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Abstract. The research described in this paper is a study of CAF a 2219 aluminium alloy,
which is used for fabricating the isogrid structure for fuel tanks of launch vehicles. The
main aim of the research is to develop a small scale CAF test rig, which was designed to
analyse the springback behaviour from CAF. The main objective of the experiment was
to investigate the potential proposals of creep age forming stiffened structures. Based on
the results of the experiment, a potential CAF process for forming 1/3 pieces of an isogrid
cylindrical assembly was proposed.

1. Introduction

Weight saving is of great importance in designing and fabricating aerospace structures because of the
high cost of each kilogram of payload [1, 2]. The launch vehicles body itself generally demand for
lightweight designs. Isogrid structures meet the needs of lightweight with high strength to weight ratios
in launch vehicle structures. Aircraft fuselage, interstates, shrouds, orbital workshop interiors and launch
vehicle fuel tanks are the main applications of these structures in airspace and aerospace industry [3-5].
These structures are characterized by a shell structure supported by a lattice pattern of stiffeners on either
the inner or outer sides of the shell. It employs an array of equilateral triangle cut-outs to increase the
stiffness per weight of a structure [6]. The concept of implementation of isogrid structures began in the
early 1960s using aluminium structures and development continues today with focusing on optimizing
stiffening patterns to further decreasing the weights [7]. The material used for manufacturing isogrid
structures of fuel tanks is aluminium alloy 2219, which has a unique combination of properties such as
its good ability to weld, high strength to weight ratio and superior cryogenic properties [8—10].

The isogrid structure has been successfully employed for the manufacture to fuel tanks of launch
vehicle of LM Family developed by China Aerospace Corporation [11]. Figure 1 illustrates the assembly
of the AA2219 isogrid structure for the fuel tanks of LM-2F launch vehicles.

Figure 2 reviews the current manufacturing sequences involved in producing the cylindrical fuel
tanks of launch vehicles [12, 13]. Firstly, the isogrid structures are typically fabricated by numerically
controlled CNC machining operation on an AA2219-T87 flat panel. Next, the machined isogrid panels
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Figure 2. Roll forming sequence for isogrid stiffened structures.

are rolled after the machined-out pockets filled with a low melting wax. This filler material stabilizes
the isogrid ribs, evenly distributing the forming/bending force throughout the whole structure during
rolling. Rolling process without a filler material may result in irregular skin and buckling of the ribs.
After rolling process, the wax is melted out at 60 °C and the isogrid panel is cleaned in the water tank
with the trimming of longitudinal edges thereafter. Finally, a cylindrical isogrid panel can be obtained by
joining four pieces of individual formed isogrid panels via friction stir welding (FSW). Excess materials
at the lateral edges are machined off.

2. Creep age forming in forming isogrid structures

Creep age forming is now widely applied in aircraft industry. For example, both the upper and lower
wing skins of B-1B’ Long Range Combat Aircraft of the USA are produced using CAF [14]. “Bennetts
Associates” has worked with Airbus on the development of CAF for producing the wing skin for
the latest A380 airplane, using AA7055 alloy (Fig. 2.1(a)). The length of the wing skin is 33 m, its
widest section is 2.8 m, and it has a double curvature aerodynamic surface. Its thickness varies from
3 to 28 mm [15, 16]. STADCO, USA also developed one of the largest creep age-forming tools to
manufacture Gulfstream G-5 upper and lower wing skin [16, 17].

Shaping the specified structures using CAF is based on the stress relaxation behaviour due to creep,
which occurs during the artificial ageing process. However, due to the time and temperature restrictions
in CAF being specified to achieve a particular requirement of mechanical properties, the residual stress
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Figure 3. Illustrations of the three stages in the CAF process for forming isogrid panel.

could not be fully released during CAF, and thus springback takes place. Springback is one of the main
drawbacks of CAF, which may lead to the formed structure being out of tolerance, introducing problems
during assembly or installation. The common methodology to compensate springback by industry
relies on trial and error, recursively modifying the tool shape until the formed structure springbacks
to the required shape. Practically, the methodology above is costly, laborious and time consuming.
It is therefore significant to develop an integrated system to predict the springback behaviour of the
formed structures via numerical simulation, and subsequently modify the tool shape to compensate
springback [18-23]. To creep-age form the isogrid panel, two types of loading methods can be
employed, as shown in Fig. 3. For autoclave forming condition, only a bottom die is required for
manufacturing ultra large components. However, a pressurized autoclave, though adds significant cost.
While for mechanical forming condition, this is similar to the traditional sheet metal forming process,
e.g. stamping. The furnace used for ageing would not lead to significant extra cost, as an ageing
furnace would be required to increase alloy mechanical properties in any type of processing route.
However, an upper die would be heavy, difficult to handle and requires extra cost for tool machining. In
addition, high temperature resist material should be used to fill into the isogrid structures to stabilize the
isogrid rib stiffeners, in order to distribute the forming/bending force through the compression/bending
process [24, 25].

3. Experiments on forming isogrid structures

An end clamp device was designed and used to creep age form a stiffened panel structure. The
experiment consisted of three stages: in the first stage, an end clamp device, capable of generating a
constant radius profile, was employed to deflect the specimen into the expected shape. In this stage,
PTFE filler material was used to fill the machined-out pockets in the panel to avoid the contact force
being compressed directly on the ribs. In the second stage, the compressed specimen, together with the
end clamp device, was put into a closed furnace at 175 °C for duration of up to 18 hours. In the last
stage, after the end clamp device was cooled down to the room temperature, the upper die device was
removed and the specimen springed back.

The specimens were machined into an isogrid stiffened panel. A flat 4.5 mm thick panel was also
employed in the experiment. All the specimens were solution heat-treated and water quenched prior to
the test. The dimensions of the four types of workpiece are shown in Fig. 4.
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Figure 5. Pictorial illustrations of the experimental procedures.

The initial workpiece was placed, centred, and properly aligned on the two clamps. Some markings
were used to assist the alignment. 6 mm thick trimmed PTFE filler material was used to fill the machined-
out pockets of the stiffened panels. Another 6 mm thick plane PTFE material was placed on the top
surface of the trimmed PTFE filler material to transfer the compression force (Fig. 5(a)). The cylindrical
die was installed on the Lloyd 5588 material testing machine; the displacement control model was
used. Both the cross head speed and displacement were pre-set. The cylindrical die was lowered using
a sensitive control until the 6 mm thick plane PTFE started to transfer the compression force onto
the tested workpiece; an obvious positive loading change was the indicator used to confirm that the
compression force was beginning to be transferred (Fig. 5(b)). The displacement and load indicator was
then zeroed. The cross head was allowed to travel down at a constant speed so as to press down the
cylindrical die and consequently compress the workpiece to the target displacement, i.e. by 38 mm in
all the stiffened panels (Fig. 5(c)). Once the target distance was achieved, the cross head was stopped.
Four locking bolts were applied to tighten the end clamp device in order to hold the workpiece in place.
A value of around zero displayed on the indicator was taken to mean that the end clamp device was
fully tightened (Fig. 5(d)). The end clamp device was then removed from the Lloyds 5588 material
testing machine and the entire end clamp device associated with the compressed workpiece was put
into a closed fan furnace (Fig. 5(e)). The temperature of the furnace was kept constant at 175 °C for
18 hours to allow age hardening and stress relaxation to take place. After 18 hours, the furnace was
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Figure 6. Illustration of (i) the visual profile and (ii) comparison of the profile between CAF and comparable
workpieces.

opened. The entire rig together with the held, deformed, workpiece was removed from the furnace.
After cooling to room temperature (up to 3 hours), the locking bolts were removed from the end
clamp device. The workpiece was then allowed to springback (Fig. 5(f)). As well as forming these
CAF workpieces, parallel experiments were also carried out to form workpieces directly without creep
forming.

Figure 6 shows a visual profile and a plotted comparison of the CAF and comparable workpieces.
The outer profile of the half-deformed workpiece was plotted on coordinate paper. In Fig. 6, REF, which
equals 156 mm, refers to the outer profile of the deformed workpiece without springback. From Fig. 6,
two conclusions can be deduced:

A stiffened workpiece with a curvilinear profile could be obtained using a mechanical creep age
forming method with the application of PTFE material filling in the machined-out pockets.

For the same compression procedures, the springback experienced by the CAF workpieces was less
than that for the comparable workpieces.

4. Suggestions of mechanical creep age forming for isogrid panels

Base on the experimental work. Suggestions of mechanical creep age forming for isogrid panels was
given here. Firstly, the CNC machining operation is conducted on an AA2219-T4 isogrid panel. When
the section being machined has been completed, it is filled with PTFE material, which is able to deform
with the isogrid panel up to a temperature of 260 °C. Next, the isogrid panel filled with PTFE material is
compressed to the desired curvature using a compression die tool. Once the panel is in full contact with
the lower die, the upper die is stopped and locked into position using bolts. Thereafter, the entire system
is put into a closed fan furnace at a temperature of 175 °C. After 18 hours, the entire system is removed
from the furnace and cooling takes place. After the system has cooled down to room temperature, the
upper die is removed and a curved isogrid panel is obtained. The filler material can then be removed
from the isogrid panel and the leading and trailing edges of the panel are trimmed. Finally, a cylindrical
structure can be obtained by assembling three pieces of single formed isogrid panels via friction stir
welding.

Figure 7 represents the mechanical-based CAF manufacturing sequences involved in producing
cylindrical isogrid structures.

5. Conclusion

The present research is the preliminary work to investigate the CAF features of aluminium alloy 2219
and investigation of the related forming work for CAF AA2219 isogrid structures. A CAF equipment
should be designed for forming 1/3 pieces isogrid cylindrical structure to further validate the novel CAF
process for forming isogrid structure in the industrial application.
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Figure 7. A schematic illustration of the CAF process for forming 1/3 pieces for isogrid cylindrical assembly by
bending and forming.
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