gazo 4 480 12.96 0.8 1249 0.67 0.284 23.04 6.89 0.86 

The thickness distribution along the bulge 
profile from base to the pole, during 
deformation at temperatures of 460oC, 480oC 
and different constant pressures (0.75 MPa, 0.8 
MPa) is shown in figure 7.a respective figure 
7.b.  

 

 
                                                 a) 

 
              b) 

Fig. 7. Hemispheres walls thickness distribution from 
base to the pole, along the meridian profile at 

temperatures of: a) 460oC; b) 480oC. 
 
It is observed that the thickness gradually 
decreases with increasing of profile height from 
base to the pole, so the largest thinning of the 
hemispheres walls is obtained at the pole.  
 Hemispheres from figure 8 were obtained by 
gas bulge forming tests at temperatures of 

460oC, 480oC and pressures of 0.75 MPa, 0.8 
MPa. The cracks are present only at the pole of 
the hemispheres, where was obtained the 
largest thinning of the walls thickness. 
 

 
Fig. 8. Gas pressure formed hemispheres. 

 
4. CONCLUSIONS 
 

•   Gas bulge forming of 2024 aluminum alloy 
in a hemispherical die was performed at high 
temperatures (460oC, 480oC) and constant 
pressures (0.75 MPa, 0.8 MPa). 
•  By means of gas bulge testing it 
demonstrated the possibility to obtain some 
pieces of hemisphere type from the 2024 
aluminium alloy sheet with thickness of 0,67 
mm, obtained by thermo-mechanical processing. 
•   The highest bulge height of 16.32 mm was 
obtained at the formed hemisphere to the 
pressure of 0.75 MPa and temperature of 460oC. 
• The forming time decreases when the gas 
pressure or temperature increase. 
• The area of the bulge profile increases 
during forming with consequent decrease in 
thickness. 
• The largest thinning of walls is obtained at 
the pole of hemispheres. 
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Formarea sub presiunea gazului a aliajului de aluminiu 2024 in matri  emisferic  

 
Rezumat: Aceast  lucrare este axat  pe formarea de emisfere din aliajul comercial de aluminiu 2024-T3, la diferite 
temperaturi, presiuni i pe varia ia grosimii pere ilor pentru emisferele formate. Aliajul de aluminiu nu prezint  
propriet i superplastice în condi ii de procesare conven ional  i pentru aceasta a fost procesat termo-mecanic pentru 
afinarea gr un ilor, cu scopul de a îmbun t i caracteristicile de deformare. Testele de formare sub presiunea gazului s-
au efectuat la temperaturile de 460°C, 480°C i presiunile de 0.75 MPa, 0.8 MPa, folosind table din aliajul de aluminiu 
cu o grosime de 0.67 mm, ob inute prin procesare termo-mecanic . În l imile polare ale tablelor au fost m surate în 
func ie de timpul de formare. Rezultatele testelor au ar tat c  pentru emisferele formate, grosimea pere ilor scade treptat 
odat  cu cre terea înal imii de la baz  la pol i cea mai mare sub iere a pere ilor se ob ine la polul acestora. 
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