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Superplastic forming of thin sheet corrugated structures is of special interest in developing aircraft technologies of new 
generation. The manufacture of such structures includes pressure welding of a package of three sheet blanks, consisting of 
two outer skin sheets and one inner core blank. The stop-off coating is applied to the inner surfaces of the skin sheets before 
welding. During superplastic forming of the package, the skin sheets take the form of a die cavity, while the core sheet stretches 
between the skins to form stiffeners. One of the main problems in manufacturing three-layer structures is known to be the 
formation of folds on the outer surface of the skins. The paper reports on studies of the influence of the inclination angle of 
stiffeners on folding. The choice of skin sheets with a thickness exceeding the thickness of the core sheet by 2 – 3 times may 
prevent the formation of folds. However, when manufacturing the corrugated structures of variable cross-section, such as 
hollow fan blades of an aircraft engine, the recommended ratio may not always be implemented. Moreover, its performance 
is limited by the permissible weight of the blade. In the present study, finite element modeling of the process of superplastic 
forming of three-layer structures made of titanium sheet alloy VT6 (analog of Ti-6Al-4V) is done using ANSYS software. 
According to the simulation results, it was found that with an increase in the inclination angle of the ribs, the holding time 
under pressure should be increased.
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1. Introduction

Corrugated panels are made of three sheets using the 
superplastic forming / diffusion bonding (SPF / DB) [1– 5]. 
After applying the stop-off coating, the sheets are assembled 
into a package, connecting the outer skin sheets with an 
inner core sheet in areas without a stop-off coating. Then the 
package is subjected to SPF in the die. Stretching between the 
skins, the inner core sheet forms ribs. The angle of inclination 
of the ribs to the skin may be adjusted by changing the 
pattern of the stop-off coating. In [6, 7], it was noted that the 
formation of folds depends on the angle of inclination of the 
stiffeners. The larger the angle of inclination, the more likely 
becomes the formation of folds. A well-known technique to 
prevent folding is to choose sheets of skins with a thickness 
that is 2 – 3 times greater than the thickness of the core sheet 
[7, 8]. However, in manufacturing corrugated structures 
of variable cross section, for example, hollow blades of an 
aircraft engine fan [9 –11], the recommended ratio may not 
always be realized. Moreover, its implementation is limited 
by the allowable weight of the blade. Other well-known 
methods for preventing folding include [12]:

-  use of technological sheets;
-  coarsening of the microstructure of the skin sheets by 

means of heat treatment;
-  the use of rolling support tooling [13,14];
-  the production of a core sheet from a titanium alloy, 

more ductile than the alloy of skin sheets [15];

-  the production of a sheet of core from a material with 
an ultrafine-grained structure, and sheets of skin with a fine-
grained structure [16,17];

-  the increase in forming time.
In [18] it is shown that at an inclination angle of 35°, the 

formation of folds can be avoided by choosing the mode 
of holding the structure under pressure. The purpose of 
the present study is to determine the degree of influence of 
the angle of inclination of the stiffeners of the corrugated 
structure on folding.

2. Modeling procedure and results

Fig. 1 shows schematically a fragment of a corrugated core 
panel. The core sheet of thickness sc is placed between two 
skin sheets of thickness ss. All three sheets are made of 
commercial titanium alloy VT6 (Ti-6Al-4V). The pressure 
from inert gas is applied to the free surfaces of the inner 
cavities of the edge welded envelope. The temperature of SPF 
is equal to 900°С [1, 2]. The height of the structure H is equal 

Fig. 1. Fragment of a corrugated core panel.
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to the distance between the flat plates of the die. The angle 
between the ribs and the skin is denoted as φ.

Finite element modeling is effected by using ANSYS 10ED. 
The formulation of the boundary value problem has been set 
in terms of creep theory using the Norton model described 
in detail in [19]. The standard power law of superplastic flow 
has been included into the formulation of the boundary-
value problem of creep theory as follows σ = Kξm or ξ = Cσn, 
where σ is the flow stress, ξ is the strain rate; K, m, C, n are 
the material constants to be determined experimentally.  
The values of K and m have been chosen as follows [20].

The time cycle of pressure change included two stages.  
At the initial stage, the pressure increased from 0.1 MPa to 
2 MPa for 300 s (Ramped mode of calculation). At the second 
stage, the exposure was held at constant pressure pmax (Stepped 
mode). The value of pmax was 4  MPa. The results of finite 
element calculations for various values of φ are collected in 
Table 1. The diagram of the distribution of the first principal 
strain when φ = 60°, pmax = 4 MPa and holding time 3000 s are 
shown in Fig. 2 a.

Since the maximum value of pressure рmax is restricted 
due to technical reasons, the manufacture of corrugated 
plates without folds when рmax = 4 MPa with different values 
of φ becomes possible by increasing the holding time. Table 2 
shows the results of modeling SPF of corrugated panels when 
φ = 60°, рmax = 4 MPa, and the holding time is 3000, 4800, 6000 
and 7200 s.

It is known [7] that the elimination of folding may be 
achieved by increasing the thickness of the skin sheets by 
2 – 3 times as compared with the core sheet. This will reduce 
the holding time. To verify the efficiency of this technique, 
additional finite element calculations have been fulfilled with 
ss =1.6 mm; sc = 0.8 mm; φ = 60°, pmax = 4 MPa and the holding 
time of 3000 s (Fig. 2 b).

3. Discussion

The results of finite element modeling confirm the known 
fact that the formation of folds on the outer surface of the 
corrugated panels is affected by the angle of inclination of the 
stiffeners φ. The technological parameters of the SPF process 
are to be adjusted according to the φ value. For example, to 
eliminate folding in the corrugated structure of the angle 
φ = 50°, when the thickness of the skin sheets is equal to the 
thickness of the core sheet, it is enough to hold the package 

for 3000 s under рmax = 4 МПа. At the same time for the case 
when φ = 55°, folds are formed on the outer surface of the 
skins, and so the required holding time is 6000 s.

The value of рmax is restricted in accordance with the 
technical capabilities of the available equipment for SPF.  
Therefore, an important role in the manufacture of corrugated 
structures is played by the exposure time under рmax.  
According to the results of calculations, it is found that for 
each angle φ (the value of рmax does not change) there is a 
certain holding time required for smoothing the folds.  
For example, folds occur at φ = 60° and рmax = 4  MPa after 
holding for 4800 s. At the same time folds are not observed 
after holding for 6000 s. The following two possible ways to 
solve the problem of folding can be suggested now. Let us 
consider both of them using the example of a corrugated 
panel with the angle φ = 60°. First, for the structures with 
equal thicknesses of the core sheet and skins it is enough to 
increase the holding time under рmax = 4 MPa up to 6000 s. 
Second, to reduce the holding time to 3000 s, it is necessary 
to increase the thickness of the skin sheet by 2  times as 
compared with the thickness of the core sheet.

4. Summary

According to the results of finite element modeling of the SPF 
process of three-layer corrugated panels, the formation of 
external folds is found to depend on the angle of inclination 
of the stiffening ribs, when the thickness of the skin sheet 
does not exceed the thickness of the core sheet. As the angle 

рmax = 4 МПа, holding time 3000 s
φ 45° 50° 55° 60°

Depth of the fold, mm
No folds No folds 0.037 0.058

Table 1. Results of finite element calculations with different tilt angles 
of ribs φ.

Table 2. Results of finite element calculations for corrugated panel 
with different holding time (τ).

φ = 60°, рmax = 4 МПа
τ, s 3000 4800 6000 7200

Depth of the fold, mm
0.058 0.002 No folds No folds

      a         b
Fig.  2. (Color online) First principal strain at panels with different ratio of thicknesses ss / sc =1 (а) and ss / sc = 2 (b).
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of inclination increases, the depth of the fold increases.  
The increase in holding time at a given maximum gas 
pressure allows reducing the depth of the fold. When the 
thickness of the skin sheet exceeds the thickness of the core 
sheet by 2  times, the angle of inclination of the stiffeners 
practically does not affect the formation of folds.
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