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Abstract

Structural components of an aircraft comprise aalgamation of stringers, ribs, spars and framebthaist
strudures are fabricated using bending method which ®mubstantial process in the fabrication of ait
structural components to achieve the desired shameek is a principal concern in bending that canst
appalling failure. The objective of this study & ihvestigate the crack alleviation bending of aluminui
(Al2024) for aircraft stringer, ribs, spar, and frame. linum alloy plates of various thicknesses were
into 9¢° and the experiment was conducted in normal antthested conditiondt has been found that cre
occurred on the outer surface when the plate whestied to bending in normal condition. Heat treatt
however, showed a remarkable change particulartiij@nmicrostructure of the specimen and has préwdn
most effective in preventing crack due to bending.

Keywords: Crack alleviation, Aircraft structure, Aluminiunti@y, Bending, Heat treatment.

1. Introduction

Ever since the breakthrough by the Wright broth#ts, aviation industry thrived with new-fangled ides,
radical ideas and nifty materials. Structural gjtenis a perilous constituent in designing viahhel aobust
aircrafts. From woods to advanced aluminium, stewl composites — materials and adroit design pdays
decisive role in the current aviation industry. the present time, improved and more consistenysili
composite materials are all contributing to newairal designs (Trojan, 1968). According to Ayeaét
(2008), materials currently used in aircraft comstion are classified as either metallic or nonatiiet The
most common metals used in aircraft constructisasaluminium, magnesium, titanium, steel and taéays.
Dynamic behavior of aluminium alloy has particuleglevance in aeronautical industry (Rusinek &
Rodri"guez-Marti'nez, 2009).
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In terms of specific strength (the ratio ofesiyth to density), a properly treated aluminiuneyalis about
three times that of normal structural steel (Askd|al994). In bending process, one of the crititallenges is
to maintain closed geometric tolerances and avaidkcat bending allowance in the finished produtmany
cases, this problem is related to stress and strai@nsion and compression of the sheet. Alsoptbblem is
related to spring back effect as it undergoes dedtion in bending. Bending is a process by whiclains
deformed by plastically distorting the material astthnging its shape. The material is stressed luetioa
yield strength but below the ultimate tensile sitbn The relationship derived and verified experitadly by
Datsko (1966) was the minimum radius that a sheptaie can be bent and related it to the straia tnsile
specimen. When applied, the theory states thatré&ilill occur as a transverse crack on the otiver fand is
equal to the natural-strain at the instant of fieetof a tensile specimen of the same material. t€hsile
strength on the outer fiber of a bent sheet, ischiesl inFigure 1,

Figure 1. The bending of a plate (Datsko, 1966).

Theoretically, the strains at the outer anceinfibers are equal in magnitude and are giverhbyeguation
below:

1

R CA RS

Therefore, true strain is:

g, =In{1+e,)

=m0+§5333

- (R+1)
(2+3)
Natural strain at fracture of tensile specingen
g = Enj—; =lIn 1;2:

By equating the above equations, the result is:
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By solving R/t as a function of r gives:

R 50
=——1

t r

The above analysis was done by assuming tandutral axis remains at the center of the beeaétsh
(Datsko, 1966)Figure 2 elucidates the relationship between the ratio ofdbeadius to sheet thickness and

tensile reduction of area for various materials.
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Figure 2: Relationship between the ratio of bend radiushieet thickness and tensile reduction of area for
various materials (Datsko, 1966).

The terminology used in the bending of the Ahiom plate is showed ifigure 3. It can be noticed that
the outer fibers of the material are in tensionjlevthe inner fibers are in compression. The beadlus is
measured to the inner surface of the bend. Heedetigth of the bend is the width of the sheetoAle bend
angle and the bend radius are two different vaemtBecause of the Poisson effect, the width op#re (bend
length), has become smaller in the outer region kanger in the inner region than the original width

(Kalpakjian & Schmid, 2006).

Mohd. Shariff bin Ammog Ziad Bin Abdul Awal 257



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

Figure 3: Bending terminology (Kalpakjian & Schmid, 2006).
1.1 Bend allowance, L,

The length of the neutral axis in the bend is caliend allowance. The position of the neutral dejgends on
the radius and the bend angle. The approximateuiiarfor the bend allowance is given by:

L, = a(R +kT)

Where

a: 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 cerftdraosheet thickness, k=0.5, thus:

T
Ly =alR + )]
1.2 Minimum Bend Radius

The radius at which a crack first appears at therdibers of a sheet while it is being bent isredd to as a

minimum bend radius (Datsko, 1966). Theoreticathg strains at the outer and inner fibers are equal
magnitude and are given by this equation:

. 1
2Ry +1

From the equation it is observed that as Rfdrateses, the tensile strain at the outer fiberinditease, and
the material will eventually develop crack on itsrface. Bend radius is usually expressed in terfs o
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thickness, such as 2T, 3T, 4T, and so on. Therefor@mum bend radius of 2T indicates that the $esél
radius to which the sheet can be bent without cigtko times its thickness. There is an inverdatienship

between bend ability and the tensile reductionhef area of the material. The minimum bend radiysisR
approximately:

50
R=T(--1

Wherey is the tensile reduction of area for the sheetimet
1.3 Springback
In addition to the possible variation in the petceeduction in area of the material, another pcatti

consideration is springback effect which occureradt sheet is bent. Springback is an elastic regavieen the
load is removed (Schuler, 1998). It can be caledlat terms of radii Rand R Therefore:

5, = X 4(R‘Y)3 L
*“ R, \TE TE

From the equation, it can be noticed that gfi@ck increases as the R/T ratio and yield stié$screases
and elastic modulus, E decreases.

——

Figure 4: Springback in bending (Schuler, 1998).

1.4 Design Considerations

It is crucial to remember while designing that bemnd radius should be kept the same for all radi(Sehuler,
1998). For most materials, the minimum inner radiisuld be at least thickness of the material. srzeral
rule, bending perpendicular to rolling directioneasier than rolling parallel to the rolling direct Bending
parallel to the rolling direction can often leadciack as shown ifigure 5. Thus bending parallel to rolling
direction is not recommended for cold rolled ste&b 70. And bending is inacceptable for cold wieel >
Rb 85. Hot rolled steel can be bent parallel tortiitng direction. The minimum flange width shoute at
least 4 times the stock thickness plus the bendids. Violating this rule could cause distortionghe part
or damage to tooling or operator due to slippadetsSr holes too close to the bend can causertgioof
these holes. Holes or slots should be located amain of 3 times the stock thickness plus the betius. If
it is necessary to have holes closer, then thedrodéot should be extended beyond the bend lineb@ie-1).
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Figure5: Crack on the outer surface of an aluminium digpt to an angle 9@Kalpakjian & Schmid, 2006).

2. Resear ch methodology

The objective of this study is to investigate tiheck alleviation in bending of aluminium 2024 platgh both
normal and heat treated conditions. Results foh lmminditions have been analysed and the effecteaf h
treatment on the bending plate has also been dafdzk in this study. Parameters considered for both
analytical and experimental work in this study are:

 Bend Radius

e Thickness

 Bend Allowance

e Bending Type

* Material Condition

* Heat treatment and crack
2.1 Deformation Concept

One of the most important properties of metallictenals is their capability to tolerate large piast
deformation (Wang, 1999). The deformation zoneth@bent sheet as shownhkigure 6 can be divided into
two categories, namely, deformation zones alonglhiaet length and along the sheet thickness.

Radius of outer
Radius of central
Radius of unstretched
Radius of neutral
Radius of inner

&

Iy
LI |

&t

(a) (b)

Figure 6: Deformation zones (Hertzberg, 1976).
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During bending, the sheet is divided into faones along the length which are plastic zone tagéestic
zone, elastic zone and rigid zone. In the plagiite (O-A), the sheet is in contact with the puridiis region
is assumed to be circular because it follows tost@pe of the punch nose. Most of the plastic dedtion
which is length elongation and thickness reductiocurs at this zone.

In the elastoplastic zone (A—E), a part of sheet undergoes elastic deformation while the neimgipart
undergoes plastic deformation. The elastic defamnatecovers after unloading and redistributesdnesses
and the springback phenomenon. In the elastic {BaB), the sheet deforms elastically during bending
recovers after unloading, since the sheet undengoesy elastic deformation. This region is impattéor the
springback calculations. In the rigid zone (B—Q3 #heet is beyond the die contact. This is thehargging
region of the sheet and does not experience anyrrdafion (ASM Handbook, 2004, Metallographic and
Microstructures, Volume 8).

2.2 Experimental Analysis

For this test, the specimen with different thiclse=swas bent with the length of 25mm from the leoith with

an angle of 90 Fillets of different radiuses were chosen in ortte see whether the specimen cracks in
minimum radius. This is because, the minimum thésewould make this specimen easy to rivet withtaro
surface such as, for this case, to an airframekeBRress Machine, Magnabend and Sandwich Method wer
used for the bending. Manual bending by using dhitch screwed with plywood were used as well.

2.2.1 Press Brake Machine

Press brake machine is a tool used to change sirapénternal structure of work metal. The brakespris
characterized by basic parameters such as the dmict¢he working length. Additional parameters ude the
amplitude, the distance between the frame uprights,availability of the device deflection compeita
table, the availability of additional accessorieattenhance productivity of work such as: suppartlie work
piece, sensor obtained angle, programming etc. fotoe available for this machine is around 25 tpes
meter length. The opening width of the lower didyigically 8 to 10 times the thickness of the meatabe
bent. Typically, the inner radius is equal to™.8 the V width used in the forming process (ASMnidbook,
2004, Metallographic and Microstructures, VolumeHwever, there are limitations using this machifas
has a concentrated load limit calculated in torsipeh in the center of the machine. Exceedingttims-per-
inch limit can damage the machine, the toolingther formed part. In metal forming laboratory, thiachine
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 Al-

2024 into 96.
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2.2.2 Magnet bending machine (MAGNABEND)

This machine uses electromagnet, rather than maatatamping. It can produce very sharp angle Us@za

90° or any angle, depending on the mold. It operaiés avlong electromagnet with a steel clamp-baaied
above it. A sheet metal work piece is clamped bebnie two by force. A bend is formed by rotatihg t
bending beam which is mounted on special hingahefront of the machine. This bends the work piece
around the front edge of the clamp-bar. Howevés, itiachine is unable to perform this for differeadiuses.

Figure 9: Magna Bend machine.

2.2.3 Sandwich method

Sandwich method is a conventional method used ta lEuminium. It consists of two plywood combined
together to become a die for a plate. This anglbesfd is done by clamping the plate with two slioés
plywood and screwing them together. Then the sattuvg clamped on the vice and bent into desiredeang
using rubber hammer (Burnett, 1973). In order ttawbdifferent radiuses, this method is very usefudl an
alternative method that can cover the other twchods. This is primarily because the other methodsrept

of doing different radiuses. Here, sandwich is miadm two wood plate with thickness about 1-2 cmeaich
side.

punch
blank blank holder

Figure 10: Overview of sandwich method (Kalpakjian & Schn2@06).
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2.3 Heat Treatment

The term ‘Heat Treatment’ refers to the heating enadling operations that are performed in ordechange
the mechanical properties, metallurgical structureesidual stress state of a metal product (Calh®E06).
Heat treatment process is a combination of oneayermrocesses that involves heating and coolirgloys in
solid state. The heat treatment process can alstetieed as the controlled heating and cooling efals to
alter their microstructure and mechanical propsrtiéthout changing the product shape. By altering t
microstructure, it enables the alloy to form de#ihyd achieve a specific mechanical strength (Gai|i2003).

Besides that, heat treatment process can achfey required results by either permanent or teampo
modification of the alloy grain structure (Shaekedf & Alexander, 2001). Therefore, it is a suitapfecess to
improve product performance by increasing its giterand other mechanical properties especiallyirizragt
manufacturing. Softening is the heat treatmentgssdo reduce strength or hardness, remove resttaases,
improve toughness, restore ductility, refine grsice and change the electromagnetic propertiesetdlnirhe
heat treatment process involves in softening ameaimg and tempering. Hardening process is used to
increase the strength and wear properties. Therethaiee types of hardening process: diffusion tneat
hardening, direct hardening and selective hardeff$M Handbook, 1991, Heat Treating, Volume 4).

Since crack occurs during the bending testptiopositional resolution for this problem is torfoem heat
treatment on the material. The aim of heat tregtirogess is to change the material propertieseofpiecimen.
There are three steps for this method which corgprésnealing, quenching and aging process. Fdirgte
experiment, four specimens for every thickness dasignated. During the solution heat treatmentthal
specimens are heated in the furnace at temperafuB&sFC. The purpose of this process is to form a
homogenous single phase solution.

After heating for an hour, the specimens weraaved from the furnace and rapidly quenched usiatgr
and oil with two specimens for each quench. Aftér rhinutes, all the specimens were placed in room
temperature for aging process. This process takesital0 minutes. Therefore precipitation hardenimg
completed Figure 11 displays the specimens prepared for experimentafiable 1 recapitulates the process
of quenching and the aging of the specimens.

Figure 11: Specimens for experimentation.
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Table 1: Heat treatment process data.

Specimen Temperature of Heat Quenched Quench Time Aging Time
Treated Solution (°C) Solution (min) (min)
1 510 Water 10 10
2 510 Water 10 10
3 510 o]] 10 10
4 510 o]] 10 10

2.4 Metallographic Observation

Crack can be defined as a physical impairmentaefact at metal surface. Crack will break the medtthiout
complete separation of parts (Hibbeler, 1997). €tednine crack, metallographic inspection was cotetl

on the surface of the specimen. The apparatuseb areescanning electron microscope and metallurgica
microscope. Results from metallographic test weathered and tabulatedtigure 12 summarizes the
unabridged procedure of the experiment.

-

SAMPLE: WITHOUT HEAT SAMPLE: WITH HEAT
TREATMENT TREATMENT

SAMPLE PREPERATION

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

A

A4

METALLOGRAPHIC
(Metallurgical Microscope)

FRACTOGRAPHY
(Scanning Electron Microscope)

ﬂ CARCK DETERMINATION |

DATA ANALYSIS

CALCULATION |

Figure 12: Methodology (summarized).
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3. Results and discussions

Four different thicknesses of aluminium 2024 hagerbused for the bending test. The thicknesse8.8nem,
1.0mm, 1.2mm and 1.8mm. Results are congregateithdospecimens in the form of tables and figurderbe
and after heat treatment process for each thickness

Table 2 shows the bending result of the specimens. Indhse, the specimens are tested before the heat
treatment process. From the results it seen thaut6of 8 untreated specimens crack during bending.
Specimens A4 and B3 with a thickness of 0.8mm afdchin respectively, shows no crack during or eveer af
bending. However, specimens with higher thickngdsetis case, specimens C3, C4, D3 and D4 cradkgl
bending. Moreover, specimens C4 and D3 cracks &éfoeaches bend angle of°90

In Table 3, the results shown here are obtained from bent#sg where the specimens have been heat
treated before bending. The results show signifiediect of heat treatment on the characteristicabeor of
the specimens. It is observed that none of the tieated specimens cracked due tS8 B6nding. This is
because of the bend radius is larger than minimenu badius required. These results also show thahwhe
plate undergoes heat treatment process the miniradias obtained is less than the minimum radiusaof-
heat treated results.

Table 2: Bending results for specimens before the heatrtrent.

Specimen Radius of Bend Angle of Bend Status Thickness
(mm) ©) (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
Cc4 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 heatrireat.

Specimen Radius of Bend Angle of Bend Status Thickness
(mm) © (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 béewnd to exhibit a dependence on its microstructure
developed during hot forming and heat treatment @al., 2010). Higher forming temperatures resulted in
coarser re-crystallized microstructures, which &zhtb reduce the susceptibility to exfoliation osion, but
adversely affected tensile properties (Efwal., 2004), (Robinsost al., 2009).

Figure 13 reveals the microstructure view before heat treatnfor the specimen with the thickness of
0.8mm. This microstructure is analyzed from stemigroscope. However, it is unable to show crack
propagation. It is because the thickness of pktmall and the crack propagation can only be bgarsing
scanning electron microscopeigure 14 divulge the microstructure view after the heaatngent process for
the specimen with the thickness of 0.8mm. Howewempared to the untreated specimen for the same
thickness, this heat treated specimen shows afisanti change in the microstructure. It can be nometd that
aluminium is more ductile during bending if comphreith aluminium alloy without heat treatment.
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20 pm

Figure 13: Microstructure view before heat Figure 14: Microstructure view after heat
treatment for thickness 0.8mm. treatment for thickness 0.8mm.

t Magn
1000x 5 HON-HT

Figure 15: Microstructure view before heat Figure 16: Microstructure view after heat
treatment for thickness 1.0mm. treatment for thickness 1.0mm.

An unblemished view of crack occurrence is pertdpseen irFigure 19 during the bending test compared to
Figure 15 andFigure 17 where the specimens resemble microstructure vefare the heat treatment process.
As the SEM results showed that the defect can bectal even under small magnification. It demonstra
that the aluminium is in critical crack. After heatatment, the major crack had been eliminatech ftbe
specimen. And by using SEM, the clear view of mstmacture alteration is seen in the following figswr

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

Figure 18: Microstructure view after heat
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Figure 19: Microstructure view before heat Figure 20: Microstructure view after heat
treatment for thickness 1.8mm. treatment for thickness 1.8mm.

In heat treatment process, the best conditroth@ best temperature to anneal the specimensutable
guenching method are still on the study. The spegiricissitudes its properties subsequent to meatmhent
process. However, as a general rule, bending pdipéar to rolling direction is easier than rollipgrallel to
the rolling direction. Bending parallel to the mg direction can often lead to crack.

4. Conclusion

In this study aluminium alloy 2024 has undergonat lieeatment process to enhance its mechanicaépiep
and eliminate crack during bending. The heat treatrprocedure can be modified using different messsin

order to find different results. However the resuwdttained stalwartly show that the radius and treatment
are influential on Al2024. The smaller the thickeiéise higher is the probability of cracking and specimen
is easier to bend after heat treatment. The hamdgmiecipitation that involves three major processan be
conducted with different temperatures during solutireatment and bring multiplicity to the quenctusion

in order to analyze the effect of many types ofleaing precipitation for Al2024. The annealing msg can
also be introduced in order to enhance the ductfitaluminium alloys.
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