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Abstract
Structural components of an aircraft comprise an amalgamation of stringers, ribs, spars and frames. All these
structures are fabricated using bending method which is a substantial process in the fabrication of aircraft
structural components to achieve the desired shape. Crack is a principal concern in bending that can cause
appalling failure. The objective of this study is to investigate the crack alleviation in bending of aluminum
(Al2024) for aircraft stringer, ribs, spar, and frame. Aluminum alloy plates of various thicknesses were bent
into 90o and the experiment was conducted in normal and heat treated conditions. It has been found that crack
occurred on the outer surface when the plate was subjected to bending in normal condition. Heat treatment,
however, showed a remarkable change particularly in the microstructure of the specimen and has proven to be
most effective in preventing crack due to bending.
Keywords: Crack alleviation, Aircraft structure, Aluminium alloy, Bending, Heat treatment.

1. Introduction
Ever since the breakthrough by the Wright brothers, the aviation industry thrived with new-fangled designs,
radical ideas and nifty materials. Structural strength is a perilous constituent in designing viable and robust
aircrafts. From woods to advanced aluminium, steel and composites – materials and adroit design plays a
decisive role in the current aviation industry. At the present time, improved and more consistent alloys &
composite materials are all contributing to new structural designs (Trojan, 1968). According to Aye et al.
(2008), materials currently used in aircraft construction are classified as either metallic or non-metallic. The
most common metals used in aircraft constructions are aluminium, magnesium, titanium, steel and their alloys.
Dynamic behavior of aluminium alloy has particular relevance in aeronautical industry (Rusinek &
Rodrı´guez-Martı´nez, 2009).
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In terms of specific strength (the ratio of strength to density), a properly treated aluminium alloy is about
three times that of normal structural steel (Askeland, 1994). In bending process, one of the critical challenges is
to maintain closed geometric tolerances and avoid crack at bending allowance in the finished product. In many
cases, this problem is related to stress and strain or tension and compression of the sheet. Also, the problem is
related to spring back effect as it undergoes deformation in bending. Bending is a process by which metal is
deformed by plastically distorting the material and changing its shape. The material is stressed beyond the
yield strength but below the ultimate tensile strength. The relationship derived and verified experimentally by
Datsko (1966) was the minimum radius that a sheet or plate can be bent and related it to the strain of a tensile
specimen. When applied, the theory states that failure will occur as a transverse crack on the outer fiber and is
equal to the natural-strain at the instant of fracture of a tensile specimen of the same material. The tensile
strength on the outer fiber of a bent sheet, is sketched in Figure 1,

Figure 1: The bending of a plate (Datsko, 1966).
Theoretically, the strains at the outer and inner fibers are equal in magnitude and are given by the equation
below:

Therefore, true strain is:

Natural strain at fracture of tensile specimen is:

By equating the above equations, the result is:

Mohd. Shariff bin Ammoo , Ziad Bin Abdul Awal

256

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Vol.2 Issue.3,
March 2014.
Pgs: 255-269

By solving R/t as a function of r gives:

The above analysis was done by assuming that the neutral axis remains at the center of the bent sheet
(Datsko, 1966). Figure 2 elucidates the relationship between the ratio of bend radius to sheet thickness and
tensile reduction of area for various materials.

Figure 2: Relationship between the ratio of bend radius to sheet thickness and tensile reduction of area for
various materials (Datsko, 1966).
The terminology used in the bending of the Aluminium plate is showed in Figure 3. It can be noticed that
the outer fibers of the material are in tension, while the inner fibers are in compression. The bend radius is
measured to the inner surface of the bend. Here, the length of the bend is the width of the sheet. Also the bend
angle and the bend radius are two different variables. Because of the Poisson effect, the width of the part (bend
length), has become smaller in the outer region and larger in the inner region than the original width
(Kalpakjian & Schmid, 2006).
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Figure 3: Bending terminology (Kalpakjian & Schmid, 2006).
1.1 Bend allowance, Lb
The length of the neutral axis in the bend is called bend allowance. The position of the neutral axis depends on
the radius and the bend angle. The approximate formula for the bend allowance is given by:

Where
α: bend angle (in radian).
T: the sheet thickness
R: the bend radius
K: a constant [0.33(for R<2T) to 0.5(for R>2T)]
For ideal case, neutral axis is at the center of the sheet thickness, k=0.5, thus:

1.2 Minimum Bend Radius
The radius at which a crack first appears at the outer fibers of a sheet while it is being bent is referred to as a
minimum bend radius (Datsko, 1966). Theoretically, the strains at the outer and inner fibers are equal in
magnitude and are given by this equation:

From the equation it is observed that as R/T decreases, the tensile strain at the outer fiber will increase, and
the material will eventually develop crack on its surface. Bend radius is usually expressed in terms of
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thickness, such as 2T, 3T, 4T, and so on. Therefore, minimum bend radius of 2T indicates that the smallest
radius to which the sheet can be bent without crack is two times its thickness. There is an inverse relationship
between bend ability and the tensile reduction of the area of the material. The minimum bend radius, R, is
approximately:

Where, r is the tensile reduction of area for the sheet metal.
1.3 Springback
In addition to the possible variation in the percent reduction in area of the material, another practical
consideration is springback effect which occurs after a sheet is bent. Springback is an elastic recovery when the
load is removed (Schuler, 1998). It can be calculated in terms of radii Ri and Rf, Therefore:

From the equation, it can be noticed that springback increases as the R/T ratio and yield stress, Y increases
and elastic modulus, E decreases.

Figure 4: Springback in bending (Schuler, 1998).
1.4 Design Considerations
It is crucial to remember while designing that the bend radius should be kept the same for all radiuses (Schuler,
1998). For most materials, the minimum inner radius should be at least thickness of the material. As a general
rule, bending perpendicular to rolling direction is easier than rolling parallel to the rolling direction. Bending
parallel to the rolling direction can often lead to crack as shown in Figure 5. Thus bending parallel to rolling
direction is not recommended for cold rolled steel > Rb 70. And bending is inacceptable for cold rolled steel >
Rb 85. Hot rolled steel can be bent parallel to the rolling direction. The minimum flange width should be at
least 4 times the stock thickness plus the bending radius. Violating this rule could cause distortions in the part
or damage to tooling or operator due to slippage. Slots or holes too close to the bend can cause distortion of
these holes. Holes or slots should be located a minimum of 3 times the stock thickness plus the bend radius. If
it is necessary to have holes closer, then the hole or slot should be extended beyond the bend line (Website-1).
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Figure 5: Crack on the outer surface of an aluminium strip bent to an angle 90o (Kalpakjian & Schmid, 2006).

2. Research methodology
The objective of this study is to investigate the crack alleviation in bending of aluminium 2024 plate with both
normal and heat treated conditions. Results for both conditions have been analysed and the effect of heat
treatment on the bending plate has also been deliberated in this study. Parameters considered for both
analytical and experimental work in this study are:
• Bend Radius
• Thickness
• Bend Allowance
• Bending Type
• Material Condition
• Heat treatment and crack
2.1 Deformation Concept
One of the most important properties of metallic materials is their capability to tolerate large plastic
deformation (Wang, 1999). The deformation zones in the bent sheet as shown in Figure 6 can be divided into
two categories, namely, deformation zones along the sheet length and along the sheet thickness.

(a)

(b)
Figure 6: Deformation zones (Hertzberg, 1976).
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During bending, the sheet is divided into four zones along the length which are plastic zone, elastoplastic
zone, elastic zone and rigid zone. In the plastic zone (O–A), the sheet is in contact with the punch. This region
is assumed to be circular because it follows to the shape of the punch nose. Most of the plastic deformation
which is length elongation and thickness reduction occurs at this zone.
In the elastoplastic zone (A–E), a part of the sheet undergoes elastic deformation while the remaining part
undergoes plastic deformation. The elastic deformation recovers after unloading and redistributes the stresses
and the springback phenomenon. In the elastic zone (E–B), the sheet deforms elastically during bending but
recovers after unloading, since the sheet undergoes purely elastic deformation. This region is important for the
springback calculations. In the rigid zone (B–C) the sheet is beyond the die contact. This is the overhanging
region of the sheet and does not experience any deformation (ASM Handbook, 2004, Metallographic and
Microstructures, Volume 8).
2.2 Experimental Analysis
For this test, the specimen with different thicknesses was bent with the length of 25mm from the both end with
an angle of 90o. Fillets of different radiuses were chosen in order to see whether the specimen cracks in
minimum radius. This is because, the minimum thickness would make this specimen easy to rivet with another
surface such as, for this case, to an airframe. Brake Press Machine, Magnabend and Sandwich Method were
used for the bending. Manual bending by using door hitch screwed with plywood were used as well.
2.2.1 Press Brake Machine
Press brake machine is a tool used to change shape and internal structure of work metal. The brake press is
characterized by basic parameters such as the force and the working length. Additional parameters include the
amplitude, the distance between the frame uprights, the availability of the device deflection compensation
table, the availability of additional accessories that enhance productivity of work such as: support for the work
piece, sensor obtained angle, programming etc. The force available for this machine is around 25 tons per
meter length. The opening width of the lower die is typically 8 to 10 times the thickness of the metal to be
bent. Typically, the inner radius is equal to 1/6th of the V width used in the forming process (ASM Handbook,
2004, Metallographic and Microstructures, Volume 8). However, there are limitations using this machine. This
has a concentrated load limit calculated in tons per inch in the center of the machine. Exceeding the tons-perinch limit can damage the machine, the tooling, or the formed part. In metal forming laboratory, this machine
can do only for 0.6mm radius.

Figure 8: Press brake machine method-Die shape
(Sachs, 1976)
Figure 7: Press Brake machine used to bend Al2024 into 90o.
Mohd. Shariff bin Ammoo , Ziad Bin Abdul Awal

261

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Vol.2 Issue.3,
March 2014.
Pgs: 255-269

2.2.2 Magnet bending machine (MAGNABEND)
This machine uses electromagnet, rather than mechanical clamping. It can produce very sharp angle usually at
90o or any angle, depending on the mold. It operates with a long electromagnet with a steel clamp-bar located
above it. A sheet metal work piece is clamped between the two by force. A bend is formed by rotating the
bending beam which is mounted on special hinges at the front of the machine. This bends the work piece
around the front edge of the clamp-bar. However, this machine is unable to perform this for different radiuses.

Figure 9: Magna Bend machine.
2.2.3 Sandwich method
Sandwich method is a conventional method used to bend aluminium. It consists of two plywood combined
together to become a die for a plate. This angle of bend is done by clamping the plate with two slices of
plywood and screwing them together. Then the sandwich is clamped on the vice and bent into desired angle
using rubber hammer (Burnett, 1973). In order to obtain different radiuses, this method is very useful and an
alternative method that can cover the other two methods. This is primarily because the other methods are inept
of doing different radiuses. Here, sandwich is made from two wood plate with thickness about 1-2 cm on each
side.

Figure 10: Overview of sandwich method (Kalpakjian & Schmid, 2006).
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2.3 Heat Treatment
The term ‘Heat Treatment’ refers to the heating and cooling operations that are performed in order to change
the mechanical properties, metallurgical structure or residual stress state of a metal product (Campbell, 2006).
Heat treatment process is a combination of one or more processes that involves heating and cooling of alloys in
solid state. The heat treatment process can also be defined as the controlled heating and cooling of metals to
alter their microstructure and mechanical properties without changing the product shape. By altering the
microstructure, it enables the alloy to form deftly and achieve a specific mechanical strength (Callister, 2003).
Besides that, heat treatment process can achieve the required results by either permanent or temporary
modification of the alloy grain structure (Shaekelford & Alexander, 2001). Therefore, it is a suitable process to
improve product performance by increasing its strength and other mechanical properties especially in aircraft
manufacturing. Softening is the heat treatment process to reduce strength or hardness, remove residual stresses,
improve toughness, restore ductility, refine grain size and change the electromagnetic properties of metal. The
heat treatment process involves in softening are annealing and tempering. Hardening process is used to
increase the strength and wear properties. There are three types of hardening process: diffusion treatment
hardening, direct hardening and selective hardening (ASM Handbook, 1991, Heat Treating, Volume 4).
Since crack occurs during the bending test, the propositional resolution for this problem is to perform heat
treatment on the material. The aim of heat treating process is to change the material properties of the specimen.
There are three steps for this method which comprises annealing, quenching and aging process. For the first
experiment, four specimens for every thickness are designated. During the solution heat treatment, all the
specimens are heated in the furnace at temperature of 550oC. The purpose of this process is to form a
homogenous single phase solution.
After heating for an hour, the specimens were removed from the furnace and rapidly quenched using water
and oil with two specimens for each quench. After 10 minutes, all the specimens were placed in room
temperature for aging process. This process takes about 10 minutes. Therefore precipitation hardening is
completed. Figure 11 displays the specimens prepared for experimentation. Table 1 recapitulates the process
of quenching and the aging of the specimens.

Figure 11: Specimens for experimentation.

Mohd. Shariff bin Ammoo , Ziad Bin Abdul Awal

263

Vol.2 Issue.3,
March 2014.

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Pgs: 255-269
Table 1: Heat treatment process data.

Specimen

Temperature of Heat
Treated Solution (oC)

Quenched
Solution

Quench Time
(min)

Aging Time
(min)

1

510

Water

10

10

2

510

Water

10

10

3

510

Oil

10

10

4

510

Oil

10

10

2.4 Metallographic Observation
Crack can be defined as a physical impairment or a defect at metal surface. Crack will break the metal without
complete separation of parts (Hibbeler, 1997). To determine crack, metallographic inspection was conducted
on the surface of the specimen. The apparatuses used are scanning electron microscope and metallurgical
microscope. Results from metallographic test were gathered and tabulated. Figure 12 summarizes the
unabridged procedure of the experiment.

SAMPLE PREPERATION

SAMPLE: WITHOUT HEAT
TREATMENT

SAMPLE: WITH HEAT
TREATMENT

BENDING PROCESS (BENDING METHOD)
1. Sandwich
2. Magnabend
3. Press Brake Machine

METALLOGRAPHIC
(Metallurgical Microscope)

FRACTOGRAPHY
(Scanning Electron Microscope)

CARCK DETERMINATION
DATA ANALYSIS
CALCULATION

Figure 12: Methodology (summarized).
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3. Results and discussions
Four different thicknesses of aluminium 2024 have been used for the bending test. The thicknesses are 0.8mm,
1.0mm, 1.2mm and 1.8mm. Results are congregated for the specimens in the form of tables and figures before
and after heat treatment process for each thickness.
Table 2 shows the bending result of the specimens. In this case, the specimens are tested before the heat
treatment process. From the results it seen that 6 out of 8 untreated specimens crack during bending.
Specimens A4 and B3 with a thickness of 0.8mm and 1.0mm respectively, shows no crack during or even after
bending. However, specimens with higher thicknesses, in this case, specimens C3, C4, D3 and D4 crack during
bending. Moreover, specimens C4 and D3 cracks before it reaches bend angle of 90o.
In Table 3, the results shown here are obtained from bending test where the specimens have been heat
treated before bending. The results show significant effect of heat treatment on the characteristic behavior of
the specimens. It is observed that none of the heat treated specimens cracked due to 90o bending. This is
because of the bend radius is larger than minimum bend radius required. These results also show that when the
plate undergoes heat treatment process the minimum radius obtained is less than the minimum radius of nonheat treated results.
Table 2: Bending results for specimens before the heat treatment.

Specimen

Radius of Bend
(mm)

Angle of Bend
(o)

Status

Thickness
(mm)

A3

0.630

90.0

Crack

0.8

A4

2.435

90.0

No Crack

0.8

B3

1.930

91.59

No Crack

1.0

B4

3.432

91.71

Crack

1.0

C3

2.450

90.25

Crack

1.2

C4

2.640

88.63

Crack

1.2

D3

1.768

89.13

Crack

1.8

D4

1.948

90.68

Crack

1.8
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Table 3: Bending results for specimens after the heat treatment.

Specimen

Radius of Bend
(mm)

Angle of Bend
(o)

Status

Thickness
(mm)

A3

2.438

90.00

No Crack

0.8

A4

0.233

90.00

No Crack

0.8

B3

1.253

89.51

No Crack

1.0

B4

3.262

90.40

No Crack

1.0

C4

2.450

90.71

No Crack

1.2

C4

2.660

90.30

No Crack

1.2

D3

3.298

86.63

No Crack

1.8

D4

2.080

89.58

No Crack

1.8

The properties of 2025 aluminium alloy have been found to exhibit a dependence on its microstructure
developed during hot forming and heat treatment (Hui et al., 2010). Higher forming temperatures resulted in
coarser re-crystallized microstructures, which tended to reduce the susceptibility to exfoliation corrosion, but
adversely affected tensile properties (Liu et al., 2004), (Robinson et al., 2009).
Figure 13 reveals the microstructure view before heat treatment for the specimen with the thickness of
0.8mm. This microstructure is analyzed from stereo microscope. However, it is unable to show crack
propagation. It is because the thickness of plate is small and the crack propagation can only be seen by using
scanning electron microscope. Figure 14 divulge the microstructure view after the heat treatment process for
the specimen with the thickness of 0.8mm. However, compared to the untreated specimen for the same
thickness, this heat treated specimen shows a significant change in the microstructure. It can be mentioned that
aluminium is more ductile during bending if compared with aluminium alloy without heat treatment.
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Figure 13: Microstructure view before heat
treatment for thickness 0.8mm.

Figure 14: Microstructure view after heat
treatment for thickness 0.8mm.

Figure 15: Microstructure view before heat
treatment for thickness 1.0mm.

Figure 16: Microstructure view after heat
treatment for thickness 1.0mm.

An unblemished view of crack occurrence is perceptibly seen in Figure 19 during the bending test compared to
Figure 15 and Figure 17 where the specimens resemble microstructure view before the heat treatment process.
As the SEM results showed that the defect can be detected even under small magnification. It demonstrated
that the aluminium is in critical crack. After heat treatment, the major crack had been eliminated from the
specimen. And by using SEM, the clear view of microstructure alteration is seen in the following figures.

Figure 17: Microstructure view before heat
treatment for thickness 1.2mm.
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Figure 19: Microstructure view before heat
treatment for thickness 1.8mm.

Figure 20: Microstructure view after heat
treatment for thickness 1.8mm.

In heat treatment process, the best condition or the best temperature to anneal the specimens and suitable
quenching method are still on the study. The specimen vicissitudes its properties subsequent to heat treatment
process. However, as a general rule, bending perpendicular to rolling direction is easier than rolling parallel to
the rolling direction. Bending parallel to the rolling direction can often lead to crack.

4. Conclusion
In this study aluminium alloy 2024 has undergone heat treatment process to enhance its mechanical properties
and eliminate crack during bending. The heat treatment procedure can be modified using different measures in
order to find different results. However the results attained stalwartly show that the radius and heat treatment
are influential on Al2024. The smaller the thickness the higher is the probability of cracking and the specimen
is easier to bend after heat treatment. The hardening precipitation that involves three major processes can be
conducted with different temperatures during solution treatment and bring multiplicity to the quench solution
in order to analyze the effect of many types of hardening precipitation for Al2024. The annealing process can
also be introduced in order to enhance the ductility of aluminium alloys.
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