Preface

The first year course Introduction to Aerospacei®gying Il (AE1102) introduces the students with
the topics of Space and Structures & Materials. $&eond topic covers an important discipline in
which structural design is related to materialshuofiacturing and processing techniques and strdctura
performance. Here, structural performance also reotfee safety and durability aspects that set the
constraints and requirements on the integrity efdtnucture.

The course book Introduction to Flight by Andersancovers the many disciplines that relate tdflig
rather extensively, except for Structures and Maler Because the chapter covering this topic in
Anderson’s book is insufficient to get acquaintedhwall relevant basic aspects of Aerospace
Structures and Materials, this reader has beetewrit

Although the subjects dealt with in this reademsée be rather broad and chapters being often not
clearly connected, it is attempted to introduceghelent into the basics of the discipline. Depegdi
on the topic a formal description is used, or aamaoformal walk around type of presentation and
explanation is used.

However, the student is warned in advance; theplise of Structures & Materials contains exact
scientific and engineering topics (solid materiblgics, structural analysis, etc), but these arenof
less or at the most as important as the topics ¢hat not easily be described in equations and
formulas. Safety, manufacturability, availabilitynda costing are some of the aspects that are
considered in this reader when presenting thepliaei of Structures & Materials.

The main objective of this introduction to Struesir& Materials is to create awareness and a dritica
mindset to help the student when pursuing his sfetgspace Engineering.

Dr. René Alderliesten
Delft, 2010
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1

Material physics & properties

1.1 Introduction

When applying a load P to a spring with lengthtlwiil elongate withAL, Figure 1.1. This elongation
relates linearly to the applied load P and is ofteemulated as

P=kAL (1.1)

where k is often called the spring constant. Whalading the spring, one may observe that the
diameter of the spring becomes smaller, the lortger spring is stretched. This loaded spring
represents the elastic behaviour of materials imegd when loaded uni-axially; for given load the
material will elongate, while the cross-sectiondraes slightly smaller.

This chapter will discuss the elementary physiceaterials related to the loads acting on a mdteria
and as a consequence their response. The respomdated to physical properties of materials which
can substantially differ from one material to amotfThis chapter highlights some of the differerices
the material properties that are observed in conynaged structural materials.

P

AL

Figure 1.1 lllustration of a spring loaded with Idd
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1.2 Stress-strain

The material behaviour referred to in the introductis represented by other parameters than
elongation and load, because the magnitude ofahe for a given elongation (represented by for
example a spring constant), depends on the shapeoonetry of the material. Different geometries or
original lengths of the same material will thus eidifferent load-displacement curves, which is
inconvenient when comparing materials.

The parameters used to evaluate the material fgrepare selected based on what is called the
similitude principle. To physically equate the pogjonal relationship between load and material
response, dimensional aspects should be left ditectquation.

Example

Consider the three samples illustrated in Figuge To elongate the samples (a) and (b) equally)aheé F
applied on sample (b) should be twice as largenasample (a). In the force-displacement diagrasrsults
in a curve for sample (b) twice as high as samg)eHor the same applied force F, sample (c) vdlhgate
twice as much as sample (a). In the diagram tkiglt®in a curve that is stretched twice as muatuage (a).

Although all three samples are made of the sameriahtthe curves appear to be different. To exeltite
dimensional aspects from the material’'s responsdo#al, the selected parameters should be chpsen
‘dimensionless’, i.e. independent of dimensionssé@bupon curves (a) and (b), the force must belelivby
the cross section of the sample, resulting in stveand based upon curves (a) and (c) the elongatimt be
divided by the sample’s length, resulting in theeinsionless straia

O b) ———

L
2|
FA
o[ —F1F (b)
(a)
2L (c)
\/ v >
0
Figure 1.2 lllustration of a spring loaded with Idd




1 Material physics & properties

For this reason the extension of the material regented by strain, which is the extension
normalized by its initial length according to

_aL

- (1.2)

£

Similarly, the effect of geometry is excluded bpnmesenting the load application in terms of stresse

_P
g== (1.3)

where A is the cross section of the material.

There are two ways to calculate the stress witlatsopu (1.3):
- Dividing the load by the original/initial cross-sien A,. The stress is then called thegineering

stress
- Dividing the load by the actual cross-section AeHiiress is then called ttrae stress

Because the actual cross-section is often not lgxamdbwn, the engineering stress is most oftenriake
for stress analysis.

g
(MPa) o .
ultimate
Selastic
;{ aplasti C ;‘ : 8fractl.lre
V”'A_“\l‘/
0 X.0.2% strain
. 0 —b._ 8(016)
Figure 1.3 Typical stress-strain curve for a metaltial slope is linear elastic, beyond yieldirtgetmaterial

behaviour is plastic
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The stress with equation (1.3) can be plotted agahe strain calculated with equation (1.2), which
for many elastic-plastic materials like metals,egiva curve as illustrated in Figure 1.3.

The initial slope of the curve is linear-elastichigh means that when unloading, the material will
return to its original length and shape. Beyoncedain load, the material will permanently deform.
This transition point in the stress-strain curvealied the yield point. Because often the yielthps

a gradual transition from the linear elastic cunte the plastic region, it is hard to determine yield
stress exactly in an equal manner for all materkads this reason, a common (but arbitrary) apgroac
is to take the intersection between the stresggttave and the 0.2% offset of the linear elaslipe,
illustrated with the dotted line in Figure 1.3.

1.3 Loading modes

The examples so far (i.e. elongation of spring @temal) assumed a uni-axial loading mode in
tension. Often compression is assumed to be idéritidension except for the sign (direction). Tnes
two loading modes are illustrated in Figure 1.4etbgr with the shear loading and torsional loading
mode. Depending on the shape of material or streicind the load applied, the material may face
either one of these four modes, or a combinatichexh.

S 1T
-
L 101,

Q

! F

F : :
|
1
]
I
1
_./’

Q
Figure 1.4 Four loading modes: compression, tensstiear and torsion

14 Engineering terminology
The stress-strain curve illustrated in Figure lo8tains terminology that requires some explanation.
For that purpose, two different curves are beingigiin Figure 1.5.

Concerning the linear elastic part (initial slopfetloe curves), the slope may be either steep (high
resistance against deformation) or gentle (repteggiow resistance against deformation). The first
curve indicates a stiff material, whereas the seé@umve indicates a flexible material.

4



1 Material physics & properties

The yield point (transition from elastic to plajtioay either be located at small values of thesstre
(low yield strength) or at high values of stresglfhyield strength). The first transition point ioates
a soft material, whereas the second indicatescmgterial.

After yielding, the slopes continue increasing gity. The hypothetical case where the material
becomes fully plastic after yielding, i.e. the ftopontinues horizontally, is often denoted as peérfe
plastic. In all other cases, there is a slope ighaither rather steep (large strain hardeningjemtle
(small strain hardening).

The highest point in the stress strain curve ikedahe ultimate strength of a material. If thiseagth
value is very high, it indicates a strong mateliahe strength is low, it indicates a weak magkri

Fracture occurs at the end of the curve. The eldsfliormation still present causes spring backs i
illustrated by the dotted lines parallel to thetiali elastic slope of the curve. The remaining
deformation is plastic deformation. A small degoéelastic deformation indicates a brittle mater#al
high degree of plastic deformation indicates aitkuntaterial.

Note that there is a fundamental differencstiength and stiffneqsee Figure 1.6)!

strong (high ¢,

ltimate )

rigid
(high 9, 2)

small strain hardening

g . -a small
( Ouitimate 02) weak (low Oy )

large strain hardening
/ (O_u\t\mate - Ug_g) large

soft (low 00_2)

stiff (high E-mad) ! i

flexible (low E-mod) / !
/ J
/ £

o Fa

0 brittle ductile  ——m =%
(|0W Ep\ast\c) (hlgh aplastic)
Figure 1.5 Four loading modes: compression, tensstiear and torsion
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Figure 1.6 Illustration of the difference betwetiffisess and strength; the flexibility of the wimgates to
stiffness (low stiffness gives significant wingdieg), whereas strength relates to final failure of
the structure

1.5 Normal stress

In the case of tension and compression (see Fifjufe normal stresses occur in the material.
According to the sign convention, these stresses ether positive (tension) or negative
(compression). Similar to the spring constant,rédation between stress and strain is charactebiyed

a constant in the linear elastic part of the stséssn curve.

o=Ee¢ (1.4)

The constant E is called the modulus of elastidtythe Young's modulus. The value of this Young'’s
modulus is a characteristic value for a materidijgh value indicates a stiff material, a low vale
flexible material.

As mentioned in the introduction, the diameter cfpeing becomes smaller than its initial diameter
when loaded. A similar contraction can be obseineainy material under axial loading in the linear
elastic part of the curve. This transverse corrads illustrated in Figure 1.7.

To visualise this contraction in transverse di@ttione may as a first qualitative illustration sidier
the elongation of rubber. During elongation rubhgt not only elongate but also become thinner.
Elongation in lateral (loading) direction then mhstcompensated by transverse contraction.

____________ -
\
\
P ; P
|ﬁ
[
1
____________ _7
L L . AL
| T 1
Figure 1.7 lllustration of axial elongation and &hl contraction of a rod under uni-axial loading P
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Quantitatively, the assumption is incorrect. Thaaamount of contraction during uni-axial loadiag
determined by the material. The relation betweenl#teral and transverse strain is represented by
another constant

£ =ve = v% (L.5)

This constanv is called the Poisson’s ratio. Both the Young'sduias E and the Poisson’s ratiare
considered material constants.

1.6 Shear stress

In the case of shear or torsion (see Figure 1 darsstresses occur in the material. The sheasstigs
defined in a similar way as the normal stress fdinee is divided by the area A to which it is appl
see Figure 1.8.

r=— (1.6)
The relation between the shear straiand the shear stress is characterized by a nelaimilar to
equation (1.4)

r=Gy 1.7)

where G is the shear modulus of elasticity grile shear strain (equal to éarsee Figure 1.8). For
linear elastic materials, there is a relation betwE and G, given by

-_E
G= 2(1+v) (1.8)

\
P g W

Figure 1.8 Illustration of the shear deformationedio shear forces acting on the surface of the etem
7
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1.7 Bi-axial loading

In the case of elastic bi-axial loading, i.e. loads being applied in two directions, the streshas
occur in the material can be calculated using sagsétion. This superposition is allowed, becauge th
stress relates linearly to the load that is applietivo load systems are applied simultaneouslg, t
stress may thus be superimposed.

| |
Oy Ox } i
il | :
1 1
< —> | i
[ 1 :
<~ — | i
<l s i i
| 1 1 1
<l 4 L —J—> ! !
| | T T
I I
RE2 K
Figure 1.9 Illustration of a sheet loaded in eithedirection and in y-direction

For the sheet loaded in x-direction (Figure 1.8¢,gtrains in both directions can be given by

o o
E==;, &€ == (1.9)
x E y E

g g
e=v-=2L ; ¢ =2 (1.10)

E vy E
Superimposing both load cases, as illustrated guiriéi 1.10, the stresses in equation (1.9) and X1.10
can be superimposed. This gives

o o g 0O
E=2-yv2L ; g =vVv2+2 (1.11)
x E E y E E

Equation (1.11) is known dke Hooke's lawfor a sheet in bi-axial stress condition.
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0

<—| —
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@: —>
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Figure 1.10 lllustration of a sheet loaded in lakand transverse direction simultaneously
1.8 Stiffness and apparent stiffness

Stiffness, expressed by the Young's modulus, isntaterial’s resistance against deformation, see
Figure 1.4. A higher stiffness (E-modulus) mearat th higher force must be applied to obtain a
specified elongation (or strain).

For a uni-axially loaded sheet, the stiffness edadirectly to the Young’'s modulus. In a bi-axially
loaded situation however, the apparent stiffnesg Ineadifferent from the material stiffness. Thisica
be illustrated with the Hooke’s law, given by eqolat(1.11), and a wide sheet clamped at both sides
over its full length and loaded in one directioge $igure 1.11.

F  rigid clamping

|
) contraction

Figure 1.11 Illustration of a wide sheet rigidlyachped at both ends and loaded in lateral direction
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The transverse stra is equal to zero as the clamping prohibits theremtion. With equation (1.11)
this implies that

g 0o
£ =0=v2+2X . 0o =vo (1.12)
X E E X y

Substitution of this relation between the longihali and transverse strain into the expression in
longitudinal direction, equation (1.11), yields the

o (VO' ) o
£ :—y—V—y:(l—Vz)—y (1.13)
y E E E

The strain in a regular tensile test, where theswarse contraction is not prohibited € 0), is given
by

Uy
£y ) (1.14)
This means that thepparent Young's modulus given by
* 1
E = E 1.15
-y (1.15)
1.9 Isotropic and anisotropic sheet deformation

An isotropic sheet is a sheet that is considerdubie equal properties in any direction of the shee
For the tensile (longitudinal and transverse) deftion and the shear deformation of such a sheet, s
Figure 1.13, the equations are given by the contiomaf equation (1.7) and (1.11)

g g
£ __X—V_y
x E E
ag g
£ = —VEX +Ey (1.16)
Txy
ny E

The subscripts for the normal stresand normal straim indicate the direction of the stress and strain.
For the shear stress, and shear straip, the first subscript indicates the axis perpendictb the
face that the shear stress and strain are actingviote the second subscript indicates the positive
direction of the shear stress and strain, see Eigyur2.

10
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— o |
Tyx
l z Oy *
Oy
Figure 1.12  lllustration of normal and shear stressacting on a two-dimensional and three-dimendiona

element

This set of equations can also be written in mdbirulation

1 v,
£ E E o
£ |= v 1 O|lo (1.17)
y E E y
yxy O 0 i Txy
L G

An anisotropic sheet has different properties ia thfferent material directions. An example of an

anisotropic sheet can be the fibre reinforced Blgcause the tensile and shear deformation is
dependent on the properties in the particular tioes, see Figure 1.13 and Figure 1.14, equation
(2.17) must be extended to

1Y,
E E
£ g Y o
X _V 1 X
e |=5|— = 0 ||o (1.18)
y E E y
X y
y T
Xy Xy
O 0 i
G
— Xy_

The subscript ‘xy’ for the Poisson’s ratio descsiltbe contraction in y-direction for an extension
(direction of load) in x-direction.

11



Introduction to Aerospace Engineering — Structures and Materials

(b) Y _ _V90°0x
fy - Egge
______ |
o] o)
(@) by VO, - I .2
& =" I
______ - - - -1 e = %
T : * ™ Ege
Oy E Ox x
D > —>
| (c) Yoo Voo
Oy y "
—>: L&~ == ---q--- ‘l 1 .
1
O—X O—X X
- > >
£y =
* ™ Eogge
Figure 1.13  lllustration of tensile deformation werdtensile stress for isotropic sheet (a), and ainipic
sheet (b,c)
(a)
Tyy
Figure 1.14  lllustration of shear deformation und#rear stress for isotropic sheet (a) and anisatrgheet

(b,c)

Here, one must realise that the excellent stiffraass strength properties often given for composite
materials may be given for the longitudinal direntionly. Table 1.1 illustrates the strength and

12



1 Material physics & properties

stiffness properties for two thermoset fibre reinél composites in the two principal material
directions. Indeed, the stiffness and strengthgsifscant in fibre directions, but perpendicularthe
fibres the properties are very low.

Table 1.1 Comparison between stiffness and streingthe two principal material directions for E-gla
and high modulus carbon thermoset composite
Material Ex E, Oux Ouy
[KN/mm? | [kN/mm?] | [N/mm?] | [N/mm]
E-glass epoxy (Uni-Directional) UD-60% 45 8 1020 40
High modulus (HM) carbon epoxy UD-60% 220 10 760 40

As a consequence, composite (aeronautical) stesctare made of alternating various plies that are
oriented in different directions to obtain suffitiestrength in each direction. The amount of fikres
each direction may vary depending on the loadsscddes design freedom is illustrated by the shaded
area in Figure 1.15.

In this figure, several laminate lay-ups are intkdato explain the presentation of this figure. @he
the laminate lay-ups indicated in Figure 1.15 is uasi-isotropic laminate. Quasi-isotropy can be
defined as the approximation of isotropy by oriegtplies in different directions.

100% Case | Typical shells 0° | +45°| 90°
@® A | Tail plane 60% [ 30% 10%
7 @® B | Fuselage 20% | 70% | 10%
80%._| C | Quasi-isotropic 25% | 50% 25%
S 60%
5 7 g
= 0%
S i
40% 4
&
. P 2C
20%
@
T T — T — T
0%
20% 40% 60% 80% 100%
145 fibres
Figure 1.15 lllustration of the position of thregptcal laminate lay-ups in the design freedom fdibee

reinforced polymer composite panel made of 0°, 8B} orientations only

13
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Table 1.2 Illustration of laminate properties famidirectional E-glass epoxy plies (60%)
Orientation Ey Ey Ou x Ouy Note
0° +45° 90° [kN/mm?] | [kN/mm] | [N/mm?] | [N/mn]
100% 0% 0% 45 8 1020 40 Unidirectiongal
0% 0% 100% 8 45 40 1020 Unidirectiongal
50% 0% 50% ~26 ~26 ~530 ~530 Cross-ply
25% 50% 25% ~20 ~20 ~325 ~325 Quasi-isotropic

The consequence of the combination of various tatems in a laminate lay-up is that the mechanical
properties of the laminate are generally an aveaddie individual ply properties. This is illustea
in Table 1.2 with the example of E-glass epoxy fitable 1.1.

The stress-strain relationship for a composite ri@id.e. a polymer (matrix) reinforced by fibres
depends on the stress-strain behaviour of theiohai¥ constituents. For a single unidirectional ply
this relationship is illustrated in Figure 1.160frthis figure, it can be understood that therstgt of
the ply is a function of the stiffness of the fibmad the matrix. The ply stiffness depends on the
amount of fibres in the ply, which is describedtbg fibre volume fraction. For example, with 100%
of fibres in the ply, the stiffness will equal tfiere stiffness, while with 0% of fibres the stiéfss will
equal the matrix stiffness. This (linear) relatioipsis called the rule of mixtures and is discusised

chapter 3.

T E, (longitudinal)

Matrix

Reinforcing fibers @
[0}
)
. Composite
Ec

Matrix

Y

l Strain

Illustration of the stress-strain curf@ a fibre reinforced polymer (matrix) in relatioto the
constituent’s stress-strain curves

Figure 1.16

14



1 Material physics & properties

Another observation from Figure 1.16, is that ttrais to failure is in most cases not dependent on
both constituents, but rather on the strain taufailof the fibres. Once the strain reaches theakit
strain of the fibres, the fibres will fail, leavirtbe matrix with insufficient strength to carry tluad,
which will subsequently fail.

The earlier mentioned directionality of composiliepis important to consider. The high strengttd an
stiffness of the composite may be described irefithrection by the curve in Figure 1.16. However,
perpendicular to the fibres, the strength andn&#f§ are described by the curve for the matrixa e
there are no fibres in that direction to carry kad.

The directionality can be illustrated with the exdenshown in Figure 1.17. The high strength and
stiffness of a composite may drop significantlythe low stiffness and strength of the (unreinfojced
polymer in the direction perpendicular to the fire

This means that if sufficient strength and stifg\és required in different directions, multiple gdi
should be placed on top of each other each origntadlifferent direction. However, the consequence
is that the strength of that lay-up is no longenatdo the single ply strength, but rather a functof

the individual plies in their direction of loading.first estimation of the laminate strength offsgiss
can be made with again assuming a linear relatipristie of mixtures).

Example: Laminate lay-up of multiple plies

Consider a laminate lay-up for vertical tail plaskins consisting of multiple plies for which theestgth and
stiffness of each ply are described by the cumdsgure 1.17. The lay-up is given by 60% of theds in 0°,
30% of the fibres in +45° and 10% of the fibre®@f. What is the stiffness of the laminate?

The modulus of elasticity is given in Figure 1.The values are approximately 240 GPa, 40 GPa, dBE
for respectively 0°, +45° and 90°. The averagefrais of the laminate is proportional to the retati
contribution of each ply. This means that

E =vE+v E +v E =0.6[R40+ 0.3146- 0.1 5 156.6P¢
0 0 45 %45 90 90

lam
where v represents the laminate volume conteriteoplies in a given direction.

Because the vertical tail is primarily loaded im&img, most of the fibres are oriented in the sgiaection.
However, for a fuselage a more quasi-isotropicupyis preferred because of the combined load dasie
fuselage. A typical lay-up that may be considerethat case is for example 20% of the fibres in70% of
the fibres in +45° and 10% of the fibres in 90°eTaminate stiffness would then be

E =vE+v E
00 +45 +

lam

+V90E902 0.2[R40+ 0.7J46- 0. & 76.6P¢

45

Note however, that this laminate has a stiffnessi®r direction that is at least twice as high!

15
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250+
—35©
o
& 200 —{30 X
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%) —25 5
2 150 = & 3
> 1) X
S —20 3 = 600 -
£ 3 = =
© 100 —15 ¢ 4 5
3 £ ® 400 £
50 g = 5
s w g 200 2
| = = a
0 30 60 20 0 30 60 20
Fiber angle, degrees Fiber angle, degrees

Figure 1.17  Relation between stiffness and strenfithcomposite ply and the angle/orientation efding

1.10 Toughness

The toughness of a material is often consideredortapt in aeronautical structures because it
represents the resistance of the material agarastufe, formation of damage or impact. This

parameter relates directly to the damage toleranneept (see chapter 9) applied to ensure structura
integrity during the entire operational life of fexample an aircratft.

The toughness of a material is defined as resistagainst fracture, and it is in general considéoed
be represented by the area underneath the strags@irve, see Figure 1.18. This area represhats t
mechanical deformation energy per unit volume pradiailure. Evaluating the units related to theaar
underneath the stress-strain curve, it can be stibainthe unit of toughness is Jimvhich is the
energy [J] per unit volume.

oo LAl

Aside from the toughness, often different defimoare considered. For example, the impact
toughness is the minimum energy required to freciumaterial of specified dimensions under impact.
This energy is not only dependent on the matetsalfi but also on the dimensions of the sample
being fractured. Therefore, the test to determimeeftacture toughness and the specimen dimensions
are prescribed in testing standards to enablelatime of different materials. The set-up and speti

are illustrated in Figure 1.19.

16
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High Carbon Steel
Strongest

Medium Carbon Steel
Toughest

Low Carbon Steel
Most Ductile

Stress —=

Strain —=

Figure 1.18  Three example stress-strain curves thigharea underneath the curve shaded; the curtretive
largest shaded area is considered to representahghest material.

Another important toughness parameter is the fractoughness. This parameter represents the
resistance of a material against fracture in pesesf a crack. There is an important difference
between toughness and fracture toughness. Alththmlarea underneath the stress-strain curve, see
Figure 1.18, qualitatively relates to the fractimeghness, the relation is not as straightforwardigh
toughness.

SCALE

HAMMER

Figure 1.19  Test set-up for impact toughness measents (left) and a fractured impact toughnessispat
(right).

17
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Materials with high fracture toughness usually tisae with significant ductile deformation, while
materials with low fracture toughness fail in athginature. In general, to fracture a materiahvhitgh
fracture toughness, a lot of energy (or load) iguneed, which implies that these materials are
preferred for damage tolerant designs.

1.11 Definitions

Anisotropic material Material with mechanical prapes depending on the direction

Brittleness Property of material that allows litheending or deformation without
shattering

Contraction/Expansion Reaction produced in material as the result ofihgatr cooling

Density Weight of a unit volume of material

Ductility Property of metal that allows it to berpe@nently drawn, bent, or twisted
into various shapes without breaking

Elasticity Property enables material to return tw ariginal shape when the force
which causes the change of shape is removed

Engineering stress Load divided by the originaksrsection of the material/component

Hardness Ability to resist abrasion, penetratiatticg or permanent distortion

Isotropic material Material having identical mecttahproperties in all directions

Quasi-isotropic Approximation of isotropic material by placing miple anisotropic layers

material in different directions

Toughness Property of a material that withstana@sirtg or shearing and may be
stretched without being deformed or breaking

True stress Load divided by the actual cross-secifdhe material/component
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1 Material physics & properties

Exercises & questions

1.1)

a) Give the two equations for strain as functionstress for an isotropic sheet loaded in two
perpendicular directions

b) Which parameters in these equations change #&nésotropic sheet is considered instead of an
isotropic sheet?

1.2)
Consider the stress-strain curves A and B illusttan the figure below. Are the following statengent
true or false?

o A
a) Material A is the strongest material
b) Material B is the most rigid material A B
C) Material A is the toughest material
d) Material B is the most ductile material
e) Material A is the most brittle material
f) Material B has the highest strain hardening
Q) Material A is the most flexible material
h) Material B is the stiffest material

€

1.3)

A fibre reinforced plastic is a composite matedamposed of matrix material A and reinforcing fibre
B. Sketch in the illustration below the two stressin curves of a single uni-directional ply weah
fibre volume fraction of 60% (i.e. in fibre direati and perpendicular to the fibres). Indicate thairs
to failure for both curves.

v
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1.4)
A bar with a circular cross section is loaded byaaral load as illustrated in the figure below. The

locations A, B and C are taken on the surface eftifr. If the bar is made of aluminium, which
statement is correct for increasing load P?

a) First, location C will yield, then location A@ifinally, location B
b) First, location C will yield, then location B éfinally, location A
C) First, location B will yield, then location C éfinally, location A
d) First, location A will yield, then location B drfinally, location C
A B
L
® Co

NN

1.5)
Consider the representation of design freedom beloavcomposite laminate lay-up made of 0°, 90°,

+45° orientations only. Indicate the position ofaminate that contains 40% of fibres in 0°, 50% of
fibres in +45°, and 10% of fibres in 90°.

100%

80%._|
(%]
Y 60%.]
o
= 0%
e _

40%-| &

R
_ N
20%._|
0% T 1 T 1 T 1 T 1 T T
° 20% 40% 60% 80% 100%
+45° fibres
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1.6

A m)an, who weights 88 kg, wants to bungy jump frart40 m high bridge. He can select from the
following elastic cords, each with a diameter ghB.

a) 65 m elastic cord with an E = 34 MPa ang= 60 MPa

b) 75 m elastic cord with an E = 54 MPa an@d= 50 MPa

C) 85 m elastic cord with an E = 78 MPa ang= 40 MPa

Which cord do you consider the most appropriateétferman to use? Explain your answer.

1.7)

Consider the spring and bar at the left hand sideeofigure below. The spring is characterisedhsy
spring constant k, as illustrated at the right hside. If the bar with a cross sectional area Agibes
as much as the spring under load P, write theielasidulus of the bar material as function of k.

P
/
P
ﬂ
kAL |-------- :
i
1
1
1
1
1
1
1
1
1
AL
1.8)
Consider the steel, titanium and aluminium givethmtable below
a) Which metal is most rigid?
b) Which metal is most flexible?
C) Which metal has the highest toughness?
d) Which metal is the softest?
Metal Alloy E Oy Ouit Eult
[GPa] [MPa] [MPa] [%]
Steel AISI 4340 205 470 745 22
Aluminium | AA 7475-T761 70 448 517 12
Titanium TiBAI-4V (5) 114 880 950 14
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1.9)
A magnesium sheet with thickness t = 1 mm, widtb-\W50 mm, and length L = 250 mm is loaded in

tension by a force F. The properties of the magmesilloy are given by E = 45 GRa, = 221 MPa,

Out = 290 MPa, andy; = 15%.

a) Calculate the strain at which the magnesiumtshexpected to yield

b) Assume a linear relation between stress anthstoa this magnesium alloy between yield
strength and ultimate strength. Draw the stressrsturve.

C) The force F is equal to 35 kN. Calculate themgarent elongation of this sheet in [mm].
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2

Environment & durability

2.1 Introduction

The material properties discussed in the previbapter are considered to describe the behavioar of
specific material. However, this does not mean thatproperties are constant under all conditions.
Most material properties change for example witmperature. Increasing the temperature or
decreasing the temperature will affect materiappraes like stiffness, strength, etc.

Another aspect that should be considered is thatidar of operation. An aircraft being operated for
instance for 30 years will face degradation ofdutal and mechanical behaviour due to environment
attacks.

The influence of the environment in which the stuoe or component will be operated is important to
consider. For example, an engineer or designerldhoansider that if a structure is required to
withstand certain loads during operation, the nmtestrength may reduce for specific operating
conditions. This may be either high temperaturethefenvironment, or degradation throughout the
life of the structure due to aggressive environmewn illustration of typical applications and
operational (temperature) conditions is given igure 2.1.

This chapter tries to describe the effect of therenment on the material and structure, to inceeas
awareness of this aspect to future engineers.

- (= N Calasecion Vo Socion,

Figure 2.1 Illustration of structural aircraft andpacecraft applications and the temperature ranges
operation
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2.2 The effect of ambient temperature

The effect of the ambient temperature on the natproperties can be illustrated with the data give
in Handbooks as for example Metallic Materials Frtips Development and Standardization
handbook [1]. In Figure 2.2 an example is giventhar effect of ambient temperature on the ultimate
and vyield strength of 2024-T3 aluminium sheets taraperature range below the melting temperature
of the alloy (T, = 500-640 °C)

In this figure it is also demonstrated that theation of exposure to that temperature may have a
considerable effect above certain temperatures. Zl022-T3 aluminium alloy is widely applied in
aeronautical structures. The nominal maximum ojerak temperature for this alloy is often specified
to be about 135°C. From Figure 2.2 it is evideat #ibove this temperature, the mechanical progertie
will drop rapidly, especially when exposed for lengimes.

600 -

500 A

Oult,RT

400 10000 hours

100 hours
300 7

1/2 hour

Ultimate & yield strength [MPa]

200 A

100 1

-300 -200 -100 0 100 200 300 400 500
Temperature [Celsius]

Figure 2.2 Effect of temperature on ultimate areld/strength for 2024-T3 sheets (data from [1])
Not only metallic materials show dependency of na@otal properties on the ambient temperature. In
general, all engineering materials exhibit tempemtdependent material behaviour. Especially in

polymers one may also observe a transition in tlaenal response at a temperature below the
melting temperature.
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2 Environment & durability

The transition in general relates to the transifrom a solid state of the material into a rubbsiate.
The temperature at which this transition is obsetigecalled the glass-transition temperatugeThe
phenomenon is illustrated in Figure 2.3 for the olod of elasticity. However, the effect is also
evident for the strength and strain to failure;réasing the temperature beyond the transition
temperature decreases the strength of the matshaé the strain to failure is often increased.

For structural applications this implies that opiersal temperature may never approach the glass
transition temperature, otherwise the mechaniaggnties would drop significantly risking premature
failure of the structure.

Tq Tm

Figure 2.3 lllustration of the transition in modglwf elasticity near the glass transition temperafTl

2.2.1 Effect of elevated temperature

In general the effect of increasing the temperaisirinat most mechanical and fatigue properties of
engineering materials deteriorate. This is alsartyallustrated in Figure 2.2. This means thdias to

be verified that the mechanical properties of tekeced materials remains above specified levels
within the full operational temperature range.

For the example of 2024-T3, this means that theipé ultimate and yield strength are minimum
values that are lower that the values obtainedoatnrtemperature. To determine the minimum
allowable strength of the material, knock-down dastare applied to the values obtained at room
temperature.

For many metallic structures, the reduction ofdiglrength may not directly implicate a safety esu
because the ultimate strength may still be conslider However, the application of stresses beyond
the reduced yield strength may cause permanerstig)laeformation.

Another aspect related to elevated temperatureecedly high temperatures, is the creep
phenomenon. Creep is a small, but steady ongoifggrdation of materials under the application of
constant stress. Although these stresses can bes e yield strength of the material, the ongoing
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deformation may still occur. At room temperaturel dow temperatures, this phenomenon is usually
insignificant. At elevated temperatures, especihllyh temperatures near the melting temperatures,
this phenomenon may cause permanent deformatiamenviimited times of load application. The
deformation rate is thus dependent on the apptiad level, the temperature level and the mechanical
properties of the material.

Cold Section Hot Section

Figure 2.4 Illustration of high temperature appli@ans; thermal protection systems (left) and engine
turbine blades (right)

For certain high temperature applications, seeef@mple Figure 2.4, the creep phenomenon may
significantly limit the amount of materials thatnche applied. For example engine turbine blades are
exposed for a long time (duration of a long distafiight) at high temperature, while constantly
exposed to significant (centrifugal) loads. Thesengonents are therefore specifically designed
against creep. For example, single crystal alléysegxample Ni-based alloys) are developed thaehav
significant creep resistance.

2.2.2 Thermal stresses

Aside from the effect the environmental temperahas on the mechanical properties of the applied
structural materials, the designer has to consldemal stresses. The material will expand or eamhtr
with respectively increasing or decreasing tempeest The relation between the temperature and the
expansion is described by the thermal expansiofiicieat

:ld_V (2.1)

VvV dT
which is considered a material property. In equef@.1) V is the volume and dV/dT the expansions
rate of the volume with the temperature. In casasofropic materials, the coefficient of thermal
expansion is identical in all principal materiakeditions. However, for anisotropic materials, the
coefficient is different for the different directis, like the other mechanical properties.

The different expansion coefficients for differenaterials, see Table 2.1, implies that a compasite
hybrid structure, i.e. a structure comprising npléti materials, will face differences in expansion.
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2 Environment & durability

Beside the mechanical loads and correspondingsssethat are excerpted to the structure, these
differences in thermal expansion may impose adtilistresses once free expansion is prohibited.

Table 2.1 Coefficients of thermal expansion foiediint materials
Material O dy
[1/°C] [1/°C]

Titanium Ti-6Al-4V (Grade 5) 9.2110° 9.210°
Aluminium 2024-T3 2710° 2210°
Magnesium AZ31-H24 26010° 26110°
S2-glass epoxy UD-60% 26.210° | 6.110°
Carbon epoxy UD-60% -0.410° 2710°

The significance of this aspect may be illustratéith press releases on the Boeing 787, where it was
reported that aluminium shear ties that fixate firselage frames to the composite skin in the rear
fuselage section had to be replaced [2,3]. Thalritesign did not account for the repeated cooling
and warming of the unpressurized aft fuselage @eetB. As result of these temperature cycles, the
shear ties may repeatedly pull away from the skitih \wotential influence on the integrity of the
structure.

Although this design flaw has been detected pdarty 787 delivery, it emphasizes the importance of
accounting for potential additional loading duéttermal stresses.

Example: Fibre Metal Laminates

A Fibre Metal Laminate is a composite material ¢stirgg of thin aluminium sheets with fibre/epoxygd in-
between. The laminates are cured at an elevatédgctemperature in an stress-free condition. Theams
that due to the different coefficients of thermgbansion residual stresses occur when the lamisai@oling
down at the end of the cure cycle. The magnitudiaede stresses is dependent on temperature amatam
composition.

AT

Curing: Layers Potential CTE contraction:
bonded together Metal > Composite
Residual CTE stress:
+ Metal, - Composite

Y+

Figure 2.5 lllustration of thermally induced resi stresses in a FML
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2.2.3 Effect of low temperatures

Obviously, the effect of thermally induced residsikesses is also present when ambient temperatures
are decreased to low temperatures. For the FibralMaminate Glare for instance, the residual
stresses increase further with decreasing tempegatlihis is because the difference with the curing
temperature, i.eAT = Teye— T, is further increasing.

However, in these laminates the mechanical anduatproperties are becoming better despite the
increasing residual stresses. This is relatedagtneral influence low temperatures have on netall
materials.

At lower temperatures, the micromechanical respafiseaterials results in higher resistance against
elastic and plastic deformation. A higher resistamgainst deformation relates to an increase in
modulus of elasticity and yield strength of matistia

In addition, the chemical reaction and diffusiotesadecrease at lower temperatures. To some extent
this is the consequence of the lower water vapoessure. Because there is less water vapour in the
air at low temperatures, the chemical reaction witterials reduces.

A special case of the effect of low temperatureshés transition in fracture and impact toughness
observed in some low carbon steel alloys. Thissiti@m relates to the change in fracture appearance
Where at room temperature, the fracture is comlgiehgctile (high toughness) the fracture changes to
brittle at low temperatures (low toughness). Exaspdf this phenomenon are the failures of the
Liberty ships and T2 tankers.

2.3 The effect of humidity

In general, a humid environment has a detrimeritatteon the structural properties of both metallic
and composite structures. However, the reasorh@&déterioration of both material types is différen
Metallic materials in a humid environment may berenaffected by corrosion attacks that damage the
material and reduce the effective thickness of dtracture or component. However, a composite
structure in a humid environment faces ingress aitare into the polymer matrix, which deteriorates
both the cohesive strength of the polymer, but #iscadhesive strength of the bond between fibde an
matrix. Thus where in metallic materials the sttbngelates to reduction of cross-section because
corrosion has eaten away the material, the streafitomposites reduces due to the reduction in
chemical bonding and softening of the matrix.

In both cases is time an important parameter. Tdrgdr a structure is exposed to a humid
environment, the more time there is to either aera structure, or for moisture to ingress the
composite. In general, the reduction in strengtle do environmental attacks and humidity is
dependent on the exposure time.

Here an interesting difference can be observeddmivihe performance of a fibre reinforced polymer
composite and a Fibre Metal Laminate. Because #tallic sheets do not allow moisture to penetrate
the material, the moisture ingress in FMLs is imegal limited to edges of panels and cut-outs and
drilled holes (for riveting for example). The prehi then reduces to a 2-dimentional problem. A fibre
reinforced polymer, or carbon fibre composite mates sensitive to moisture ingress from all sides
which implies a 3-dimensional problem. Where FMlegjuired additional protection (coating) for
edges only, the composite structures require spewfting applied to the structure.
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Example: T2 and Liberty ships
On 16 January 1943, 24 hours after being released the shipyard, the T2 tanker S.S. Schenectaokebr
mid ships into 2 pieces in the docks near Portl@mgon. This ship was the first ship of a newesehuilt.
Although hull fractures had occurred occasionaliyobe, this failure occurred with a brand new shigle
being in the docks.

The T2 tankers and Liberty ships where ships tleewnanufactured quickly, within about 5 days, novjgle
transport to the fleet at a higher rate than Gersubmarines could destroy. Where in the years 193T-
about 71 merchants ships were built in the USA75hips were built between 1939 and 1945!

Instead of riveting, welding was applied, which dit only increase the speed of production, but efebled
reduction of structural weight. Initially, the manmeason was considered to be bad welding, butdurth
investigation made clear that the steel used fostroction appeared to be sensitive to low tempegatAt
certain temperature levels, the impact and fradinwghness exhibit a significant transition. Theéuetion in
toughness relates to the transition from ductéetfire (evidence of high energy absorption) tdlberfailure
(low energy absorption prior to fracture). This pbmenon is illustrated iRigure 2.7

7« IR &
= ol M R

Figure 2.6 The T2 tanker S.S. Schenectady broRepiaces on 16 January 1943, being 24 hours old
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Figure 2.7 lllustration of the transition in impaehergy (left) and the corresponding ductile anittlier

fracture (right)

29



Introduction to Aerospace Engineering — Structures and Materials

2.4 Environmental aspects

The discussion in this chapter has been limitedntp now to the effect of temperature and humidity
However, for both aeronautical and space structuag®us environments can be distinguished that
each have their particular influence on the meda@merformance of a material or a structure.

The following typical environments may be identifie
- Air/moisture/salty environment
- Space and re-entry
- Fuel exposure
- Exposure to hydraulics
- Exposure to cleaning agents

24.1 Air/moisture/salty environment

Depending on the type of material, there are difieenvironments considered harmful or detrimental.
In general, the detrimental processes due to agjgeesnvironments are accelerated with increasing
temperatures.

For most metal alloys the combination of moisturel &alty environment forms the aggressive
environment that may lead to corrosion. Corrosgthe electrochemical reaction that metallic atoms
have with oxidants in the environment. This ratenvaifch this process may occur depends on the
environment. In a humid environment or water, cgion occurs generally faster than in (dry) air. The
oxidant may be for instance oxygen.

Figure 2.8 Illustration of a humid and salty enviroent (left) and the consequence of corrosion ffior a
aluminium structure (right)

For fibre reinforced composites usually the comtiamaof humidity with higher temperatures forms

the environment that may lead to material degradatir loss of structural properties. The earlier
mentioned glass transition temperature may recutenter temperatures under influence of moisture,
with reduction in strength and stiffness at loveanperatures.
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2.4.2 Space/re-entry

Space structures operate under different conditasngor example aircraft structures. To begin with,
the temperature range under which most space stescoperate is significantly larger than for afcr
structures, see Figure 2.1.
But aside from the temperature aspect, the enviemrand the relevant aspects to be considered are
substantially different as well. Where in aircrafiructures, environmental degradation may be
attributed to moisture and oxygen in combinatiothviemperature effects, typical environments and
environmental aspects considered for space stascane

- Radiation/UV exposure

- Free radicals, atomic Oxygen (O+)

- Vacuum (degassing)

Ultraviolet (UV) light is electromagnetic radiatiovith a wavelength ranging between 10 nm and 400
nm (shorter than that of visible light). A lot oataral and synthetic polymers deteriorate under UV
exposure. Here, fibres that are known to be sepsit UV radiation are for example aramid fibres,
like Kevlar.

Figure 2.9 lllustration of surface of the Spacettleuleft) and the consequence of the aggressive
environment on the structure’s surface (right)

In the outer atmosphere, free radicals, especwtbmic oxygen, play an important role in the
degradation of materials and structures. The amofuatomic oxygen relates to the altitude and the
activity of the sun.

Different structural materials respond differertibythe exposure to atomic oxygen. Aluminium for
example erodes slowly under atomic oxygen exposuhide gold and platinum are highly resistant. A
lot of polymers are known to be very sensitive aeguire the application of special coatings (for
example silicon based coatings) and paints to grdbe structure from atomic oxygen erosion.

Especially in vacuum, degassing is an importanictop concern. Many materials, like for example
polymers, composites, adhesives, are based onwdissoor contain substances that can evaporate
from the material. But even metals may releaseegasem cracks or impurities in the material.

In general, the consequence of degassing on therialair structure is that the mechanical propertie
of the material may deteriorate in time, but alsat the released gasses may condense on other cold
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surfaces causing trouble to the operation of aertaimponents, like for example solar cells and
telescope lenses.

Also here the temperature may have an accelerafi@ct; at higher temperatures, the chemical
reaction rate with the material and the vapoursanesincrease.

24.3 Exposure to fuel/hydraulics and cleaning agents

Other than air, moisture for aeronautical structuaad the environments discussed in the previous
section, environments should be considered that caage degradation of structure and corrosion of
materials. Especially for aircraft structures, salveadditional environmental aspects should be
considered, of which some as listed here

- Fuel

- Hydraulics

- Cleaning agents

In case of an integral fuel tank, see Figure 2tté,fuel is kept inside the structure without u$e o
additional fuel bags. All joints and structural oections are sealed air and liquid tight, to avoid
leakage of the fuel.

This implies for that particular part of the sturet, that the structural material is directly exgbso
fuel. In order to avoid any degradation due toftle environment, one should then consider use of
materials resistant to this environmental typehefuse of coatings.

This is especially an aspect to consider for polgmend fibre reinforced composites. Here, the
guestion will be whether the polymers applied ia #tructural material contains dissolvers that may
react with the chemicals in the fuel.

VENT LINE
ORAIN COUPLING COLLECTOR
TANK

OUTLET SCREEN

COLLECTOR TANK | .

FUEL CROSS FEED LINE 50-28-6004

Figure 2.10 lllustration of integral fuel tanks, eide the structure is directly exposed to kerosaeé f
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Another environmental aspect often not considemedelated to operation and maintenance of
structures. Often the selection of structural nigteis thought of well considering the environngent
and circumstances the structure will operate ih Wigth probability.

However, for maintenance and operation one hasertsider the materials applied in the structure. Use
of cleaning agents to clean a dirty structure mayase structural degradation and impair the integri
of the structure, if the cleaning agents are based chemical composition that reacts with the
structural material. One has to specify the clegnigents or at least the chemical basis of suahtage
for particular structure. Here, the example givetiha right hand side in Figure 2.11 illustratest tthe
specification works both ways. Produces of cleamiggnts define the restrictions to application of
such cleaning agents.

-
[

Y

=
d \LPURPOSE CLEANG

Figure 2.11  Photos of de-icing and cleaning procedyleft) and an example of cleaning agent
inappropriate for aluminium (right)

In general, not only corrosion related to air analsture, see section 2.4.1, should be considered in
structural design, but also the deterioration duether chemical environments. Here, one should
consider that the general advantage claimed f@wocafibre composites is that this structural materi
does not corrode. However, depending on the epgstem applied, it may deteriorate due to other
environmental conditions, like for example UV expas

One type of corrosion should be added to the dss@ashere; galvanic corrosion. Galvanic corrosion
is the electrochemical reaction process in which imietal may corrode due to electrical contact with
another material or metal, while being in an enwvinent that contains an electrolyte. This corrosion
process forms the basis of batteries, where onal weatrodes to provide electrical current.

Especially in moisture rich environment, such contaetween two materials may be easily made,
which can cause corrosion of one of the metalshegh One example is given in Figure 2.13, where
the aluminium rim corrodes in a wet, humid and ptiédly salty environment, due to the electrical
connection with the chromium plated brass spoke.
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It should be emphasized here however, that theacbdbes not necessarily be between two metals, it
may also be between a metal and another matefialhich the electric potential provide sufficient
difference with the potential of the metal. For mwde, aluminium connected to carbon fibre
reinforced composites, may lead to galvanic coorosdf the aluminium, due to the potential
difference of these two structural materials.

The method to counterattack galvanic corrosionoigsolate the different materials, avoiding the
electrical connectivity, or to assure that the miale are not immersed in a solution containing an
electrolyte.

Figure 2.12  Examples of brand new virgin structurgsper row) and structures after decades of openail
use (lower row)

©0U Depurtment of
Muterials Eaginceriag

Figure 2.13  Example of galvanic corrosion on a hika corrosive (wet/humid/salty) environment; gadic
corrosion between chromium plated brass spoke aipptl aluminium rim

34



2 Environment & durability

Sometimes, the process is exploited as solutionotmterattack corrosion. Here, the example of
placing Zinc sacrifice material to steel (maringuctures could be mentioned. Because the Zinc is
less noble than steel and under corrosive attaskiédorrode first, protecting the steel structurg
doing so.

2.5 Definitions

Corrosion In general: degradation of engineeringen®s due to chemical
reaction with its environment.

Metal specific; electrochemical oxidation in reantiwith an oxidant
such as oxygen.

Galvanic corrosion Electrochemical process in whmie metal corrodes when in
electrical contact with a different type of metahterial and both
metals are immersed in a substance containing elget

Glass transition temperature  The temperature athmpolymers exhiit a transition from a more
glassy (hard/brittle) state to a rubbery (eladégible) state
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Exercises & questions

2.1)
a) Environmental temperature often influences tiopgrties of materials. Consider metals, list three
properties that are influenced when increasingténeperature. Explain whether this influence
consists of an increase of decrease

b) Mention one phenomenon (or related propertypfdymers at elevated temperatures

2.2)
a) List two relevant environments that must be ictared for aircraft structures

b) List two relevant environments that must be wered for spacecraft structures
c) Give for each environment in a) and b) one adypical to that environment

2.3)

a) Hybrid structures are composed of structurahelgs made of different materials. Explain which

material property or behaviour may cause additi¢reglidual) stresses within the structure

b) Titanium-Carbon laminates (TiGr) have been ater&@d for structural parts of the Boeing
concept for the Joint Strike Fighter. Such laminatay be cured at 120°C and subsequently

cooled to room temperature. Explain whether théduva$ stresses in the Titanium layers are
positive or negative.
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Material types

3.1 Introduction

The key difference between the structures and maediscipline and other disciplines related to
flight is that this discipline is about materiatisn of concepts also developed within the other
disciplines. To create an aircraft or spacecraél st use materials. Materials in that senseluas t
be defined as substances, matters, constituergkements that are used to build parts, components
and structures.

The properties of materials do not depend on theometry, but on their composition only. The
relation between the composition and the propedies material will be further explored in followsu
courses. For the time being, one may considernbgepties as an artefact of materials.

There is a wide variety of materials available ® dsed in materialisation of components and
structures. Typical examples of materials are metateel, aluminium, magnesium, etc), wood,
ceramics, and polymers. All these materials haepeties which do not depend on their shape, like
for example mechanical properties, electrical prige physical properties, etc.

However, to materialise an aircraft or spaceciaficture certain material properties are requifeda
consequence, not all materials available in thigldvean be used, or are preferred to be used.
Aerospace structures require materials that ardsswalith good mechanical properties but with a low
density. This class of materials is often refeti@ds lightweight materials. Since there are nuoero
materials that are lighter than the materials auilyeused in aerospace structures, a more apptepria
indication would be lightweight structural matesial

The performance of materials should be as highoasible for the lowest possible weight. This can be
phrased alternatively by stating that the perforceaio weight ratio should be as high as possiliies T
leads to the use of specific mechanical propeniggch are the properties divided by the density or
weight of the material. The use of those specifapprties will be further discussed in chapter 8.

For application in aerospace structures, one cgtimdi the following material categories:

- Metal alloys

- Polymers

- Composites

- Ceramics
These categories are briefly discussed in the violg sections. But before, discussing these
categories individually, one has to be aware thaseé materials have been retrieved from resources
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like ores (metal) and oil (composites and polyme@sjce retrieved, they are transformed into semi-
finished products like sheets, plates, bars, fibpesvder (polymers), etc. The semi-finished prosluct
are further processed into structural elements ttisrtransformation a huge number of processes are
available that can be grouped into: casting, fognmachining, and joining processes. Subsequently,
the structural elements are assembled into strestur

Ore/oll

refine| | purify
\

Material

cast| | solidify
N

Semi-finished product

form cast
join machine

Structural elements

join| |assemble

V4
Structures

Figure3.1 Illustration of subsequent production steps from raw material resourcesto structures

The properties of structures are directly relatedtiie material properties although they are not
identical: structural properties are often influeddy the shape and geometry (design) too. However,
there is also another aspect to be considered whimizing between material and structural shape;
not every structure or shape can be made of angriaktConsider for example the Eiffel tower, the
Parthenon, or a surf board. The selected matgriedp. metal, marble and composites) and the shapes
of these artefacts are compatible.

This also implies that if the shape is not adagtedr compatible with the material, the material
properties are not optimally used and exploited!

A similar relationship exists between material ananufacturing process. Metals can be melted, so
casting and welding are available production preeggor metals. These production processes cannot
be applied to for instance ceramics or fibre raicéd composites.

The last relationship to mention is the one betwienshape (or structure) and the manufacturing
process. To fabricate a sheet metal wing rib, oag use a forming process. Replacing the same rib by
a machined rib will consequently result in differeetails of the wing shape (local radii, thickness
etc). To put it the other way around: To creatglandrical shape and a double-curved shape, diftere
manufacturing processes are needed.

In summary: there is a strong interrelationshipneein the three entities “material”, “structure or
shape” and “manufacturing process”. Changing ondéyenften affects both others. For the best

38



3 Material types

solutions to structural problems, i.e. to trulyiopze the structure and its performance, one should
include all three aspects in the design and ittuatian. This is illustrated in Figure 3.2 .

Materials

Structural
performance

Manufacturing Shape/
structure

Figure 3.2 Illustration of the rel ation between Materials, Manufacturing and Design, with the topic of
interest in this chapter highlighted

3.2 Metal alloys

An alloy is made by adding alloying elements to plueified metal in order to increase or modify the
properties of the pure metal. For example, addinfgva percent of copper and magnesium to
aluminium (like in Al-2024) increases the yieldestgth and ultimate strength both with a factor of 4
to 6. In general, metal alloys have good processitshow plastic behaviour, and are rather cheap

3.2.1 Typical mechanical properties

Metal alloys typically are isotropic materials ebxiting similar elastic properties in the all diriects

of the material. Because of this isotropic behavitlie material specifications and the specificeio
of physical and mechanical properties are oftermiwdifferent of the orientation. Only for specifi
metals that show anisotropic behaviour, like foaraple aluminium-lithium alloys, and for rolled
sheet material sometimes properties are specifiéda directions. The orientation dependency fer th
rolled products is elated to the shape of the grépverely elongated in rolling direction) as festi
the rolling process.

Because metal alloys are ductile materials thdd yweyond the yield strength, not only the ultimate
strength is specified, but also the yield strengthis value indicates how far the material can be
loaded elastically before permanent plastic deféionanay occur.

Table 3.1 gives some mechanical and physical ptiegeof typical steel, aluminium, titanium and
magnesium alloys. It can be observed from the nathis table that there is some relation between
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strength and stiffness on the one hand and theitdens the material on the other hand.
Steel exhibits high strength and stiffness, buthatcost of a high density, whereas magnesium (the
lightest alloy in the table) shows the lowest meital properties.

Table 3.1 Typical mechanical properties some metals

Metal Alloy E G Oy Oult Eult v p
[GPa] | [GPa] | [MPa] [MPa] [%] [] [g/cn]

AISI 301 193 71 965 1275 40 0.3 8.00

Steel AISI 4340 205 80 470 745 22 0.29 7.85

D6AC 210 84 1724 1931 7 0.32 7.87

Aluminium AA 2024-T3 72 27 345 483 18 0.33 2.78

AA 7475-T761 70 27 448 517 12 0.33 2.81

Titanium Ti6Al-4V (5) 114 44 880 950 14 0.34 4.43
Magnesium AZ31B-H24 45 17 221 290 15 0.35 1.78

3.2.2 Typical applications

Typical applications for metals are structures emghiponents that require high strength both in
tension and in compression, see the examples urd-8)3. Example applications for steel alloys are
found in aircraft (landing gear components), ttedmponents and rails, bridges, towers and cranes.

Aluminium alloys are for instance applied in theimiuselage and wing structure of most aircratft,
train structures, and car and engine components.

In aeronautical structures, titanium is appliedpplications that require performance at elevated
temperatures, like for example in the Concorderaitithry fighters. Most magnesium alloys are not
applied in aircraft for flammability risks.

In general, metal alloys are applied in componants products that are produced in high volumes.
Examples here are the cars and cans.

Steel is also often applied as reinforcement nelterifor example civil applications. The applicati
of steel cables in suspension bridges is an evielaple. But also concrete is reinforced withlstee
cables to increase the strength of the structigpeéally in case of high buildings the steel
reinforcement is applied to pre-stress the strectiue. the steel reinforcement is put in tension
(because of the excellent tensile properties), whicequilibrium puts the concrete in compression
(for which concrete is known to perform excellent).
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Figure3.3 Typical applications of metals

3.3 Polymers

In general, polymers are not considered for strattapplications. The polymers have relative low
strength and stiffness and can therefore not be astructural materials. However, they are appied
structural adhesives to join other materials, amelytare applied with additional reinforcement in
composites.

3.3.1 Typical mechanical properties

Compared to rigid materials like metals, polymexbilgit significant lower stiffness and strength.
Here, it should be noted that the stiffness of maolymers is not constant during loading. Whereas
metals exhibit linear stress-strain behaviour irirdpelastic deformation of the material as illaséd

in Figure 1.5, the stiffness of polymers often d®with the amount of strain, see Figure 3.4. Beca
of such non-linear behaviour, the initial slopetaf material is taken to determine the elastic rhedu

Although the strength and stiffness are generathy Yow, the elongation at failure can be quitehhig
Some rubbers for example may strain up to 500%rbd&ilure occurs.

In chapter 2, it has been explained that the teatpex has an influence on the mechanical properties
of materials. Although this is in general the cémreall material, it is quite significant for polyars.
Depending on the temperature, material may eitherate like brittle materials or like elastic
materials. Especially at low temperature, many pelss behave brittle.
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With increasing the temperature a gradual tranmsiten be observed from brittle to elastic and rupbe
behaviour, while further increasing to high temparas the material may become viscous of even
liquid like.

Figure3.4 Qualitativeillustration of the non-linear stress-strain behaviour of polymers

This transition to the viscous state is importamtgolymers, because it implies a significant reiduc

in the mechanical properties. A well known tramsitifor polymers is the so-called glass transition
temperature, referring to the transition glass leixhiat elevated temperature exploited in the glass
blowing process.

Figure3.5 Transition in modul us of elagticity at the glass transition temperature, bel ow the melting
temperature
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Some polymers exhibit different mechanical behavitepending on the rate they are strained. Glass
fibres for example exhibit higher strengths whesdied with very high rates. This can be beneficial i
case of impact for example.

3.3.2 Typical applications

Because of the wide variety of polymers that exise number of applications is numerous. Some
main categories can be distinguished

- Elastomers

- Plastics

- Fibres

Some well known examples of polymer applications diustrated in Figure 3.6. Rubbers are
elastomers that are typically applied in tires,lisga coatings and liners. They are in general
characterized by their flexibility and the largeast to failures. Plastics can be divided into tvain
categories

- Thermoplastic

- Thermoset

Thermoplastic polymers melt when heated to ceteimperatures and return to their glassy state when
cooled again. These materials are often assocwitadweak Van der Waals forces. This means that
the material can be melted above their melting tratore and moulded into components. The process
is reversible, as reheating will melt the mateaigéin.

Figure 3.6 Typical applications of polymers
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Thermoset materials however are cured irreversibhich means that once the chains link during
curing the process can not be reversed. Theseiaiatesually do melt at high temperatures, but may
decompose or burn when heated too high.

The difference between these two materials is densd important, especially when addressing
recyclability of the materials. Thermoplastic mé&tks can be recycled relatively easy by heating
above the melting temperature, while thermoset mad$eare in general not easy to recycle.

Example applications of thermoset materials areotdeBakelite telephones and the epoxies used in
fibre reinforced composites. Here, it should be thoered that current developments seem to aim to
replace for certain composite applications therttoaret matrix material by thermoplastic matrices.

Examples of fibre types are natural fibres, synthibres and Nylon. Application of these types of
fibres in a fibre reinforced composite, impliesttd#ferent polymers are combined into a structural
material. The fibre is made of another polymer tttenmatrix material.

3.4 Ceramic materials

Ceramics are not suitable for structures. Theytace brittle and have poor processing features.
However, they are applied in some space applicatifor instance for thermal protection of the
metallic or composite structure. Ceramics oftensiginof (metal) oxides and metals, in which ionic
bonds between the different atoms provide the madtgructure.

3.4.1 Typical mechanical properties

In general, ceramics are hard and brittle matetieds have very limited toughness due to the l&fck o
ductility (small failure strain). In certain casasigh strength and stiffness can be achievedihamt
depends on the composition of the material andiethel of porosity.

The reason why certain ceramics are consideretidat protection is that they are capable to sustain
very high temperatures. Even at those temperatweadd the bonds between the atoms remains very
strong. This strong bond also implies that ceramresoften very resistant to wear.

3.4.1 Typical applications

A variety of typical applications for ceramics cée mentioned here. To start with the glass
application, glass is applied in window panes, ésndut also in fibres. Glass fibres are very stabl
fibres that have high mechanical properties botfension and compression. At high strain rate kvel

the glass often provides a higher strength thamwguasi-statically loaded to failure.

Another ceramic example is clay. Porcelain andkisrire well known examples of these ceramics. In
civil applications not only bricks, but also cenmenand limes are being applied as ceramic
applications.

Other examples are cutting tools and abrasive mktapplied for their high wear resistance, armour
reinforcement because of their high puncture rasts, and in case of glass fibres, high impact

44



3 Material types

resistance. The already mentioned high heat resistél600 — 1700 °C) results in many applications

in engine components and heat protection system féor example, the Space Shuttle. Some
applications are illustrated in Figure 3.9.

Example: Space Shuttle Columbia
A known application of ceramic materials is therthal protection tiles on the Space Shuttle. Theortgmce
of this protection is illustrated with the tragiccadent on February 1, 2003. During launch/lift-afpiece of
foam detached from the tank and hits the leadirge eaf the wing causing damage to the ceramic skin.
Although during lift-off and mission no apparenbplems are observed, the Shuttle disintegratechgus-

entry. Analysis revealed that during re-entry hasges could enter the wing structure through ttmeade
affecting the structure behind the ceramic tiles.

In this accident the crew of 7 persons was killed.

Figure 3.7 Soace Shuttle Columbia (l€eft) with indicated location of space debris (centre) and an image of
the accident

Figure 3.8 Image of the ceramic tileswith an impact (left) and debris from the accident (right)
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Figure 3.9 Typical applications of ceramics

3.5 Composite materials

Composite materials are, as the name already iedicanaterials that are composed of different
materials. A more accurate description or defini®given by

Composites are engineering materials in which two or more distinct and structurally
complementary substances with different physical or chemical properties are combined to
produce structural or functional properties not present in any individual component

An example of a composite is the fibre reinforcetymer composite, which consists of two distinct
and complement materials, namely fibres and polyiee function of the fibres is to reinforce the
polymer providing strength and stiffness to theamat and, by doing so, to carry the main portién o
load. The function of the polymer is to support flbees and to transfer the load to and from thecf

in shear. This is indicated in Figure 3.10.

Products and components made of fibre compositefabricated with specific processes like filament
winding, lay-up and curing, and press forming, désed in the next chapter.

T E, (longitudinal)

Fibre

Matrix

Composite

Stress

Reinforcing fibers

—_—

E; Matrix

»
|

Strain

l

Figure3.10 Illustration of a fibre reinforced polymer composite ply, and the related stress-strain behaviour
of constituents and lamina

46



3 Material types

3.5.1 Typical mechanical properties

Evident in this figure is that the stress-straimdaour of the fibre reinforced polymer composse i
determined by the constituents of which it is cosgab The stiffness of the lamina is a functionhef t
stiffness of the polymer and the fibre, which candstimated by the rule of mixtures, discussed in
section 3.6. However, whereas the stiffness magiteetly related to stiffness and volume content of
each constituent in the lamina, the strain to failis solely determined by the strain to failurettoeé
fibres. Once the fibres failure, the strength &ftbmaining polymer is too low to carry the load.

One should pay attention to the definition givemehfor ‘composites’, because this definition states
that any type of engineering structural materiait thatisfies this definition is considered to be a
‘composite’. These days, people use the wordingfmasites’ often to indicate only one specific type
of composites, namely the one constituted of carfilmes and polymer. However, one should be
aware that this is an inaccurate use of the defimidf composites.

To illustrate the meaning of the definition of comsfies, another example of a composite is given by
the category of hybrid materials, such as for exankpbre Metal Laminates [1]. These structural
materials consist of alternating metal and compdsiyers combining the benefit of each constituent
material, while compensating each other’s disadges.

Fibre

le~ Metal
— Matrix
S é  Composite é

— Reinforcing fibers 2 ' &
1
1
:
' .
! Matrix
|
1 - -

Strain Strain

Figure3.11 Illustration of a fibre reinforced polymer composite ply, and the related stress-strain behaviour
of congtituents and lamina

In general, fibre reinforced polymers are charaoter by their high specific properties. The stréngt
and stiffness to weight ratio is considerable. Haavemost composites behave elastic until failure,
without showing any ductile behaviour. Despite dfien very high strength and stiffness, this limits
the toughness of these materials.

Due to the high directionality (fibre orientatiotlese materials enable tailoring to specific load

applications (beams, cables, columns), but requindiple orientations to cope with bi-axial load
applications.
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Table 3.2 Qualitative comparison of typical properties of several composites

Material Specific Failure Electrical Flame uv Chemical
strength strain | conductivity | resistance |resistance | resistance

Glass fibre reinforced composite High Medium Low High High Low

Carbon fibre reinforced High Low High High High Low

composite

Aramid fibre reinforced High Medium Low High High Low

composite

Fibre Metal Laminate High Medium High High High Medium

3.5.2 Typical applications

Typical applications are illustrated in Figure 3.¥2ind turbine blades are commonly made of glass
fibre composites. Other applications are sail gaared pressure tanks and vessels.

Carbon fibre composites are often applied in autorecand aerospace structures for their high
stiffness. A well known application in sailboatsfts example the mast. But also (motor) bikes are
made of carbon fibre composites because the stdfiaad rigidity of the frame is important in such
design. Similarly certain sport equipment is mafidnese materials.

Aramid and Kevlar based composites often find ajapions in armour and bullet proof protection
systems, like bullet proof vests and cockpit dabat should resist terrorists. Also heat and flame
resistant products are often made from aramid fibirforced composites.

Typical applications of the composite Fibre Metaniinate (FML) concept are primarily found in
aerospace applications. The reason is that theseriada are specifically developed for their high
strength and fracture toughness, which increasegldimage tolerance of primary fuselage and wing
structures, necessary for maintaining structuragrty. The FML Glare is currently applied as uppe
fuselage skin material and impact resistance enggmieading edges on the Airbus A380. The
material is also applied as high damage toleratttdbtap joint material in the Airbus A340 fuselage

3.6 Rule of mixtures

A simple method to estimate the composite ply pribgee of a composite material is the so-called rule
of mixtures. This rule is a meant &stimate the lamina properties based on the propertiehef t
individual constituents, i.e. fibre and matrix syst However, one should be aware that the method by
no means is considered accurate!

M P:MF+MM - p V :pVF+pMVM (3.1)

FR FRP  FRP F

where M indicates the mass of the constituent,eAiblume ang the density.
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Glass fibre composites

- Wind turbine blades

- Sail planes

- Pressure tanks & vessels

Carbon fibre composites
- Automotive components
- Aerospace components

- Sailboats

- (motor) bikes

- Sport equipment

Aramid/kevlar composites

- Armor & bullet proof
products

- Impact and penetration
resistant products

Fibre Metal Laminates

- Upper fuselage skin panels

- Impact resistant leading
edges

- Critical joint straps

- Lower wing panels

Figure3.12  Typical applications of composites

This equation can be written as

\Y \Y,

pFszpFVF +pMVM - pFRPzpFVF+pMVM (32)

FRP FRP

where v indicates the volume fraction of the caosetit in the fibre reinforced laminate. This linear
relationship is illustrated for the density of taminate in Figure 3.13.

Similarly, this rule of mixtures relationship idustrated in Figure 3.14 for a carbon fibre comjmsi
with various lay-up configurations. Here, it shoble clear that the high fibre volume may improve
the properties, but that the different orientatioeduce the overall laminate properties significainie
grey shaded area in this figure illustrates the room fibre volume fractions typically applied in
composites.
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Figure3.13 Rules of mixtures to estimate the composite ply properties based on the matrix and fibre
properties relative to their volume content
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Figure3.14 Illustration of the effect of fibre volume fraction of the individual composite plies and lay-up on
the overall laminate stiffness (shaded area istypical range of fibre volume fractions)
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3.7 Requirements for structural materials

One could assemble a list of requirements for thgineering materials considered. Comparison
between these material requirements and, for exarspiuctural requirements would reveal a large
overlap. However, here one should be careful: thegesignificant differences between these two.

Several requirements for structures are also masidor materials: high strength, high stiffnessy |
weight, durability, and costs. Nonetheless, onailshkeep in mind that for compliance to structural
requirements the geometry of the structure couldriamged.

For example, to increase the stiffness of a stractone can select either a material with a higher
stiffness, and/or create a stiffer geometry (shgsegn). But, changing the stiffness of the materia
represented by its Young's modulus, is not possible

Likewise the density is a material constant. Ofiteperties like the strength and the durability ban
changed by (slightly) changing its composition theo alloy) or condition (temper).

In addition to these requirements, more requiremeah be mentioned here that relate to the relation
illustrated in Figure 3.2.

The manufacturability or workshop properties of enads relate materials to manufacturing aspects.
To manufacture an aircraft, it is very importanttove materials that have good workshop properties.
For instance, aluminium alloys have good manufatility, but titanium alloys don’t. That means
that processes like forming and machining (drillimgilling) are easy for aluminium alloys, but
difficult for titanium alloys. In composites, glasnd carbon fibre reinforced composites have
good/adequate workshop properties, but aramid @€efibre reinforced composites are very difficult
to cut by machining operations, due to the vergtoaramid fibres.

To emphasise the importance of the manufacturipgas in relation to materials requirements, one
should also consider that several manufacturinggases are relatively easy for one material, but
impossible for other. For example, for manufactyiraf a spar or stringer extrusion and machining
processes are available for metals, which ar@afiglicable for fibre reinforced composites. Sébect

of the appropriate materials then relates to tladable production processes.

Physical properties like electrical conductivitydatine coefficient of thermal expansion (CTE) are
important for specific features of the operationfgrenance. The electrical conductivity of aluminium
alloys make it easy to create a (safe) cage ofdagraf the aircraft fuselage. For composites this i
more difficult; sometimes extra strips or conduetineshes are required for this protection against
lightning strike.

In this respect, the CTE is also important becaizaft operate between +80°C (a hot day on the
airport) and -60°C (at cruise altitude). Large elifinces in values of CTE of applied materials could
cause extra problems, like the thermal stressdaiegrd in the previous chapter.

Therefore, meeting the requirements should be aetliboth on a structural level and material level.
Once dominant material requirements are met, giso@es could be solved on a structural level. For
example, the earlier mentioned differences in Cold induce thermal stresses in a structure. This
can not always be solved by changing one of théeapmaterials. The structural design solution, i.e

type of joint, direct contact between materialseparation by intermediate layers, could solveehos

specific issues.
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3.8 Definitions & abbreviations

Composites Engineering materials containing twonmre distinct and structurally
complementary substances with different physicatf@mical properties,
having structural or functional properties not présin the individual
substances

References

[1] Vlot, A., Gunnink, J.W. (Eds.), Fibre Metal Lamaites, an introduction, Kluwer Academic
Publishers, Dordrecht, 2000.
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Exercises & questions

3.1)

a) What are the 4 main material types for techrapalications?

b) What two material types of these 4 cannot bd irskighly loaded structures? Why not?
c) Give two typical applications for each of thésee material types.

3.2)

a) “After purification the metals are alloyed”. Wh& meant with “purification” and with
“alloying™?

b) Which of the following metal properties can lignfficantly changed by alloying: E-modulus,
strength, ductility, density?

c) Metal alloys are regarded as isotropic materMlbat is meant with “isotropic”? What is the
name used for a material that is not isotropic?

d) What are the densities and E-moduli of steelya|l Titanium alloys and aluminium alloys (rough
estimate)?

e) Adesigner likes a low yield point. Right or wg® Explain

a) Polymers are made of ...... ?

b) There are two main groups of polymers: thernsoaretl thermoplastics. What is the difference in
microstructure? What impact does this have on thenal behaviour?

c) Mention at least 5 products that are made ofrpets.

3.4)
a) What are the good properties of ceramic mag&r¥lhat are the disadvantages?
b) Why are ceramics materials seldom used in straicapplications?

3.5)

a) Give a short definition (own words) of a compeasnaterial.

b) Give two examples of composite materials.

c) What is, in a fibre reinforced polymer, the ftioo of the fibres? What is in that material the
function of the resin or polymer?

d) Whatis alaminate?

e) What is meant with a Uni-Directional (UD) lamie@ What is a Cross-Ply (CP) laminate? What
is a quasi-isotropic laminate?

f)  Mention three important fibre types

g) For what properties can the rule of mixturesibed: strength, E-modulus, density, failure strain?
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3.6

a) )A fibre reinforced plastic has a fibre volumaction of 58%. Estimate the density of this
composite material based on the constituent priegeg = 2500 kg/mand p,= 1200 kg/rf)

b) This composite material is subsequently appliea Fibre Metal Laminate with a metal volume
fraction of 56%. Estimate the density of this laat@p, = 2780 kg/r)

3.7)

a) Afibre system has an E-modulus of 180 GPapthgmer has an E-modulus of 3 GPa. The fibre
volume-content of the composite is 50%. What isBEh@odulus of a UD laminate? What is the
E-modulus of a symmetrical CP laminate?

b) Does the E-modulus change when the CP is natngyrital (e.g. 70% of fibres in one direction —
30% of the fibres in a perpendicular direction)?

c) If we create a hybrid material (composite ofngihium, fibres and polymers), and use the fibre
reinforced polymer as described in the previousstipie what will be the E-modulus of that
material, in case of UD and symmetrical CP, ifitetal volume is chosen to be 60%?

3.8)

A quasi-isotropic carbon fibre composite panehisihated in a symmetric lay-up. This means a lay-
up like [0°/90°/45°/-45°/-45°/45°/90°/0°] or [0°/9@5°/-45°]. The nominal thickness of the cured
composite plies (layers) is 0.132 mm. The stremgtth the modulus of elasticity of this laminate are
given by Figure 1.16.

a) Calculate the volume fraction of the 0° fibrecls

b) Calculate the volume fraction of the +45° fitagers

c) Calculate the strength of the panel

d) Calculate the modulus of elasticity of the panel

3.9)

a) Give a clear example that illustrates the retetip between “material”, “shape or design”, and
“manufacturing”.

b) Mention typical material requirements with respez “performance”, “manufacturing” and
“physical properties”.
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Manufacturing

4.1 Introduction

The previous chapter provided a brief descriptibthe different material categories relevant foe th
aeronautical industry together with some charasties and typical applications. As mentioned there,
the performance of a structure is to be evaluateatrade-off between material aspects (discussed i
previous chapter), structural aspects (discuss#tkeinext chapters) and manufacturing aspects.

This means that despite being dealt with in indigidchapters, these aspects relate directly to each
other. Considering material aspects together withctiral aspects, but without addressing the
manufacturing aspects will never lead to optimigedctures.

This chapter provides an overview of manufactuteanniques adopted in industry for manufacturing
structures, components and products made of therialat presented in the previous chapter. The
discussion on how manufacturing aspects are dédltinvpractice is given in chapter 13. This chapte
limits itself primarily to the manufacturing aspedf metallic and composite materials, because they
are considered most relevant for the aerospaceiirydu

Materials

_ Structural
“performance

Manufacturing Shape/
i structure

Figure 4.1 Illustration of the topic of interest in this chapter
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4.2 Metals

In general, three different manufacturing categodan be identified for metallic materials to ceeat
component or product

- Casting

- Machining

- Forming

4.2.1 Casting

Casting is production process in which liquid isupsm into a mould containing the shape of the
product. The shape of the cavity inside the mowlitheés the outer shape of the product. Although the
principle is very old (it has been applied for 08&00 years), it is still often used for manufaictgr
complex parts. There are more materials that cacaebeed, like for example polymers, concrete and
clays. The metals are heated above the meltingasnpe to provide a liquid that is subsequently
poured into the mould. After cooling the part, et is often retrieved by breaking the mould. An
illustration of metal casting and of a typical puotlis given in Figure 4.2

Figure4.2 Casting: process (l€ft) and typical product (right)

4.2.2 Machining

Machining is a solid state cutting and milling pesses. This means that the process is applied to
materials in their solid state at room temperatatg@ch means that heating or melting of the malteria
is not necessary. However, machining often requineduse of a cooling agent, because cutting and
milling create in itself heating of the materiahélprinciple is illustrated in Figure 4.3.

This figure illustrates the milling and cutting pess. The first is a process that removes chips of
material (milling, drilling, grinding, etc), whiléhe latter is a not removing chips, but separating
(shearing) materials.

Machining is commonly used to produce large comptsdor which with small geometrical
tolerances are required. Geometrical toleranceslgfined as the maximum variation that is allowed
in form or positioning of the product or componeBécause the material can be fixed into its pasitio
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in its solid state, machining can be performed vgthat accuracy, thus enabling small geometrical
tolerances.

There are several types of tolerances possible
- Form control
- Flatness
- Positioning
- Perpendicular/parallel
- Etc

Although the machining process usually requiregdaand expensive equipment, the process is
considered to be inexpensive for large quantitrelie components, because it is relatively easy t

automate. Especially high-speed machining enahliedugtion of components at high speeds with

high accuracy and small tolerances in a relativetsdimount of time. Even thin-walled components

can be easily manufactured with high accuracy.

Figure4.3 Illustration of the principles of machining (upper) and forming (lower)
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4.2.3 Forming

The category of forming of which an example (shHestding) of the principle is provided in Figure
4.3 can be further divided into forming of bulk m&&l and forming of sheet material. Examples of
the first sub-category are

- Extrusion

- Forging
Examples for the second sub-category are

- Bending

- Deep drawing

- Roll bending
The forming principles of these processes aretiliesd in Figure 4.4.

Extrusion Bending
Forging Deep drawing
Rolling
Figure4.4 Illustration of the forming principles of bulk material (Ieft) and sheet material (right)

An important aspect to forming is that in ordercttange the shape of the material permanently, the
material is plastically deformed. However, befotasfic deformation occurs, the material deforms
elastic until it reaches the yield strength of thaterial, see chapter 1. The elastic deformation is
reversible, which means that after the maximum meddion is reached and the forces are removed a
small portion of the imposed deformation will barehated.

Consider sheet bending as illustrated in FigureAt$he maximum bending deformation, the material

has first gone through elastic deformation and egbsntly plastic deformation. Thus once the
bending force is removed, the material will spiragk corresponding to the elastic deformation.
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Figure4.5 Illustration of spring back in sheet forming and relation to strength
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Elastic spring back

There are two important aspects to this spring bRokt the amount of spring back is dependent on
the level of the imposed stress. As illustratedrigure 4.5, the spring back will be higher for regh
yield strength, because higher yield strength iegpinore elastic deformation.

Here one may observe the relation between matandl manufacturing aspect in relation to the
structural performance; often a high yield strengtipreferred for a structure, to avoid permanent
deformations at maximum operational loads. Howefvem a manufacturing perspective, high yield
strength implies large spring back that needs tadeeunted for.

That relates to the second aspect of spring batdcainces. The final shape of the product is obthin
after the forming forces are removed and elastrimgpback has occurred. If small tolerances are
required, this implies that the spring back muskbewn as accurate as possible. For the example of
bending over a single line as illustrated in Figdrg, this may be very well achievable, but if the
deformation is applied to double-curved shapesitf®dsional), this becomes a complex calculation
exercise.

4.2.4 Forging

Forging is a forming process applied to bulk malerSome special attention is given here to the
production process. The interrelation between tla¢erral, manufacturing and geometrical aspects,
illustrated in Figure 4.1, is clearly visible withe forging process.

Forging is a process where bulk material is defarnmto another shape by applying compressive
forces to the material. This process should beiegt elevated temperature. Obviously, at higher
temperatures the materials are easier to deforoause the resistance to deformation is lower.

The mould used to form the material into its newpsh defines with its inner contour the shape ef th
product. However, small tolerances can not be aelisvith this process, because the work applied to
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the material induces formation of internal stressksgether with little elastic deformation (see
previous section) these residual stresses will gdilibrium while settling to its final shape afte
unloading. Because the level of detail achievabilin forging is limited, machining is commonly
applied after the forging process, to achieve doglired geometry with accuracy and tolerances.

However, this requires some additional considenatidoecause if internal residual stresses have
obtained equilibrium after the forging processstmay imply that once material is removed with
machining the equilibrium has changed and subseélyuéme shape. Therefore, either thorough
analysis of the formation of residual stresseseiguired to predict potential ‘spring back’ after
machining, or machining has to be applied carefojlyemoving in a symmetric manner and in small
amounts. An example of two different productionwtees for forging is illustrated in Figure 4.6.

7085-T7452 Cold
Worked Forging
(at final temper)

7050-01 Quenched J\
Forging

l

Rough Machine to 2-4in

AL gty

S Intermediate Machine
Heat Treat/Quench/Age = (minimal flipping)
to -T74 Temper (No CW) =

Intermediate Machine s
(flipping, resting, etc.)

Final Machine Part Final Machine Part

Figure 4.6 Two production sequences for forging and machining an aircraft frame

The example visualized in Figure 4.6 illustratesthar relation in Figure 4.1, because the seleafon
the production steps in manufacturing a componmaty imply that the residual stresses that are in
equilibrium in the product in its final shape mag significant or not. The lower the residual stesss
in the final product, the less issues it may indoieehe structural performance.

4.3 Composites

In manufacturing of composite structures, severatipction techniques can be identified that can be
classified with

- Placement of fibres in dry condition

- Placement of fibres in wet condition

- Placement of fibres after pre-impregnation
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4.3.1 Filament winding

Filament winding is a production technique that banapplied by placing the fibres either in dry or
wet condition on a mould with a given geometry. 8ee of the rotational movement during winding,
typical products are products containing a cylicalrigeometry, like for example pressure vessels.
Open geometries like for example bath tubs arepassible to be made with filament winding.
Products made with filament winding often havexile appearance.

Characteristic for the filament winding procesghat the placement of fibres is bound by the ihitia
orientation and friction, with no free variableemtations possible.
The mould used to define the shape of the produet which the fibres are wound is called a
mandrel. There are two options that can be appdiethe mandrel
- Removable mandrel; the mandrel should be solvatnégpsible or tapered in order to be
removed
- Used as liner; the mandrel becomes part of the fireduct and serves for example as liquid
and gas tight inner liner.

The windings that are possible are given by
Hoop «;=90°

Helical aj=%n°

Polar a;=0°

Machine drive

Resin bath
Filament feed

Mandrel

Helical
windings

Filament
carriage

Figure4.7 Schematic presentation of filament winding (right) and polar winding (left)

4.3.2 Pultrusion

Pultrusion is a process equivalent to extrusioa,Fsgure 4.4, but where the material is pulled dkyto
the mandrel rather than pushed. The material ieghuiiough a mandrel that defines the shape of the
product. Although the reinforcement with fibres possible and commonly applied, there are
limitations to the way fibres can be positionedha product. This limitation is related to the prss.
The reinforcements that are possible are

- Rovings, strands or unidirectional material

- Chopped strands (fibre mats)

- Woven fibres
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The first category is mostly applied. In any casbatever category is selected, a certain amount of
continuous fibres is necessary to provide the gtremm longitudinal direction for pulling. For the
matrix material thermoset are applied, like forrapée polyesters and vinyl esters.

niinuous Strand Mat
1 Razir Impragnatcr
g Vel

*

" N
]

,f.'r ~ b I‘fpl
&LAs

* Caterpillar Pullere [ehown) or
HKaziprocating Pulizs

Figure 4.8 Schematic presentation of a pultruson machine

4.3.3 Lay-up

Lay-up is a manufacturing process that can eitleenfplied manually, or fully automated. Manual
lay-up is often used for small quantities of a prdd Because of the relative low quantities of
aerospace components (except for single aislea#tironost commercial aircraft are manufactured at a
rate that is closer to prototyping than full scaléustrial production) manual lay-up is often apgli
However, with the introduction of composite fus@agiructures (Boeing 787 and Airbus A350) the
need for automation of the production process as®e. This is especially the case, because circular
shaped barrel components can not easily be matiemenual lay-up. The automated lay-up process
is typically referred to as tape laying or fibora@ment.

Comparing tape laying with manual lay-up, some benand drawbacks can be identified. Because
automation implies numerical control, the placemeasially is more accurate and better repeatable
than manual lay-up. As a consequence the differbatieeen identical parts is less for tape layiray. F
fibre reinforced composites, the better accuracypiacement of fibres results often in better
mechanical properties.

However, the apparent drawback is that is reqainesxpensive tape laying machine, which makes the
automated process even more expensive. As a carseg|wnly large volumes or high end products,
like for example space technology, justify the highestments.

In general, components made by lay-up can be \agelbut are limited by the time needed for
impregnation and curing and the size of the autecl®n autoclave is pressure oven in which
components can be cured at elevated temperaturpraggure. For example, the fuselage barrels of
the Boeing 787 require because of their diamet@rylarge autoclave.
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Lay-up can be applied both using dry lay-up, whickhen followed by impregnation and subsequent
curing, and wet lay-up, which is only followed byring.

A typical variant of lay-up is prepregging. Thisopess uses pre-impregnated material (i.e. fibras th
are impregnated with resin and subsequently caleeld as tape or prepreg), which is positioned on a
mould either by manual or automated lay-up. Aftsr-Uip, the component is placed underneath a bag
that is put in vacuum to remove the air from thenponent, before it is cured in for instance an
autoclave. This lay-up variant enables manufacgudomponents with high quality, but in return
implies a rather expensive process.

A quicker and cheaper process uses a spray upigeehrinstead of long continuous fibres short

chopped fibres (10-40 mm) are applied that areysgranto the mould. As a consequence, the fibres
are positioned in a random orientation, which pilesiin-plane isotropic properties

The disadvantage of this process is that it resaltsomponents with low mechanical properties

compared to lay-up using continuous fibres, andginaity depends on craftsmanship. This implies

that repeatability of this process is low from ovarker to another.

4.3.4 Resin transfer moulding (RTM)

Resin transfer moulding is a manufacturing proagksre dry fibres are placed in a stiff and rigid
mould, which is subsequently closed. With the uS@ressure difference (i.e. high pressure at the
entrance of the mould and low pressure at its er@fin is drawn through the mould cavity
impregnating the dry fibres. After this procesgpste completed, the impregnated component can be
cured. The principle of the RTM process is illustthin Figure 4.9.

Figure4.9 Principle of resin transfer moulding and vacuum infusion

An alternative process, but closely related to REMacuum infusion. In that process, dry fibres are
also placed in a stiff and rigid mould, but the mhdois closed with a flexible film. Putting the dry
fibres underneath the film under vacuum will congigréhe material and pull the resin through the dry
fibres in the mould.
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The third variant is the vacuum assisted resinsfexrmoulding (VARTM). This process is in general
similar to RTM, but the pressure differential ist mmly created by applying pressures higher than 1
bar at the injection side, but also by applyingwan at the exit side.

The difference between the pressures used in the grocesses is summarized in Table 4.1. Typical
examples of applications manufactured with vacuofusion are given in Figure 4.10.

Table 4.1 Typical pressures applied to obtained requires pressure differential
Pressure P; (outside) P, (inside) AP
Resin Transfer Moulding > 1 bar 1 bar > 1 bar
Vacuum Assisted Resin > 1 bar <1 bar > 1 bar
Transfer Moulding
Vacuum infusion 1 bar <1 bar ~ 1 bar

Figure4.10  Example applications of vacuum infusion: Contest 55 (upper row) and Eaglet rudder (lower
row)

4.4 Thermoset versus thermoplastic

With respect to composites manufacturing, some tiatdi remarks can be made. Traditionally,

composite applications for aerospace structure® waanufactured using thermoset resins, like for
example epoxy and polyesters. However, the intrbolucof thermoplastic polymers as matrix

material for composite structures has implicationghe production aspects.
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A qualitative comparison between the charactegsticthermoset and thermoplastic components and
their manufacturing is given in Table 4.2.

In general, the advantage of thermoplastic comessis that it enables rapid manufacturing,
producing components that can be recycled (mettiegmaterial again), welded (locally melting the
material and cooling after components are presgmihst each other), and the process does not
depend on chemical reactions. Compared to thermesieis an important disadvantage is the required
high temperatures and pressures, the limited stdifegand out-gassing characteristics.

Some aspects that must be considered before sgjebe application of thermoplastic resins is that
the melt processing used to produce thermoplagimposites limits the viscosity that can be

achieved. A dimensional limitation due to the vty requirements can be illustrated with the

example of wind turbine blades. Because these blarevery large and long, is is impossible to push
the resin through the full length of the compondntsapplying even high pressures. Therefore the
melt processing of thermoplastic composites is idemed a process not suitable for manufacturing
wind turbine blades.

Table 4.2 Comparison between thermoset and thermopl astic
Aspect Thermoset Thermoplastic
Material Liquid components A and B Single solid mat
Melting step No Yes
Impregnating fibres Yes Yes
Chemical reaction Yes No
Material after cooling Solid matrix Solid matrix

4.5 Definitions & abbreviations

Geometrical Maximum variation allowed in form or positioning

tolerances

RTM Resin Transfer Moulding

VARTM Vacuum Assisted Resin Transfer Moulding

Vi Vacuum Infusion
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Exercises & questions

4.1)
a) Metals have three main categories of manufaxgprocesses. Mention two of the three

b) List four typical manufacturing processes fompmsites

4.2)
a) “Which manufacturing processes can be appliedifspecific material, depends strongly on its

properties”. Is this comment true/false?
b) Give one or more examples to prove your evauati

4.3)

a) One main category uses liquefying of the mét#hat is the name of this category and give a
brief description of the process.

b) Drilling and milling belong to what category?

c) Milling is a process that removes “chips” fronetmaterial. True or false?

d) During forming both elastic and plastic deforioas take place. What are the differences
between elastic and plastic deformations?

e) Elastic deformations in metals are regardeddisaback. Why?

f)  What is the main reason to form bulk metalsighttemperatures?

4.4)
Are the following statements true or false?
a) Milling and drilling are considered machining preses
b) Forging is considered a liquid casting process
¢) Rolling is a process for sheets and plates
d) The higher the strength the lower the spring bdiek dending
e) Extrusion is a process for sheets and plates
f) Filament winding can be applied with fibres in diyd in wet condition
g) Automatic tape laying is a process that placeséiin dry condition
h) Vacuum infusion requires a closed mould system

4.5)
Indicate in the table below whether the pressuckthe pressure difference are less than (<), d@qual

(=), or greater than (>) 1 bar
Pressure P; (outside) P, (inside) AP
Resin Transfer Moulding
Vacuum  Assisted Resin
Transfer Moulding
Vacuum infusion
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4.6)
a)

4 Manufacturing

Fibre reinforced polymers can be created bygusiny fibres, wet fibres or prepregs. Name a
manufacturing process for each principle.

b) Whatis a prepreg?

c) What is impregnation?

d) “For manufacturing processes it is importaritriow the fibre length”. Explain why.

e) “Short and long fibre composites cannot be pced by filament winding”. True or false?
Explain your answer.

4.7)

a) Pultrusion is a manufacturing process for conte®gor prismatic components. Is it possible to
change the shape of the cross-section of a profile?

b) “Atleast some amount of fibres in a pultrugedduct is oriented in length direction. Why?

4.8)

a) Give a brief description of the hand lay-up jessc

b) Tape laying is an automated process, intendegiilace most of the hand lay-up processes. What
are the major differences between the two procgsses

c) There are several resin injection techniqueseGi brief description of the principle of “resin
injection”.

d) What is the difference between Resin Transferulsiaog and Vacuum Infusion? Which is
cheaper? What about surface qualities?

e) Resin Injection techniques are applicable toniesets only, not to thermoplastics. Why not?

f)  What are suitable manufacturing processes femtioplastic composites?
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5

Aircraft & spacecraft structures

51 Introduction

To be able to design and/or analyse aircraft ocegaft structures, one has to become familiar with
the structural elements and their functions fif§iis chapter discusses the different structurahefgs
that can be observed in aeronautical structuresttagid functions are explained. This explanation is
primarily qualitative of nature, but will be furthexplored in the chapter 6 and 7, when loads @ctin
upon these structural elements are discussed argirésses that they induce.

5.2 Airframe

The aircraft consists of numerous different elememid components that each fulfils its own function
However, not all elements of an aircraft are comed to be structural elements or fulfil a loadrivep
function. To distinct elements that are consideceble part of the structure of an aircraft or speeie
from other elements, these elements are ofterreef¢o asirframe.

There are several definitions that can be givertferairframe. To mention a few; the airframe is
- the aircraft or spacecraft without installed equgminand furnishing
- the skin and framework (skeleton) that provide dgnamic shapes
- the load bearing parts that take up forces during
o normal flight
0 Mmanoeuvres
o tafe-off
o landing, etc.
- the parts that together protect the contents flwrenvironment

The reason that these different definitions exést be attributed to the different types of airframe
structures that can be identified. For exampleRbigker spin, illustrated in Figure 5.1, is complgte
different in appearance than the commercial airc¢tedt are operated these days, see for example the
detailed illustration in Figure 5.2.

Defining airframe as the parts that protect theteais from the environment may be considered
applicable for the fuselage and wing structure obamercial aircraft, but is hardly applicable he t
Fokker Spin, where the pilot is only protected frome environment by elements that are not part of
the airframe.
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Figure5.1 Illustration of the Fokker Spin

Figure5.2 Detailed illustration of the centre fuselage section of a commercial aircraft
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Within the airframe a more detailed distinctionmade between structural elements that fulfil acaidt

or a non-critical function. Elements that fulficatical function are elements that in case of dgenar
failure could lead to failure of the entire air¢raf spacecraft. These structural elements arereeféo
asprimary structure. Structural elements that fulfil non-critical fuiftms are elements that carry only
air and inertial loads generated on or in that tgpestructure. These structural elements are called
secondary structure.

\

Figure5.3 Photo of the shell structure of the cockpit section of the Fokker 100 aircraft (component located
in the collection of the Sructures & Materials Laboratory)

5.3 Structural concepts

In the past century, different structural concdyge been developed and explored that form the basi
of current structural design in both aviation apdce. In this section these concepts will be deedri
briefly.

5.3.1 Truss structures

The first structural concept applied in aircraftustures were the truss structures. This structural
concept was widely applied at the time in for exbn{pailway) bridge structures. Truss structures ar
made of bars, tubes and wires (wire-bracing ofracsire). A famous example of wire-bracing of a
structure is the Fokker Spin shown in Figure 5.1.

The aircraft in the first decades of aviation wiendt with truss structures in which the bars, tlaad
wires carried all loads. The skin or fabric coveralid not contribute to the load bearing function.
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The elements of the truss structure transfer taddgrimarily via tension and compression. Stradtur
rigidity is obtained with the diagonal functiong..wires or rods placed under 45°. Figure 5.4
illustrates the diagonal function in the truss stinee. The concept can be applied in three-dimessio
to sustain bending and torsional loading.

The diagonal function can be performed by eitheesvionly in tension), rods and tubes (tension and
compression) and sheet material. The latter saldi@s led to another structural concept that véll b
discussed hereatter.

> < = =

(a (b) (© (d)

Figure5.4 Illustration of truss structure concept: diagonal function with wire-bracing (a-c), with rods (d),
and with sheet (e-h)

Although truss structures have been the first strat concept introduced in airframes, this does no
automatically mean that the concept has becomeatagtdin some applications, the introduction of
tailored truss structures has led to significangivesavings.

7l | S
R 0 +

DEPLOYED

Figure5.5 Examples of truss structures: Ribs in the centre fuselage section of the Space Shuttle using
boron-aluminiumtubes [1] (left), and deployable truss concept for space applications (right)
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An example is illustrated in Figure 5.5, where th®s in the centre fuselage section of the Space
Shuttle have been constructed partly from a trtrsgtsire using boron-aluminium tubes leading to a
45% weight saving over the original baseline desiblowever, truss structures also enable
deployment concepts which are of interest for sjagqmications.

5.3.2 Shell structures

With the introduction of metal in aircraft struotsra different structural concept was introducdts T
concept relates to the application of sheet mdtieriatruss structure to fulfil the diagonal fuiect. In
this truss configuration, the sheet performs tlagainal function in shear, whereas the wires and rod
only perform that function in tension and compressior this reason, sheet material is very effitcie
to reinforce such structure. However, with theadtrction of sheet in that structure, it is no lange
considered a truss structure, but rather a thinediahell structure.

Figure 5.6 illustrates four functions that can leefgrmed by sheet material. In addition to tensiad
compression (also with tubes and wires), sheetmmaatan carry load in shear (diagonal function)t b
also seal a structure from its environment. Thigasticularly of interest for pressurization of a
structure (including ability to carry membrane s$es) and for the application of integral fuel tank

—
__________ 1
-----"""" 1
— — ]
— —
— — j !
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—
— —
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Figure5.6 Four functions of sheet: tension, compression, diagonal/shear, sealing (air/fuel tight)

To fully exploit the benefits of sheet materialmay be necessary to reinforce the sheet with other
elements. Without any additional reinforcement,eshmeaterial can easily carry tensile loads updo it
ultimate strength. However, a sheet in compressiudh bulge out without being able to carry
significant compressive loads, see Figure 5.7@a)y when the sheet is reinforced or geometrically
stiffened, as illustrated in Figure 5.7 (b,c), @yrcarry more compressive load.

Apparently, the sheet stiffness can not be usechvithbulges, but when the sheet is formed into a
profile its stiffness can be used in compressidns eans that stiffness in the structural conerbt
only a material property, but also a geometricalpprty. Figure 5.7 (c) illustrates that the shdet o
example (a) can be stiffened by another sheetishiarmed into a profile, where the combination of
the two sheets becomes a load carrying structunich the flat sheet carries a significant parthef
applied load.
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(2) (b) w& uj& © | gl | JLU |
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Figure 5.7 Siffness of sheet material versus geometrical stiffness

The combination of a flat or slightly curved shegth stiffeners is called a shell structure. Thare
multiple stiffener geometries that can be usedetnforce a shell structure. Figure 5.8 illustraties
difference between a sheet reinforced with so-ddilat stiffeners and a sheet reinforced with an L-
shaped stiffener. The stability of the hat-stiffefi® higher than the L-stiffener, where at certain
compressive loads the flange will bulge out, simiia the flat sheet in Figure 5.7 (a), but at the
unsupported edge.

For this reason the shape of the stiffener is demed in the structural design. Heavy loaded
structures, like for example the upper wing parfetsvard wing bending causes compression in the
upper shell structure) often hat-stiffeners areliagdpIn shell structures that carry less compressi
loads (lower wing shells) often L-shape of Z-shap#eners are applied. A reason may be that these
stringer shapes enable inspection from all sidedevinat stiffeners can not be inspected internally

~ 4

~J1 1 ~J 1 T~

Figure 5.8 Effect of giffener geometry on deformation induced by panel compression

Another design consideration is the distance batviiee stiffeners. A single stiffener attached ftat
shell (Figure 5.9) has only limited and local effen the stability of the shell structure. Depeigdam
the stiffener geometry an effective width can beedrined. Based upon this effective width, spacing
between stiffeners must be chosen in the design.
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v

Figure5.9 Effect of stiffener spacing on stability of panel under compression

Where initially a beam structure was designed asstistructure, where bending was taken up by
normal forces in the upper and lower tubes anddiagonal function performed by the diagonally
placed elements, the introduction of sheet matkaalled to more efficient beam concepts. The sheet
performing the diagonal function is called the vpddte, whereas the elements taking up the (bending)
loads by normal forces are called the girders. Bhsm concept is illustrated in Figure 5.10.

N

girders

web plate

Figure5.10  Concept of a beam based on sheet web with girders

An illustration of the application of the beam ceptin a fuselage structure is given in Figure 5.11

Here the frames, clips and stringers all utilize #haracteristic beam concept with web plate and
girders.

5.3.3 Sandwich structures

An alternative shell structure is the sandwichatme. The sandwich structure contains a low dgnsit
core in-between two face sheets. This concept dlsiexploits the same concept as the beam based
on web plate and girders. Where the normal forcescarried by the face sheets, the diagonal shear
function is provided by the core in-between thdnigs. However, the sandwich structure carries the
loads in two directions! This similarity in concagtillustrated in Figure 5.12.
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Figure5.11  Framesand stringers based upon the beam concept

Flanges
Facesheets Carry Tension
Carry Tension and Compression
Loads

and Compression

Core Carries Web Carries
Shear Loads Shear Loads

Figure5.12  Illustration of similarity of concept between beam and sandwich; the girders and face sheets
carry the normal forces, while the web plate and core provide the diagonal function.
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Sandwich structures are in fact bonded structusesilse of the adhesion between face sheets and
core. There are several core concepts that coulppked. The honeycomb core structure illustrated
in Figure 5.13, could be made from either metalpolymers. In composite sandwich structures,
polymer honeycombs are being used, while in the (see Bréguet Atlantic example on the next
page) aluminium sandwiches structures used aluminhoneycomb cores. The advantage of
honeycomb cores is the low weight due to the higiicgntage of empty volume.

Alternative core solutions are based on the appdiceof balsawood or foams. The foam cores can
either be made of polymers or metals.

Facesheet

Face
Bond
Adhesive

Honeycomb
Core

Core Foil

Facesheet
Facesheet

Bond
Adhesive ;
Node  Fillet core Foil
Bond
Adhesive

Figure5.13  Illustration of sandwich concept utilizing the honeycomb core.

The advantage of the sandwich concept is the inbdmgh bending stiffness. For this reason,
sandwich structures are often applied as floor gphin passenger and cargo areas of aircraft. To
illustrate the benefit in bending stiffness an@syth, Figure 5.15 illustrates for a given sandviégh

up the relative increase in bending stiffness, ngfife and weight. With adding low density core
material, the weight is only slightly increased,ihthe bending stiffness may increase order of
magnitudes.

In general, the sandwich concept is an excelleatitral concept. However, one should bear in mind
that there are several drawbacks related to timsem. First of all, details like the mechanicahie to
other structural elements are usually complex aqubmsive. Simple riveting or use of bolts is not
possible, because the soft core is not able toyddre bearing load induced by bolts, causing
delamination between facing and core. The high plaghforces often required for bolted joints is
also not possible, because the out of plane s$dfreé the sandwich structure is only related to the
local stiffness of the face sheet and therefore low
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Example: Sandwich panel concept

The sandwich structure may be considered an ertalteuctural concept, because it requires no gt
stiffening elements providing a smooth surface. Eesy, examples from the (recent) past have alsdhgu
emphasis on the drawback of this concept.

In 1970 the Bréguet Atlantic, shown in Figure 5(a}irevealed substantial corrosion issues relateddisture
absorbed by the sandwich structure. One may asshatethe sandwich structure is a closed system,
nonetheless, moisture is being picked up by thdwimh structure, and the moisture remains subsédiglign
trapped inside, see the X-ray photo in Figure B4

To illustrate that this is not a particular probleatated to metallic sandwich structures, but todsach
structures in general, another example is showignre 5.14 (c). On March 6, 2005, an Airbus A3D8-
operated by Air Transat designated Flight 961 lagerform an emergency landing after it lost igHti a
composite sandwich rudder of several meters length.

Subsequent investigation revealed that moisturerbbd by the sandwich panel trapped between catéaae
sheets caused rapid delamination of the face sfreetsthe core, as result of volumetric increaséheffrozen
moisture.

Film Adhesive

CFRP (—— ) LPP (==

GFRP ( — —)

GFRP (— —)

Interior

GFRP (— — )

CFRP (—)

Tedlar

Figure5.14  lllustration of detrimental environmental influence on sandwich concept: corrosion in metallic
sandwich (a,b) and rapid delamination in composite sandwich (c)

—
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. . Sandwich Thicker
Solid Material Construction Sandwich
4
n - at
wadl |1 11111111}
t
Eam—] -
Bending
Stiffness 1.0 7.0 37.0
Flexural 1.0 3.5 9.2
Strength
Weight 1.0 1.03 1.06
Figure5.15  Effect of core thickness on bending stiffness.

The second drawback is related to durability and@gf sandwich structures. As explained in the
example on the previous case, the environmentalcag moisture absorption by the sandwich panels
is significant. Experience with for example comp@siandwich landing gear doors on Airbus aircraft
has revealed that over a few years the weight i panel may increase by a kilogramme due to the
high amount of moisture absorption. Aside form itiereased weight on the aircraft performance; it
may impair the structural integrity similar to tegample of the Air Transat aircraft discussed & th
example on the previous page.

5.3.4 Integrally stiffened structures

The stiffened shell structures can be manufactbseddding the stiffening elements to the face sheet
by either mechanically fastening (riveting, boljiray by bonding. Another method of manufacturing
stiffened shell structures is by taking a thicktpland machining away the material between the
stiffeners. This is illustrated in Figure 5.16.

The advantage of the integral concept is the madbw cost of production. Machining, or nowadays
high-speed machining, is performed automated antpater controlled, which enables high volume
production at relative low production costs. A setananufacturing benefit of integral structures is
the low amount of parts. This reduces the logisticden in a production facility.

Obviously, this concept leads to a high amountoofys material. However, that does not need to add
to the manufacturing costs, because nowadays, #tal muppliers are pre-milling such integral
components before being shipped to the aircraftufis@iurer. The highest amount of scrap metal
remains then at the metal supplier who can inbattrhaterial directly back into their productiondi

Another advantage is that with machining the thedsican be tailored continuously, which leads to
optimized structures with respect to weight. Howgwedrawback related to machining is that only

simple blade stiffeners can be applied. Compldiester concepts can not be manufactured due to the
accessibility of the milling heads.
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Extra material
milled away

Figure5.16  Creating an integrally stiffened panel by machining a thick plate.

The difference between the earlier methods of icrgad stiffened panel and an integrally stiffened
panel is that the latter consists of a single camept Or to put it the other way around, the earlie
mentioned concepts of riveting or bonding such [sazee build-up structures.

This means that in case of damage or cracks istteture, the build-up structure contains natural
barriers that stop or retard the crack until a iceack has initiated in the subsequent elementsase

of an integral structure, there is no natural learnivhich means that the crack will grow contindgus
through the panel. As a result, the integral stmectis considered less damage tolerant (i.e. lower
ability to withstand damage and damage growth) tharbuild-up structure.

Because this concept is most cost-effective farkthieinforced plates, like for example lower wing
panels, the integral machined panel concept islynased on larger aircratft.

54 Fuselage structures

The fuselage structure of pressurized aircrafnigact a thin-walled pressure vessel, exploiting th
stiffened shell concept. In the fuselage structiffeerent elements can be identified that together
provide strength and geometrical rigidity. Thesaretnts are

- Fuselage skin

- Frames

- Stringers

- Bulkheads

- Splices/joints

The longitudinal stiffness of the structure is teebpartly with the closed cylindrical shell stur,

but to great extent by the application of string@ershe skin panels. Another concept to create that
rigidity is by combining stringers into longeronse( heavy longitudinal stiffeners that carry large

loads. This concept then has only few longitudis@ffeners that have a larger cross section. An
illustration of such concept is given in Figurea.1
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LONGERON

BULKHEAD H0614774

Figure5.17  Longitudinal giffness created with longerons.

Pressurized fuselages require the application idhleads at the front and rear end of the fuselage t
create an air tight pressure vessel and to maithaiforces related to the pressurization.

5.5 Wing structures

Wing structures contain similar stiffened shell oppts as explained in section 5.3, but due to the
different functions to be fulfilled, the elemenisvie a different appearance. In general, wing sirast
can be divided into

- Wing skin panels

- Ribs

- Spars
where the assembly of spars and skin require sartteef elaboration.

A first glance at wing structures reveals that desthe use of similar elements, a certain design
freedom results in different structural appearanddss is illustrated in Figure 5.18 where four
structural wing lay-outs are compared.

Some wings contain straight spars from wing rooh@afuselage connection) to wing tip, while other
wings contain kinks in the spars. Such kink in $par most often has to be achieved by connecting
two spar elements at that particular location.

Another different aspect that strikes the eye ésdhientation of the ribs in the wing structure. &kén
some wings contain ribs that are placed in fligiheation, other wings contain ribs that are placed
more or less perpendicular to the spars and wimgdjaction.

In general, wing structures are characterised leydignificant length the structural elements may
have; the wing skin panels and the spars are dgnarade out of single components if possible. To
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get an indication of the length measures of largesvstructures, Figure 5.19 contains a photo ef th
A380 wing structure. Because of the length aspedt the logistics related to that, some aircraft
contain wing structures that are sectioned intoeioample inboard and outboard wings, or centre
wings and outer wings, like for example the C-13fddles also illustrated in Figure 5.19.

Despite the advantages of sectioning large strestuith respect to manufacturing and assembly, a
potential disadvantage may be related to the hilglalged joints as result. For the C-130 Herculgs, t
joint, often referred to as the rainbow fitting,asvell-known point of concern.

Root joint Engine
. . 1
Skmjsfr'mger' /R;.‘:]:

joint d
Root
joint

Engine
¢ /
—
DC-10

Figure5.18  Comparison of four wing structural lay-outs.

5.5.1 Ribs

The ribs in wing structures provide several funw$ioFirst of all, they maintain the aerodynamic
profile of wing. Because the aerodynamic profilered wing is defined in flight direction, this mag

an important reason to place the ribs in flighediion.

However, aside from the manufacturing challengesldace the ribs under such angles with the spars
that are positioned in wing span direction; theseanother obvious reason why placing ribs
perpendicular to the spars is preferred.

The length of the ribs is shorter when placed patfmilar to the spars and wing span direction than
when placed in flight direction. The rib placememty be chosen such to minimise weight.
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Figure5.19  Photo of the A380 wing structure and the illustration of the centre wing structure of a C-130
Hercules.

The second function of ribs is to transfer the dgnamic and fuel loads acting on skin to the rédst o
the wing structure. The aerodynamic loads are eéléd the under-pressure above the upper skin,
while the fuel loads act directly to the lower wiskins. These loads are brought into the structures
with the ribs.

Thirdly, the ribs provide stability against panelshing and buckling. This is illustrated in Figure
5.20; without any ribs, the upward bending of thegmwvould crush the upper and lower wing panels.
With ribs at certain length, the upward bending ldazause buckling to the upper wing skin, but keep
the lower wing skin at distance of the upper wikimsWith the optimal rib spacing, both crushinglan
buckling are prevented and the shape of the wipgaserved.

A fourth function of the rib that can be identifiésl the introduction of local loads. Aside from
aerodynamic and fuel loads, the wing structureotally loaded by landing gears during landing,
taxiing and take-off, and during flight the enginélaps and ailerons will locally apply loads taeth

structure as well. These loads are locally intrediLioto the structure by the ribs.

A firth function is the sealing function in caseedgral fuel tanks are used in the wing structutee T
ribs prevent the surge and splashing by sectiahieduel tanks in individual bays.
83



Introduction to Aerospace Engineering — Structures and Materials

Figure5.20 Illustration of the rib function; stability against crushing and buckling

Especially the local load introduced into the wimgthe ribs implies different loads to be carrigd b
individual ribs. As a consequence, different designcepts or design philosophies may be chosen for
individual ribs in the wing structure. This is @imated with the centre wing box of the C-130 Higrgu

in Figure 5.19; depending on the location in thagibox, different rib designs have been applied.

In general, the selection of rib type and relateshufiacturing method depends on

- Loads

- Design philosophy

- Available equipment and experience

- Costs
The loads relate to the functions of a particulayice. does it only provide stability against klireg
and crushing, or are significant loads introducachlly by for example landing gears? The design
philosophy determines the magnitude of the strebstsare allowed in rib structures.
The available equipment and experience is an irapbrispect in this case. If certain equipment or
machines are not available, most likely the ribigleshat requires this equipment will not be chosen
To some extent it relates to the fourth aspectisca$ sufficient benefits can be identified, that
particular type can still be selected and coswted to acquiring the equipment has to be accounted
for.

In case the design loads on the rib are relatilely one may select the rib type that is manufactur
by forming sheet or plate material into the rib.eTadditional stiffness may be added by adding
stiffening profiles to that rib.
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In case the loads are relatively high, i.e. neadilag gears, a more rigid and stiff design is reepli
This may be achieved by forging and machining dran thick plate material.

A distinct difference between the two rib typedhe difference near radii. In case of forming plate
material, the minimum bending radius is dictatedHy properties of the material. Smaller radii will
lead to failure during bending. In case of machanisimilar inner radii with smaller outer radii che
achieved by milling, which provide a (geometricalijiffer connection with the surrounding structure

5.5.2 Spars

The main function of the spars in a wing struciar® carry the wing bending. As explained in s&cti
5.3.2, the spars are beams designed to carry lebgliigirders that carry the normal forces and web
plates that carry the shear forces, see also Figade

lift
4 skin A 4 4 t

stringer

rib

stringer

t t 7 ®
Forces keep Forces caused
part in place by lift

Figure5.21  Forcesinthewing structure as result of upward wing bending

The upward bending illustrated in the lower lefitp Figure 5.21, requires some additional attemti
Zooming in a bit closer, it is evident that theneémts in the wing deform as illustrated in Figur225

To carry the bending loads and to resist agairist deformation, the diagonal elements are very
important. And as explained before, the diagonattion can also be carried by sheet material, dr we
plates in this matter.

As a result, the basic form of spars is often thedm, in which the girders pick up the normal éarc
and the web plate the shear forces.

Although the deflection near the wing root is sfigint smaller than near the wing tip, the loadarne
the wing root are significant larger. The equilin between the normal forces in both girders of the
spar near the wing tip and the upward bending maomesults in relative small forces. Near the wing
root, equilibrium must be provided with the upwebending moment of the complete wing. This
results in vey high forces near the wing root.
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Figure5.22  Deformation related to the upward wing bending

As a result the spar, the girders and web platet e thicker near the wing root than near the wing
tip. However, extrusion of an I-beam (see chaptfar4ahe extrusion process) can only be performed
on constant cross-sections. A spar of which thesesection varies along the wing span can not be
extruded.

Design concepts to deal with this manufacturingeas@re based on building up the spar from
different elements. Either the girders are sephrat@nufactured and connected to a web plate by
riveting for example, or a spar with constant thieks is extruded and subsequently reinforced by
bonding additional sheet material to web plategirders. This is illustrated in Figure 5.23.

Figure5.23  Build-up concepts to increase the cross sectional area of the spar towards the wing root
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Similar to the discussion of the wing ribs, it dae concluded that depending on the function of
particular spars, the loads it has to carry, theigie philosophy and the available manufacturing
equipment, different spar types can be selectedi-gpire 5.24.

This also implies that the spar caps (girders)lmamanufactured by extrusion and or machining, or
by forming sheet material, see Figure 5.25. Thenfiog concept has less geometrical stiffness
compared to the extruded concept.

Built-up web .
Sine-wave web

=

= Built-up truss — — I
‘ oj o machined
) web
) - T Bent-up channel — Integrally
]&]VA@V machined

truss

< Frame truss
- hot recommended

Figure5.24  Illustration of the different spar types possible

Skin

Sheet metal
bend-up
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Extruded Extruded
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bend-up
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Figure5.25 Illustration of the spar cap types; extrusion (l€ft) and forming (right)

5.6 Torsion box

The wing is in general loaded by bending and toianoments. It has been explained that the
bending moment can be easily carried by the sparaever, if a wing contains only a single spar, it
will not be able to carry the torsional moment,diese an I-beam has low resistance against torsion.
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In case the wing is equipped with two spars, to@ionoments can be carried by differential bending.
Differential bending means that torsional deformatis translated to an upward bending of the rear
spar and a downward bending of the front sparhis tase, the spar is carrying bending loads for

which it is designed.
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Figure5.26  Torsional moment in case of single (| ft) and two spars (right)

However, despite that the resistance to the difteakebending is well provided by the spars, tamsilo
moments can be carried more efficiently by a cyindr closed box, see Figure 5.27. This will be
discussed in chapter 6 in more detail. In fact, ¢hess section does not necessarily need to be
cylindrical; any cross section may do, as long asmains a closed cross section.

A historical example of a single spar wing struetdhat uses the cylindrical torsion tube is the
Blackburn Duncanson, see Figure 5.27.
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Figure5.27 Resistanceto atorsional moment by a cylinder (left) and the Blackburn Duncanson single
cylindrical spar example (right)

The torsional resistance of a closed box structame be exploited in a wing structure, especially,
because the cross section does not need to béacirthis is illustrated in Figure 5.28. Compared t
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the two spar differential bending concept, theitordox contains thicker skins. The functions @&sé
skins are to take up the aerodynamic forces antbidribute to the torsion box. In that case they
partially take over the bending function of spgpsa

As a consequence the spar caps may have smalss gotions than in case of the two spar concept.
The web plates of the spar will be thicker simil@the wing skins; they contribute to the torsiaxb
and add to the bending resistance.

The stringers in this concept reinforce the uppet l@wer wing skin and by doing so, also partially
contribute to the function the spar caps haveeatwo spar concept.

Figure5.28  Illustration of the different structural elementsin a torsion box.)

The advantages of the torsion box over the two spacept is that a completely unsupported and load
bearing structure can be achieved that does naitreegupport or struts. At given wing span, thegvin
can be thinner in case a torsion box concept isieahor similarly, at given wing thickness the gin
can be longer. Additionally, by designing the torsibox carefully, the torsion stiffness and the
bending stiffness can be engineered separately.

In general, the torsion box concept results in loweuctural weight compared to the two spar
concept.

5.7 Some structural details

Some additional remarks can be made that haveatdiegn dealt with. Considering the fuselage and
wing structures, the elements and their functicegehbeen discussed. However, by creating a three-
dimensional structure one will realise that thesiséctions between the different structural element
require additional considerations. Four examples discussed here; stringer joggling, stringer
couplings at the location where two fuselage baregle joined, stringer frame intersections and
stringer rib intersections.
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Figure5.29  Illustration of stringer joggling

Because the loads are not constant throughoutietaige structure, the required thickness of fggela
skin panels will vary. The outer surface of theefage must be undisturbed for aerodynamic reasons,
which implies that thickness steps in the fusekdge are provided at the inner side of the paneis T
can be achieved by either milling thickness stepabhicker sheet material, or by adding additiona
layers, or so called doublers. These doublers eaivbted or bonded to the skin structure.

The stringers that are attached to the skin havelltaw these thickness steps. A common method is t
joggle the stringers. Joggling of a stringer impléeshear deformation of the stringer, as illustrai
Figure 5.29.

A fuselage structure is built up from different pln that are connected by longitudinal and
circumferential joints. This implies that the panate manufactured including stringers, but thaton
the panels are joined in assembly, the stringensbeaconnected to each other. This is illustrated i
Figure 5.30. The joint between the fuselage skimefsis created by adding splice plates at therinne
side of the structure, to obtain an aerodynamicathgoth surface outside.

These splice plates also cause thickness stepfidliatto be accounted for by the stringers that are
attached to the fuselage skin. When a stringerlowys used to connect the stringers of both pgnel
the design of the coupling needs to account fothiukness step.

Fwd stringer
same as aft

Basic fwd skin

Fwd skin land

— ' Splice plate

]
Frame cap
<

?/O Aft skin land

Basic aft skin

N

Aft springer

Stringer splice
fasteners

Figure5.30 Illustration of stringer connection at the joint between two fuselage barrels
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Another intersection between stiffening elementd tias to be considered is the intersection between
stringer and frame. To create the three-dimensigeaietry here, there are in general two concepts t
provide the intersection. In both cases, the strimgare continuous and not interrupted to have the
optimal longitudinal stiffness of the panel.

In the first concept, the frame is locally intertreghto provide an opening for the stringer. Thishod
implies a local weakening of the frame and redurciio bending resistance of the beam. The other
concept positions the frame above (floating) thegérs and provides the connection between frame
and fuselage skin by castellation or clips. Ansilfation of both concepts is given in Figure 5.31.

Figure5.31  Illustration of intersections between frames and stringersin a fuselage panel

Similarly to the frame stringer intersection, istections between stringers and ribs have to beéecrea
in wing structures. Figure 5.32 illustrates thattfas case there are in general three possibleisns
to enable the intersection

- Both the rib and stringer are not interrupted

- The stringer is interrupted

- Therib is interrupted
The selection of the most appropriate concept diégpen the loads that locally act upon the structure
and the manufacturability of the concept.
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Lower skin splice

Figure5.32  Illustration possible rib stringer intersections; both not interrupted (a), stringer interrupted (b),
rib interrupted (c)

5.8 Definitions

Airframe Structure that takes up all forces dumapgration of the vehicle.
Primary structural Critical load bearing structure of an aircraft/spaaft that in case of severe
element damage will fail the entire aircraft/spacecraft

Secondary structuralStructural elements of an aircraft/spacecraft tdaaty only air and inertial
element loads generated on or in the secondary structure

References
[1] Suraj Rawal (2001 )Metal-Matrix Composites for Space Applications, JOM 53 (4), 14-17.
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Exercices & questions

5.1)

a) List at least two structural concepts

b) Give an example of each of the concepts listey) i

c) Give two methods to geometrically stiffen a sHeecompression

5.2)
Identify four structural elements that are consdepart of the airframe in Figure 5.1, Figure 5@ a
Figure 5.33.

__ Flight deck

Body
flap

Figure5.33  Illustration of the Space Shuttle

a) Give two descriptions of “airframe”

b) Give a description of “primary structure”

c) List at least three typical structural elemdotsfuselage structures
d) Give three potential functions of sheet matanatructures

5.4)

A sandwich structure consists of face sheets arelroaterial.

a) Explain the function of each constituent

b) Mention for each function in a) the equivaleattmf a beam structure with similar function
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a) List at least three typical structural elemdatsving structures

b) List at least three functions of the ribs iniagvstructure

c) Explain the function of spars, indicate the timrts of spar caps and web plates

d) A wing containing a single spar has a low resisé to torsion. Explain how a wing with two
spars provides resistance against torsion

5.6)
a) Ribs may be formed from plate material, or fdrgend/or machined from bulk material. Give

three aspects that may influence the decision

b) Spar caps may be manufactured by extrusion@ndd to the web plate to form the spar. Give a
reason why this is not always preferred or possible

c) Give three advantages of applying the torsionihetead of the two spar configuration in a wing

structure
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6

Aircraft & spacecraft loads

6.1 Introduction

In the previous chapter, typical aircraft and spsaade structures have been discussed. The striictura
elements belonging to the airframe fulfil primarilgad bearing functions. After reviewing the
structural elements and their characteristicss ttme to consider the loads acting on these sirest
and elements.

This chapter will review typical loads and loadea$or both aircraft and spacecraft. These loads ca
be divided into concentrated and distributed loadsch each can be divided into static or dynamic
loads. These characteristics together with thecpoad paths will be discussed in this chapter.

Figure 6.1 The four principle forces consideredirgton an aircraft in flight
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6.2 Externally loaded airframe

To assess the flight performance, an aircraft iizbatal steady flight is typically illustrated withe
principle forces that act on such aircraft; liftaquilibrium with weight, and thrust in equilibriumith
drag, see for example Figure 6.1. These equilitsiwhange for various manoeuvres, but are
commonly based on the major forces.

However, although sufficient for representing tloecés and equilibriums when describing aircraft
performance, this presentation becomes insufficimén considering structures and loads acting on
those structures. For example, the presentatidfigoire 6.1 may be more accurately presented by the
illustration in Figure 6.2.

Figure 6.2 Concentrated and distributed forcesragton an aircraft in flight

The presentation of Figure 6.1 for instance, presidquilibrium for the complete aircraft, but itedo
not provide a realistic presentation for the witgi&ure. For the wing, Figure 6.1 is insufficied it
does not show the forces acting on the wing. I, faassumes (equilibrium of) all forces are agtin
on the centre of gravity. Here, a presentation ilikEigure 6.2 seems to give a better picture;lifhe
generated by the wing is partly compensated fotheyweight of the wing and engines, while the
thrust is to an even lesser extent compensatetidyitag of the wing. The resultants are of course
acting on the centre of gravity creating equilibniwith the fuselage and empennage of the aircratft.

In general, the airframe is loaded by a combinatibloads, or load cases, which may be attribubed t
aircraft manoeuvres, gusts, cabin pressure, landitg The loads act on the structure either by
concentrated or distributed forces. For exampke thihust is illustrated in Figure 6.2 as a con@att
load, while the wing lift is represented as disitdal force acting on the wing. In fact, the engines
apply the thrust to the wing via few bolts (concated loads), while the lift is a force resultimgrh
pressure multiplied with the area it acts on (thsted force). The consequence of concentrated or
distributed loading acting on a structure is iltagtd with the example of a beam in bending given o
the next page.
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Example: Bending of a beam
Consider the beam illustratedfiigure 6.3rigidly clamped at one side and loaded at therdtite by ether 4
concentrated load at the end of the beam or dlulistd load decreasing towards the beam’s endtH lnad
cases represent the same total force P in vedition, then the deflection of the beam for ¢bacentrated

and distributed case can be given respectively by

_ PP _ PP
= and 0=
3El 15EI

where P is the total vertical load, | the lengthihaf beam, E the Young's modulus and | the momkimiectia.

P
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Beam bending induced by a concentraiext f(left) and a distributed force (right)
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Figure 6.
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6.3 Load path

To understand the meaning of loads acting on angsteicture, first the load path must be understood
A load path is a physical trajectory that links theation of applied force and forces elsewheré¢ tha

provide equilibrium with the applied force. Howevéhis trajectory should be able to carry
transfer the loads. This is illustrated with thenpdorce acting at a certain location in spac
illustrated in Figure 6.4
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Figure 6.4 Different load paths for a point forcetiag in space
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For the case where the force is applied downwanekitical direction, there are several solutions to
provide equilibrium. A simple cable or rod may h#figient to be connected between the point force
and the wall. In this case the cable or rod remtssihe load path and it is loaded in tension.tRer
second case in Figure 6.4, however, the cable roayp@ sufficient, because the point force would
cause the cable to rotate. As a result, equilibnould not be obtained and thus the cable can not
provide the load path.

The solution in that case may be to connect thetgorce with a beam to the wall. The beam would
resist bending and equilibrium would be obtained oy with a horizontal force at the wall in
opposite direction of the applied point force, bstwill be explained later in this chapter, alsalset

of forces in vertical direction.

6.3.1 Cathedral structures

An illustrative example of load paths is given by told cathedrals. These thin walled and often tall
structures are dimensioned to carry the weightsobwn structure in compression. However, because
of the thin walls and the tall structure, the aidditof the roof structure on top of the walls would
result in resultant forces pushing the walls awaynf each other. Because the walls can only carry
load in the plane of its structure, this would ld¢adcollapse of the building. There are two basic
methods to avoid this type of failure (see Figuk 6

- Using tensile elements to provide equilibrium ia thof structure (inside)

- Using buttresses to provide a load path througltaiieedral structure (outside)

7 7 7 7 7 7, 7

Figure 6.5 Two concepts to sustain the loads fieenrdof structure’s weight

Because the materials and corresponding produtgmmiques were not yet sufficiently developed to
manufacture elements that could be loaded in tenhe designers of these structures used buttresse
The design of buttresses is based on the concapthé resultant force induced by the roof struetur
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can be directed further downward by adding additidorces directed downward. These additional
forces are applied by the weight of the buttresscire.

Comparing the different churches and cathedrals, may observe differences in the design of the
buttresses. The weight of the buttresses necessampvide a resultant force path to the ground can
be obtained with three solutions
- Creating wide buttresses or long flying buttresgesachieve sufficient distance from the
central structure to be in line with the load pfitthe lateral forces
- Creating very thick buttresses to create sufficimeight to provide a resultant load path
within the buttress
- Creating very tall buttresses with long decoratedks of which the weight provides a
resultant load path through the relatively thinttasgses.
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Figure 6.6 lllustration of a central cathedral stture and buttresses to support that structure

6.3.2 Bending of beam structures

Consider the deflection of a beam as illustrateBigure 6.7. The vertical load applied at the eed

of the beam will cause a deflection. Looking at lisfé hand side illustration in that figure, theatb
path obviously consists of hormal forces at theengmd lower surfaces (or girders) and shear forces
in the web plate, see section 5.3.2.

For both cases (a) and (c) in Figure 6.7, the |oatth is in equilibrium with the applied force ireth
centre of the cross section. However, for caséh@@}lhear forces in the web plate are not aligrigd w
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the applied force. The distance between the cerfittiee web plate, see Figure 6.8 (a), and the eentr
of the cross section will induce a resulting momdiiis moment is in fact a torsional moment, which
will rotate the beam together with the verticalleetion.

(a) (b) ()

-
<

Snmainery oo i 1

i -
~ Y

=

Figure 6.7 Bending of a beam with different crasstions

Concerning the load in the elements of the beamast been mentioned before that the forces at the
clamped side of the beam are high. The magnitudbesfe forces depends on the applied load at the
other end and the length L of the beam. The lonigerbeam, the higher the normal forces in the
girders at the root.

This equilibrium can be illustrated with Figure §18; the applied load multiplied with the length L
must be in equilibrium with the product of normatdes and height H. This means that at the end of
the beam the normal forces are zero and they linbaild up towards the root. Taking a section o t
girder at any location of the beam, this implieattéquilibrium is provided by the increase of norma
forces and the shear forces that the web plateespial the girder.

Here, it is evident that the shear forces in thb ae constant throughout the web plate. Cuttingyaw

a part of the web plate, see Figure 6.8 (c), mehat the normal forces in the girders are not
increasing in the area where the web plate is recho@nly due to the constant shear forces that the
web plate applies to the girders, the normal foneeease. Without the shear forces, the normakfor
will be constant.

Figure 6.8 Specific aspects related to beam bending
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6.4 Loads and load paths in an airframe

It has been discussed a few times, that the lifegeted by the wing will bend the wing upward. All
lift generated by the wings will be in equilibriuwith the weight of the wing and fuselage. But i&éth
aircraft is considered as two beams that cross, tthelift will provide an upward bending of thengi
beam, while the weight of the fuselage beam willseaa downward bending over the wing. This
deformation is illustrated in Figure 6.9. Both tifegenerated by the wings and the weight of wing
and fuselage are considered distributed forcea@otn the structure.

Figure 6.9 Upward wing bending and downward fuselagnding

Examples of concentrated loads are the forceseppdi the aircraft by the landing gears, see Figure
6.10. If the aircraft stands on the platform, tloecés introduced by the landing gears are in
equilibrium with the total weight of the aircraft.

Figure 6.10  Concentrated forces applied to therairfe by the landing gears
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The load path that can be identified in this caagsat the local load introduction of the landgesr,

via the rib at that location into the wing struetuHere, the normal forces are carried via thesskin
while the shear forces are carried by the web platbe spars. Although Figure 6.10 only illustsate
the load path from the main landing gear towardsftlselage, also part of the load should provide
equilibrium with the weight of the wing (and engsfjetowards the wing tip.

Let’s consider the aircraft as it is standing oa fiatform. Wind may apply a load on the vertical t
plane as illustrated in Figure 6.11. If the veltiedl plane is considered to be clamped at thelage,

the deformation may be represented by a beam umhating, as illustrated in the right hand side of
the figure. Notice that as the wind applies to toenplete surface of the vertical tail plane is is
considered a distributed load. Because the frasudilace decreases towards the tail tip, the forces
most likely will reduce towards the tip.

‘. | //Wi/ /L \

Figure 6.11  Bending moment on vertical tail plandtced by wind

Thus the forces are in equilibrium by forces atrib@t of the vertical tail. However, if the fuseta
considered to be a cylinder which is ‘clamped’rat tocation of the wing, then the bending moment
on the vertical tail will rotate the fuselage, tssitrated in Figure 6.12.

\\\\\\\\\\\\ \“
(@) O ———

Figure 6.12  Rotation of the fuselage (a) with aaule shear deformation of the skin panels (b)
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Zooming in further onto the fuselage structure, ftieelage skin panels will deform in shear duéhto t
torsion of the fuselage.

The fuselage was assumed to be ‘clamped’ in tha ef¢he wing. If the aircraft is standing on the
platform, the bending moment on the vertical taitl dorsional moment on the fuselage will be in
equilibrium with the main landing gear. The reagctiforces introduced by the landing gear will be
different in magnitude, where the difference betwdese forces will be providing the equilibrium.

-~
Figure 6.13  Upward bending and rotation of the wing

A similar discussion may apply to the bending aotdtion of the wing in flight. First, the wing may

be considered clamped at the root and bending risedaby the upper and lower wing skins in

respectively compression and tension forces. Thadmal loading will be carried by shear in the
torsion box, i.e. both wing skins and both web gdatf the spars.

In cruise, the loads will be similar for both wingghich imply that the forces acting on the centre
wing box in the fuselage will be equal in magnitixe opposite in sign.

Here, the example of the cathedral structure majaex more specifically how load should be
introduced into a structure. Consider the A400Mvatan Figure 6.14. The connection between the
wing structure and the fuselage structure coulddsigned in different ways. Two example solutions
are illustrated in Figure 6.15.

The first solution, Figure 6.15 (a), is not pregetrbecause it will not only introduce the lift gested

by the wing into the fuselage structure, but alé®ending deformation as result of that lift. Lga
the frames of the fuselage will be highly loadedtéysional and torsional forces, which can only be
achieved by designing very large and thick franBs. even then, it may be disputable whether the
design would suffice.

The second solution, Figure 6.15 (b), is the pretksolution and in fact the solution applied oe th
A400M and other aircraft. The centre wing box isigeed such that the normal forces introduced by
the upper and lower wing skin due to wing bending @rried by the upper and lower skin of the
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centre wing box. Only the lift is introduced intbet fuselage structure as vertical force by four
attachment points (lugs).

3 £3P

Figure 6.15 lllustration of two solutions to conhéte wing structure to the fuselage structure
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In that respect, this example may be comparede@xample of the cathedral structure. The roof due
to its weight introduces forces that push the wallay from each other. The solution applied in the
past was to guide all these forces through thetsire towards the ground using buttresses.

However, a leaner solution resulting in significkegs weight would be to provide equilibrium inside
the roof for the forces acting outward, and to guidly the vertical component of the weight inte th
remaining structure, see the left hand side of feigub.

Tensile/fatigue
loads

Static ground

loads
A ‘\/
Figure 6.16 lllustration of the dominant load case®l design criteria in the fuselage structure
6.5 Relevant load cases

6.5.1 Fuselage loads

In general, one has to be aware that due to the/ passible load cases acting on the structurereithe
as concentrated loads, or as distributed loadsigea complex picture of areas on the structuae th
are dictated by different load cases and damagesos.

This is illustrated in Figure 6.16. Static grounddis can be significant near the landing gearswitut

be less restrictive in other areas. The earliertimead downward bending of the fuselage over the
wing due to its weight will imply longitudinal teim in the upper part of the fuselage. Togetheh wit
the circumferential tension as result of presstiona(which also adds to the longitudinal tensisee
next chapter) this will make tension and fatiguent@nt load cases for the upper fuselage. The lower
fuselage however, will be predominantly facing coeggion loads due to the fuselage bending, with
as consequence dominant criteria on stability.

The aft side fuselage shells will face shear atiguda loads, introduced by the loads introducedhey

empennage. One example of the bending of the gétad plane has been discussed at the beginning
of this section.
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6.5.2 Dynamic loads

The discussion of loads and load paths in this temalpas been limited implicitly to quasi-static
loading, i.e. an external load is applied to tliacture and equilibrium must be provided. Howewuer,

an aircraft not all loads are quasi-static. Sonaglilng appears to be very dynamic of nature. Althoug
fatigue, discussed in chapter 11, relates to cyobaling it relates in most cases still to quaatist
loading. For example, the pressurization cycle ifedent to a single flight) may be analyzed as a
single load cycle in an almost constant fatiguelilog spectrum over the year. Nonetheless, the load
cycle itself is considered quasi-static.

Sometimes interaction of aerodynamic forces, dtrattelastic reactions, and inertia of components
may induce oscillations of aircraft components.séhescillations may be quite significant and severe
One example of these oscillations may be fluttdrictv may lead to destruction of components if not
anticipated for.

Another example is buffeting caused by airflow sapan from one component onto another. A well
known example here is the buffeting issues relaigde two vertical tails of the F18 Hornet.

Because the oscillations may increase if natuegjuencies of the structure are approached, thgrdesi
has to design for damping properties of the strectr component. In addition, the design should
account for natural frequencies and attempt to Kéepnatural frequencies outside the range of
potential frequencies of oscillations. An exampiéhis approach is discussed for spacecraft strastu
in chapter 10.

6.6 Spacecraft structures

6.6.1 Relevant loads and load cases

Spacecraft in general face different types of Ingdiompared to aircraft. A distinction has to bedma
between the loads related to handling and pretgsthre loads related to launching and the loads
occurring once the structure is in orbit.

The load cases considered prior to launching are
- Gravity. This relates to handling and transportat@ads
- Vibration and acoustic test loads

The static and dynamic loads during launching magdiegorized with
- Quasi-static
- Sine vibration
- Acoustic noise and random vibration
- Shock loads

The in-orbit loads are
- Shock loads
- Structurally transmitted loads
- Internal pressure
- Thermal stress
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Figure 6.17 lllustration of the axial and lateraddds and movements

The steady state loads can be directed either ial ahrection of the launching vehicle or
perpendicular to that direction (lateral directiomhe main load case acting in axial directionhie t
thrust generated by the engine of the launchingclehWind gust and vehicle manoeuvres are
generally oriented in lateral direction.

6.6.2 Axial and lateral loads

One important distinction one has to make herbagtimary axis of the spacecraft (satellite, aiith
respect to the primary axis of the launching vehidlhe explanation of axial loads and lateral loads
may seem obvious for the case illustrated in Figut&, but when designing a spacecraft, it depends
on the orientation of the spacecraft with respe¢hé launching vehicle, see Figure 6.18.

Figure 6.18 lllustration of spacecraft orientativith respect to launching vehicle
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The upper case in the right hand side of Figure3 thas its primary axis perpendicular to the
maximum acceleration, whereas the lower case lmrimary axis parallel to the maximum
acceleration. The design of the spacecraft wildifferent for both scenarios.
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Exercises & questions

6.1)

a) Give three loads (or load cases) relevant foradt structures

b) Indicate for the loads in a) whether they aaticior dynamic

¢) Indicate for the loads in a) whether they anecemtrated or distributed

6.2)

Consider the beam in the illustration below. Intkcand explain (!) whether the beam would only
bend, only rotate or bend and rotate for the thress sections given.

() (b) ©

6.3)
Consider an I-beam as illustrated below (locatiares on indicated centrelines). Are the following
statements true or false?

a) Thereis no normal stress in A

b) The stress in F is mainly shear stress

c) The shear stress in location E is higher than in B

d) The shear stress in B is in equilibrium with thdigated force

e) The normal stresses in D and F are in equilibriuth each other

f) Increasing the height H will increase the normedsstes in D and F

g) Reducing the length L will reduce the shear stegs® and E
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7

Translating loads to stresses

7.1 Introduction

In the previous chapter, the loads acting on acradir or spacecraft structure have been discussed.
These loads are generally considered to act aigddcations on the structure either by conceatrat
loads or by distributed loads. These loads indwferthations in the structure that correlate tosstes
within the structure. To understand this, one sthagiconsider the example of the tensile test in
chapter 1, where the load acting on the specimguncies an elongation (deformation) of the specimen,
which corresponds to the stress in the specimérylated with the load divided by the cross section

In this chapter, some cases are dealt with to explaw loads acting on an aircraft or spacecraft
structure will induce deformation, but also leadti@sses within the structure. These stressesbaust

known, to be able to assess whether the matesald im the structure are capable to sustain thisloa

Here, the stresses calculated from the loads aatirtge structure should be compared with the stres
strain response of the materials to identify whetbefficient strain is present, and whether the
material’s stiffness will be sufficient to limit é@mations to acceptable levels.

7.2 Pressurization of a fuselage structure

7.2.1 Stresses in cylindrical pressure vessel

The circumferential and longitudinal stresses ipressure vessel can be derived from equilibrium
within the vessel. To calculate the circumferensiakss, one first can consider the upper half of a
pressure vessel with unit length as illustratedrigure 7.1. There should be equilibrium in vertical
direction between the circumferential stresg and the vertical component of the pressure p gétin
the inner surface of the vessel. Per unit lehgtfthe vessel this equilibrium can be describetth wi

2|:circ = 2a—circt = I:p (71)

! Per unit length means that the parameter L desgrithe length of the pressure vessel is set egual It
therefore can be neglected in equations (7.1) @r).(One should be aware however, that the coredation
between load and stress is given by a cross sat@nea (length x thickness) rather than only thégs.
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Goniometric analysis of the pressure difference. (inside — outsidej\p acting on an elementd
implies that the vertical components of the ragdigssure per unit length is given by

Fp = ]'TApsin¢Rd¢ = ApRT singdg = ApR[— co@]g =ApR (7.2)

Combining equation (7.1) and equation (7.2) theplies that

20 t=DpR (7.3)

l Ocirc Ocirc l

Figure7.1 Equilibrium between radial pressure distribution and circumferential stress per nit vessel length

To calculate the stress in longitudinal directitite pressure vessel should be considered as alledtr
in Figure 7.2. The pressusp acting on the circular surface should be in douilm with the
longitudinal stress acting at the circumferencthefvessel.

Figure7.2 Illustration of equilibrium of theinternal pressure and the longitudinal stress

The equilibrium is given by
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7 Translating loads to stresses

= ZﬂRUmngt = AprR? = Fp (7.4)

long

Thus, the circumferential and longitudinal streseespressure vessel can be described with

_ApR
circ t
(7.5)
A
o =2pR
long 2t

Following from chapter 1 and equation (1.11), theokk’s law for the bi-axial stress condition (plane
stress) in a pressure vessel is then described by

— Ucirc long
circ - E -V E
(7.6)
s, 2,
£ - ong -V circ
long E E

Equation (7.5) implies that the circumferentialess is twice the longitudinal stress. Combining
equation (7.5) and equation (7.6) this results in

g
E = __circ. 1-2
circ E 2
(7.7)

For a metallic pressure vessel the Poisson’s imtibout 0.3, which means that with equation (the)
circumferential strain is about 4.25 times lardpart the longitudinal strain!!

7.2.2 Connection between cylinder and spherical end sections

Consider a metallic pressure vessel as indicatedigare 7.3. In this figure several locations of
interest can be identified: the weld lines betwdenindividual metal plates and the transition fram
tubular shape to the spherical end sections.

To address the strength of the weld lines in thrilar section, the longitudinal stress should be
considered, because that is the stress perpendiouthe weld line pulling the welded components
apart. Because the circumferential stress is taheelongitudinal stress, the weld lines should be
oriented in circumferential direction, rather tHangitudinal direction. Otherwise, the stress |logdi
the weld would be twice the stress loading the welgigure 7.3 under the same pressurization.
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TTTT—\Weld lines

Figure7.3 Illustration of a pressure vessel containing weld lines

To calculate the stress in the spherical end segtiost a pressurized sphere is considered, iseed-
7.4. In this vessel the stresses in both direcimasequal fo

g =g =L8PR (7.8)
1 2 Zt

With the Hooke’s law for bi-axial loaded platese sgjuation (1.11), this implies for the strain®ath
directions

_ApR1
Esphere —?E(l—l/) (79)

G
N

[
VYV YV Y

0

by

Figure7.4 Illustration of a spherical pressure vessel

2 A similar derivation as presented in section 7@ be given for this case, except that it willsoenewhat
more complex. The analysis should be 3D insteddeo®D in Figure 7.1.
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7 Translating loads to stresses

To create the welded connection between the tulseletion and the spherical sections in Figure 7.3,
one should consider the question whether the thskrof both sections should be equal or not. In
general, discontinuities in circumferential stramillustrated in Figure 7.5 should be avoidedabse
they would lead to unwanted deformations, or evemabe and/or failure. With the equations for
strain given for both sections with respectivelyua&ipn (7.7) and equation (7.9), potential strain
discontinuities can be assessed.

Figure7.5 [llustration of the transition between tubular and spherical section without strain discontinuity
(left) and with strain discontinuities (centre and right)

To derive the ratio between the thicknesses of betlions the circumferential strain should be equa
to the strain in the spherical section, thys = €sphere

_BApR1, v APRI[, ,/\_
o™ £07V) T E () o

This results in the following relation

R, 2 (1-v)
sphere _ _ sphere =1 = t =0.41 (7.12)
sphere cylinder

cylinder tcylinder ( _V)

In case the radii of both sections are identidal teans that the thickness of the cylindricalisads
2.5 times the thickness of the spherical section.

7.2.3 Pressurization of an aircraft cabin structure

Of course, the example of a pressure vessel amhlyzé¢he previous section is a simplified case
compared to an aircraft fuselage structure undessurization. Therefore, some remarks have to be
made in addition to the previous analysis.

First of all, the thickness of the fuselage shélsnot constant throughout the fuselage. Local

reinforcement, especially near cut-outs such assdand windows, will locally redistribute the
stresses and change the deformation of the presshed structure.
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In addition, it was already discussed in chapten® 6 that the fuselage shell is reinforced byggis

and frames to maintain the aerodynamic shape wteperating conditions. Especially the frames
have a significant impact on the deformation ofphessurized fuselage and as a consequence on the
circumferential stresses. The contribution of thhamles to the response of the fuselage to
pressurization is illustrated in Figure 7.6.

skin

B A R e o 1 SRR

-

frame pitch {
frame 1 frame 2 diameter d

ot skin _l_%_lh Xy 15

displacement

Figure7.6 Illustration of frame contribution to the fuselage response to pressurization; a pillowing effect
occurs due to limited deformation near the frames

Because failure of the fuselage shell structureeupdessurization may imply a disastrous occurrence
similar to an exploding balloon, this type of fia@ should be avoided at all times. First, the
maximum pressurization load is defined to limit thiatic load that may occur, while secondly,

damage retardant features are applied in the fysdla stop cracks that may occur during over-
pressurization.

Limit load can not be defined for fuselage pressiion according to the formal definition, i.e. enc
in the lifetime of the aircraft, because the pragstion occurs every flight. For that reason, rgéa
safety factor is applied to the maximum pressunpdbad, often a factor 2 is applied.

In case of pressurization loads, the pressurerdiftml is considered to induce the longitudinadl an
circumferential stress in the fuselage. This presslifferential is the difference between the iesid
pressure of the aircraft and the outside pres3imedesign pressure differential is thus defined as

Ap= P, =P~ P (7.12)
where Rapin is the pressure inside the fuselage apdhp pressure at an altitude h. For the cabin
pressure often a pressure is taken at an altitetieglen 2400 and 3000 m, rather than the pressure at
sea level. This pressure is considered to becstittfortable for the passengers, while it reduces th
design pressure differential for a cruise altitde

This can be illustrated as follows. If a safetytéaof 2 is applied, the maximum pressure diffeednt
is equal to 2p Assume that this maximum pressure differentiakgsial to 45 kPa. In case the
maximum cruise altitude is set to be 9050 m, thealsan altitude of 2440 m could be used. However,
if an aircraft altitude of 10350 m is required;sthimplies a cabin altitude of 3050 m, thus a lower
cabin pressure.
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7.3 Torsional loading of a fuselage structure

Another load case that may act on an aircraft aggels torsional loading. As explained in chapter 6
this may occur if the vertical tail of an aircredtlaterally loaded by gust wind, or by forces ined by
the rudder. Aside from bending of the vertical ,tdilis load case will induce rotation of the rear
fuselage section.

This section will discuss in more detail the torsibloading of a cylindrical fuselage section ahe t
implications of such load case to the stressedmiittat structure.

Figure7.7 Illustration of a cylindrical shell loaded by torsion; in the case the shell is not continuous it
deforms as shown | eft. To prevent that deformation shear stresses must occur.

If a torsional moment is applied to a cylindrichlei, stresses occur within that shell structue. T
understand the nature of these stresses, one sfistildonsider the shell to be non-continuous as
illustrated in Figure 7.7. It is rather evidentttlize torsional moment will induce the deformatam
shown at the left hand side of this figure. To gravthis deformation and to keep the longitudinal
edges of the cylindrical shell positioned oppoddeeach other forces must be applied to these
longitudinal edges in the opposite direction asdif@rmation.

These forces must be in equilibrium within the Ebelictures, which implies a shear stress acting i
opposite direction as the applied moment, becéhesetshear stresses should create equilibrium with
the applied moment.

To identify these shear stresses and their dirgctine may also look at the deformation of a c@md
deformed under a torsional moment. A rectangulatiae on such cylinder will deform into a
parallelogram, as illustrated in Figure 7.8.

If equilibrium is satisfied in the example showrHigure 7.8 this means that

Fd =Fd =Fd = M=M =M (7.13)
11 2 2 n n 1 2 n
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Figure 7.8 Illustration of forces and torsional moments acting on a cylindrical shell

Figure 7.9 Illustration of forces and torsional moments acting on a cylindrical shell

Thus a torsional deformation induces shear streswding to equation (1.7), see Figure 7.9

=g (7.14)

If the shear stress acting in the shell with thedsit at a distance r from the centre of the cglimder
the complete circumference of the cylinder is inikrium with the torsional moment M(see right
hand side of Figure 7.9), this means that

M_=r2mrtr = 2t (7.15)

Defining the shear flow q as g this equation can be written as

M_ =20A (7.16)



7 Translating loads to stresses

In other words, in case a thin walled structure like fuselage shell structure is loaded by adoasi
moment M then the shear flow in that shell is solely deiasd by the enclosed area A. This
relationship appears to be independent of the sbhhfiee enclosed area. Thus whether the area is a
cylinder as in the example of a fuselage, or a wiog structure, as long as the area is equal th&rsh
flow g will be the same according to

I\/IT
_ 7.17
oA (7.17)

This can be illustrated with a wing box as illugtchin Figure 7.10. Dividing the contour of the win
box structure in small elements, then for each etérthe fractional moment is given by

dMT =(gdsa=q2dA (7.18)

Superimposing all fractions together, one evidegéis equation (7.17).

] L ] L -~
T N < < < < <
q
Figure7.10  Illustration of atorsional moment M acting on a wing box structure causing shear flow q

MTCW //

Figure7.11  Arbitrary enclosed areas for thin walled structures under torsional moment M+
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Thus all structures illustrated in Figure 7.11 hdve same shear flow under torsional momert M
independent of the cross sectional shape. Thiedlsection is therefore often called a torsion box,
because it resists torsional deformation efficientl

With the above discussion, it can be concluded ahtairsional moment is resisted by shear stresses
within the thin walled shell structure. However,aase a cut-out is created within such structure, f
example a door or window in an aircraft fuselade torsional box will not function well at the
location of the cut-out. This is illustrated in kig 7.12.

For this reason cut-outs must be reinforced locabund the cut-out to provide the resistance again
shear deformation that was provided by the remmlesll structure. This is often created by locally
increasing the thickness with doublers and s#irfes and stringers providing rigid corners.

Figure7.12  Cut-out in cylindrical shell under torsion must be reinforced to provide resistance against shear
deformation

7.4 Bending of a wing structure

74.1 Shear deformation

It was explained in chapter 5 that wing bendingalsen up primarily by the spars in that wing
structure. To explain in more detail the functiohtbe spar and its structural elements, first an
elementary spar is considered as illustrated ihefiérand side of Figure 7.13.

The loads acting on that spar structure imposeamaind shaped deformation that is resisted by the
sheets, see section 5.5.2. Assuming that the batBeogirders are stiff and rigid prohibiting any
(bending) deformation, then the girders exerciseashstresses on the sheets and in return (for
equilibrium?!) the sheets induce shear stressebegitders.

The consequence is that if the sheets are beingvesinthe frames will not be capably of resistimg t
deformation, which corresponds to the explanatioseiction 5.3.2.
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Figure7.13  Elementary spar constructed from rigid girders and sheets (left) will deform if sheets are
removed (right)

o\o/o s =
V2F

Figure7.14  Illustration of shear stressesin the girdersinduced by the sheets (left) and the equilibrium shear
stresses in the sheets (right)

The resistance to shear deformation is in factrdsstance to tension and compression under 45
degrees. To relate the shear deformation to trseciesl and compressive deformation, the relatignshi
between Ey, G should be used, see section 1.6.

At certain levels of the applied forces F, the shagess in the sheets will reach a critical level
resulting in pleat or wrinkle formation within tleheets. These pleats are often referred to as shear
buckling of the sheets. However, one should nosictem this as failure, because the diagonal functio

is still maintained by the sheets. In other wotts, structure still functions well, and if the |gaare
removed the pleats will usually disappear (i.e.lthekling is elastic).
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7.4.2 Stress analysis: breaking-up structural elements

To analyse a spar structure and to calculate thessis induced by the applied load, the spar neust b
broken-up into individual elements. An example dosingle spar element structure loaded by force F
is given in Figure 7.15. For this example, equilibr must be satisfied, which is used to calculb&e t
reaction forces in the structural elements.

For example, equilibrium in horizontal directiorelgs when

F-F -F =0 (7.19)
1x 2x
while equilibrium in vertical direction is satisflavhen

E_F =0 (7.20)

ly 2y

The relation between the horizontal and verticedds is given by the moment equilibrium.

F
> >
— P O
| F \
—_— —Hx_ )
— A
1 - — A2
X
= !
X le Flv FZX F2v
M

Figure7.15 Single spar eement loaded by force F (left) broken up into individual spars and sheet with
reaction forces (right)

Assume that the spar element in Figure 7.15 hasighthh and a width w, then equilibrium of
moments about location 2 implies that

Fh-F w=0 (7.21)
1y

Subsequently, the equilibrium in each element carevaluated. For example, the upper horizontal
spar element is loaded at the right hand sidefoyca F, which can only be kept in equilibrium lnet
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7 Translating loads to stresses

shear forces induced by the sheet over the lengbi thhe spar element. This means that the normal
stress at the right hand side of the element isldquthe applied force F and gradually decreases t
zero to the left side of the element. Thus the sb#asst in the sheet is in equilibrium with the
normal forces in the frames.

An important remark must be made. Considering lngdif elements, then tension and compression
imply a physical difference, which easily can bkates] to a sign convention; tension is positive and
compression negative. However, for shear deformdtere is physically no difference between both
deformations, see Figure 7.16. This means thah@®analysis of spar bending a sign convention must
be agreed upon like for instance illustrated iruFeg7.16.

Be aware however, that despite tension and comprease easily captured by respectively a positive
and a negative sign, this assumes that both casesdentical but opposite of sign. However,
physically tension may be considered being diffefeom compression. Consider for example the
presence of a crack. Under tension the crack wopksh and all load has to bypass the crack, while in
compression the crack closes enabling the loae toamsferred through the crack.

Figure7.16 A sign convention for shear isneeded to analyse the spar deformation

From the above explanation it is evident that thedase of bending, the shear function of spar w&ebs
essentiall However, the webs have to be supportetthe upper and lower side by caps or girders in
order to realize equilibrium. In this configuratjahe webs transfer (external) transverse forces in
shear-flows, while the caps transfer shear-flowsarmal forces.

7.5 Case study: bending of wing spar

7.5.1 Normal and shear forces

To illustrate the previous explanation, this settitiscusses the approach for a simplified wing spar
loaded in bending, illustrated in Figure 7.17. Geaeral approach to this problem is to first chidek
global equilibrium of the problem. This means ttiz reaction forces at the spar root, i.e. at the
clamping area (see Figure 7.18), should providdibgum with the external forces;F
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Figure7.17  Smplified wing spar loaded by forces F; to F3
Global equilibrium implies in (horizontal) x-dirégh that
NUA - NL4 =0 (7.22)
And in y-direction
F+F +F -qh=0 (7.23)
Equilibrium of moments results in point A
N h—F(I +l +|)—F(| +I3)—FI =0 (7.24)
U4 1\1 2 3 2\ 2 33
Nu4 4 Ff;, T FZ ﬁ
— : —
N
<L4—Q
A R - l2 _ )

Figure7.18  Global equilibrium between external forces and reaction forces
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7 Translating loads to stresses

Once global equilibrium is obtained, the problemyrba dealt with in detail. The problem is then
sectioned into separate shear webs with the retztps. Because the load is applied at the endeof th
spar, while reaction forces apply to the clampee sif the spar, the analysis will be performed from
the spar end in the direction of the spar root.

First, vertical equilibrium must be provided betwethe external load ;Fand the shear web.
Subsequently, the horizontal equilibrium and eftiiim of moments can be formulated

Fl = qlh
I:l
NU2 _qlll_FIl (7.25)
I:l
NL - qlll h Il
2
Here, q is the shear flow in web plate 1.
3 2 N 1
N, — ey N N, —N?I — ' Nuz_’lzl‘_
Uy N 1 ° ! g, R i H 9 L
z o 2 o 1
\ ] ) \
Q3J q3j r h 9. 9, 9,
y | - / _
i ~q, HE ! ~ - ! 2 q, 1
P = N, -—T = N
N|4 I, T’N|3 s I 2 N, " Iy !
Figure7.19  The problem of Figure 7.18 broken up into separate sections

Similarly, the equilibrium can be formulated foethecond shear web and upper and lower caps

FZ:qzh—qlh
F  F+F
N =N +ql =-2] +-21—2] (7.26)
U3 U2 22 h 1 h 2
F  F+F
N =N +ql =-2] +-21—2]
L3 L2 2 2 h 1 h 2

And for the third shear web and upper and lowes cap
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FS:qgh—qzh
F  F+F F+F +F
N =N +ql =] +1 2| +- 1 2 3| (7.27)
UA U3 33 h 1 h 2 h 3
F  F+F  F+F +F
N =N +ql =—I +—2—2| +—+—=22|
LA L3 3 h 1 h 2 h 3

From this analysis it can be observed that thestrense shear force is building up towards the spar
root. At the first shear web near the wing tip, ttasverse shear forca 3 equal to I while at the
second shear web, the transverse shear fopces [Bqual to +F, etc. As a consequence, the
transverse shear force at location n (or shearnyehn be generalized as

Dn:Fl+F2+...+Fn:Zl:Fn (7.28)

The relation between the transverse shear forcetendhear flow in the web plate can be derived
from equations (7.25) to (7.27) according to

F

Flquh = qlzﬁ
F+F

F =gh-gh=qgh-F = q,= lh - (7.29)
F+F +F

F.=gh-qh=gh-F-F = q="—"%*— h2 2

Thus, the shear flow in each web is described by
—_n
qn = (7.30)

Similarly it follows that the normal forces in tlupper and lower caps at the location of the vdrtica
stiffener is given by

N :%Z DI (7.31)
=1

As explained in section 6.3.2, the constant shieav in the shear webs results in an increase in
normal forces in the spar caps, because the capsfeér the shear flow into normal forces. Thus
equation (7.31) describes the normal forces atdtetion of the vertical stiffener, the normal fesc
in-between the stringers require some additionalyars.
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l X >| l Iz'x .|
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Figure7.20  Upper spar cap of web 2 in Figure 7.19 sectioned at location x

Consider the upper spar cap in web plate 2 adrdites] in Figure 7.20. Equilibrium for the sidetbé
spar cap indicated by ‘A’ can be given by

NU —NU —qzx:O (7.32)

3 X

Similarly, equilibrium for the side indicated witR’ is obtained with

N, -N, —qzoz—x):o (7.33)

X 2

With equations (7.30) and (7.31) both equation32)7and (7.32) result in

D2 Dl
N, =2 {1, =x)+ =2, (7.34)

This equation illustrates that the normal forcesease linearly from outboard to inboard.

7.5.2 Bending moments

The bending moments at location x in web 2 of {yee €an be derived from equation (7.34)
N h=M :D(|—4+D| (7.35)
UX X 2\ 2 11

For web 2 in the spar one can thus obtain that

—x=-D, (7.36)

Which is valid on every location x on the spar. leguation (7.36) can be generalized as

x=_p (7.37)
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7.5.3 Bending of wing spar

Thus once a spar is loaded in bending by exteoneé$ F the transverse shear forces are known with
equation (7.30) and the normal forces in the spps @are known as

N=M (7.38)

This enables the determination of the transvergarsforce and moment diagram as illustrated in
Figure 7.21.

Figure7.21  Bending of wing spar; transverse shear force and moment diagram

In case of a wing structure, where not only the ifif considered as distributed forces rather than
concentrated forces, but in addition also the weighfuselage and engines is considered, the
transverse shear and moment diagrams will looKkairo Figure 7.22.
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| 5% § % schematic
wing

<

shear-force
line

moment line

Figure7.22  Transverse shear force and moment diagram of aircraft wing

It should be noted, that the transverse shearlitiearly increases or decreases due to the disddou
forces, which implies for the moment line a norelinincrease or decrease.

The shear stress in the webs is given by

q D
=X =_ X 7.39
x ht ( )
While the normal stress in the spar caps is given b
N M
g =t2X=+12X (7.40)
X A hA

Here, the parameters hAre called the moment of resistance W in a spatr.
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Exercises & questions

7.1)
An Airbus A320 with a fuselage diameter of 3.959rstanding at the gate. The wind applies a load

that can be represented by a single load of 506tiNgaon the vertical tail at a distance of 5.0romi

the fuselage centre.

a) Calculate the moment acting on the rear fuselage

b) Assume an average fuselage skin thickness df irm. Calculate the shear stress in the fuselage
skin (My = 29A)

c) Assume that the load is in equilibrium with tleaction forces on main landing gear, which has a
wheel base of 12.6 m. Calculate the magnitudeisfréaction force.

7.2)
To limit bending of the vertical tail, which solati should be preferred?

a) A high strength material as skin material of theigal tail
b) A high strength material as web plate materiattiervertical spars
c) A high stiffness material as skin material of tieetical tail
d) A high stiffness material as web plate materialtfiar vertical spars
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Considering strength & stiffness

8.1 Introduction

With the previous chapter in mind, one may undestaaterial behaviour in general, one may know

the structural elements of which aeronautical simes are made of, and one may even know about
how loads can be transferred through a structuosvener, this knowledge may still leave a gap of

understanding what aspects are needed to be coedigdien designing structures and especially
materializing them, i.e. selecting appropriate malke for the structure.

To give an impression of aspects to be considetezhwelecting a material and structural desigmfor
particular application, this chapter will discusslaexplain aspects and criteria that relate to rizdte
performance in a structural design with a focustoength and stiffness.

8.2 Structural performance

The performance of a structure can be expressedamy different aspects. For example, one may
consider the strength at which the structure uliishyafails an important measure for its performance
but if the most dominant requirement is whether stricture under certain loads is limited in
deflection, then it may not be the most importaarfgrmance aspect.

Especially for aeronautical structures weight isstdered an important structural aspect. Lightweigh
design has become an expertise in itself, whicimse® aim for structural designs with the lowest
possible weight.

Here, one must pay attention to the header abdses#ttion, because when discussing weight as
structural performance parameter, one should nofuse that with weight or density of structural
materials. Although the density of a material \pithy a certain role in the final structural weighbth
categories of weight do not directly relate. Optn it differently, selecting a material with loversity

or weight, does not automatically lead to a stnectuith low weight.

Aside from manufacturing aspects to be consideredstructural performance is a function of

- Properties of materials used in the structuralgtesi

- Geometrical features and dimensional aspects dpréicular structure
This is illustrated in Figure 8.1. One should beaesy however, that these two categories are not
independent of each other!
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/ Materials

Structural
performance

Manufacturing Shape/ ,
) structure -

Figure8.1 Illustration of the optimization considered in this chapter

For example, an all aluminium aircraft can be destgand manufactured in different ways, where the
structural performance is a function of the alunnmialloy properties and the structural geometry.
Although balsawood has a significant lower dengityd thus weight) than aluminium, designing and
constructing an aircraft from that material wilatkin the end to a completely different design, in
which the geometrical aspects most likely will ctaract the benefit of the lower material weight.

Obviously, the strength of balsawood is significkower than aluminium which to some extent will
play a role in the design, but it is obvious th#hep aspects like durability and environmental
considerations (moisture absorption and subseqgadunttion of properties) will also play a role het
selection of materials.

A statement that a certain material has been seldar its low material weight, as reason to obtain
low structural weight, testifies therefore for notderstanding the concept of structural performance
This will be demonstrated in this chapter with o strength and stifiness.

8.3 Selecting the appropriate criterion

The optimization of a structural design may leaddifferent kind of solutions depending on the
parameters to which has been optimized. For exammehe same structural application one may
obtain different design concepts and even madeffefent materials, if the concept is optimized for
its lowest weight or for lowest manufacturing oecgtional cost.

But for clarity, the current chapter will primarifgcus on the optimization with respect to weigld,
the identification of the relevant criteria for teealuation of mechanical properties of materithlbas
been mentioned before (chapter 3) that the streiogiteight ratio of materials is often considered t
select the best material for a structure.
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8 Considering strength & stiffness

8.3.1 Assessment of material or geometry

First of all, one has to be aware that the lowesight to be achieved is structural weight and not
material weight. This means that if one aims taroyzie a structure to the lowest possible weight, no
only the material properties and related densitielia be assessed, but also the geometrical aspy(0.0
ects. This is illustrated in Figure 8.2.

Although this seems to be straightforward, it oftesds to confusion. With the introduction of amesth
material in a certain application, the geometrysloape is sometimes also changed. The comparison
between old and new design is then often diredalsted to the introduction of the new material.
However, as may be understood from Figure 8.2,haseto distinct between the effect of shape and
the effect of the material properties.

However, this distinction is not always easy to makhe example of the steel and aluminium bicycles
in section 8.3.3 illustrates that the introductadra new material is not always possible with tams
geometry; small diameter tubes made of aluminiutth wat provide enough stiffness to the bicycle
frame.

(a

(b)

Figure 8.2 Eval uating geometrical aspects for the same material (a) and material aspectsfor the same
geometry (b)
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8.3.2 Specific tensile strength

The specific strength is usually defined as therbetween strengtb,; and densityp. This ratio
relates to another parameter often used in desigrcanstruction: the breaking length. The breaking
length provides in fact a physical interpretatidntloe specific strength. Consider a hanging bar,
illustrated in Figure 8.3 with a length L, a crasstion A, a failure strength,; and a densitp.

Al

U

Figure 8.3 Hanging bar with cross-section A

The weight W in [N] is given by
W =LAog (8.1)

where g is the gravitational acceleration. Thesstia the upper cross-section is

U:W:M:Lpg

O (8.2)

The length of the bar in Figure 8.3 can be exteradefar as the upper cross-section can carry #tk lo
The length at which the upper cross-section readefilure strength is defined as the breaking
length

g
L. =—ut (8.3)
ue pg

The unit for the breaking length is usually [km]cérrelation between several materials, their $geci
strength and the breaking length is given in T&ble
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8 Considering strength & stiffness

Table 8.1 Correlation between specific strength and breaking | ength

Material out [MPa] | ouw /p [10° Nmnt/kg] | pg [N/dnT] L [km]
Steel AISI 301 1275 159 78.4 16.2
Steel D6AC 1931 248 77.2 25.0
Aluminium 2024-T3 483 174 27.3 17.7
Aluminium 7475-T761 517 184 27.6 18.7
Magnesium AZ31-H24 290 163 17.5 16.6
Titanium Ti-6Al-4V (5) 950 214 43.5 21.8
Quasi-isotropic CFRP 500 327 15.0 33.3

Example: Soecific strength of a simple tension bar

Consider a tension bar to transfer load of 1000frikdxh point A to point B over a length of 2 m.
Which material (steel or aluminium) provides thghtiest solution?

| Steel | Aluminium
Failure strength 800 N/nfm 450 N/mm
Yield strength 550 N/mfn 280 N/mni
Density 7.8 kg/drh 2.8 kg/dm

If permanent (plastic) deformation is not allowdtken the maximum allowed stress equals the yield
strength of the materials. The minimum requiredssrgection is obtained by dividing the load| of
1000 kN by the yield strength
P _1010
= =———=1818mn?¥ and =
&teel a-y'ged 550 A‘cﬂum

P__ @ =3571mn?
80

y,alum

The weight that corresponds to these bars is addiy multiplying the volume with the density

W, oy = Pges A L = 7.8kg /dm?’ [0.1818IM° 02@m = 28.4g
W, = PanAuumk = 2.8kg /dm’ [0.357dm*02@m= 20.8g

Thus the aluminium solution is 42% lighter than sheel solution

This could have been evaluated alternatively bgatly comparing the performance/weight ratio

F g,xA g, 1
_ = — | X| —
W  pxAxL Yo L
Because the length L is equal for both cases (jrosmetrical aspects are the same, see Figure 8.2!),

the ratio o,/p should be considered. This yields 70.5 for stewl 400 for aluminium. Thus
aluminium has the highest specific strength fos {hi case.
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The correlation between specific strength and bnggllength in Table 8.1 clearly does not provide th
reason why aluminium is so often applied in aifcetfuctures. This is because the specific strength
or more precisely formulated, the specific tensiiength is not the only parameter determining the
material to be applied. Depending on the applicatind the load cases, different parameters have to
be considered.

In particular, the structures applied in aircraiti@pacecraft are considered to be thin-walledihe
thickness is relatively small compared to the oftienensions. To illustrate the significance of the
specific properties of materials in relation to #pgplication in airframes, two metals are compared.

Consider a thin sheet loaded in tension as illtedran Figure 8.4 made of either AlSI 301 steel or
magnesium AZ31-H24 (see Table 8.1). The specifisite properties of both materials are fairly close
to each other. The specific modulus of elastiaitythese alloys is respectively 2.5 and 2.4 Nmh kg

\ /H

Figure 8.4 Thin sheet loaded in tension

8.3.3 Specific buckling strength

Thus, concerning the tensile load applied to treesithere is no preference for either one ofwe t
metals. However, if compression is considered ad mase, sheet buckling has to be considered. The
critical buckling strength of a sheet is given by

_E¢

g = 8.4
cr Lb ( )
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The buckling load is then defined as

F =0 bt (8.5)

cr

Thus, the required thickness is calculated with

t =3« (8.6)

Keeping the buckling load and panel length idehfisaboth metals it is evident that the thickne$s
the magnesium AZ31-H24 is about 1.6 times the tiesk required for AISI301 steel. However, this
implies that the weight of the magnesium sheeb@ig2.8 times lower than the steel sheet!

In other words, to compare the specific propertasthe case of compression buckling, one has to

search the highest value fgrE/p. Table 8.2 gives the values for this parametettliermaterials in
Table 8.1

Table 8.2 Specific buckling strength parameter
Material our [MPa] E [GPa] JE/p [10° mm*N%|
Steel AISI 301 1275 193 0.72
Steel D6AC 1931 210 0.76
Aluminium 2024-T3 483 72 1.50
Aluminium 7475-T761 517 70 1.47
Magnesium AZ31-H24 290 45 2.00
Titanium Ti-6Al-4V (5) 950 114 1.09
Quasi-isotropic CFRP 500 60 2.56

8.4 Geometrical aspects

The comparison of material properties or, as dsedisn the previous section, the specific material
properties may indicate the applicability of certanaterials for specific structural configuraticarsd
load cases. However, one has to be aware thattiifeas the opportunity to tailor the structureits
geometry, as discussed in section 8.3.1.

To illustrate this aspect, Table 8.3 compares fouoss-sections for a beam loaded in bending. The
comparison shows that significant weight reducticais be achieved by changing the cross section of
the beam, while keeping the material the sameach this is the reason why the aluminium bicycle
frames are made of tubes with a larger diameter tina conventional steel frames, see the example in
this section.
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Table 8.3 Correlation of cross-sectional weightdqual bending stiffness

- y 3 : L
7 1
/ T — l I 24 40 50

7 TS~y ' |
~
15 T

Weight 100% 81.7% 51.7% 20%

Table 8.4 illustrates that when comparing severatenmls for their specific stiffness that these
materials do not always rank highest for all caf&s. example, bone material has a higher specific
stiffness compared to aluminium, but when the shidtility is considered, the value for aluminiusn i
higher. This illustrates that the comparison of thegerials should account not only for the geometry
but also for the representative loading scenario.

Table 8.4 Illustration of typical specific materjaoperties

Specific modulus| Column stability [ Sheet stability
Material E/y %’ \/E/y %"’ %/E/y %*
Aluminium 2500 108 9.5 62 1.5 52
Steel 2692 100 5.9 100 0.8 10(
Spruce 2340 115 22.3 26 4.7 16
Birch 2538 106 19.8 30 3.9 19
Bone 1500 179 9.0 65 1.6 47
Titanium 2622 103 7.8 76 1.1 73
Isotropic carbon fibre composite 3333 81 14.9 40 52| 32
Isotropic E-glass fibre composite 536 50P 5.1 116 1 1 73
Isotropic aramid fibre composite 1760 158 11.4 5 .1 2 38

"Represents weight % of similar loaded structurepzmed to steel
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Example: Seel and aluminium bicycle frames

For many years bicycle frames were made of stéelstwith circular cross section. These tubes wantgd
by either lugs or welding. Because of the highrgjtle and stiffness of the steel alloys used, tuoesd be
used with a relatively small circular cross sectibhe small circular tubes could be joined easiihwugs, in
which the tubes were then brazed to the lug. Therrgtive joining method is TIG welding which is|a
straightforward process for steels.

Aluminium, although having better strength-to-weightio than steel was not applied, because théeapp
aluminium alloys could not be welded. With the @oluction of weldable aluminium alloys, the introdan
of aluminium frames was initially not successfutéese of fatigue failures. Aluminium usually halewaer
fatigue limit than steel, see explanation in chaffe

Once reliable and weldable aluminium frames wet@duced, many aluminium bikes were sold for tihaiv
weight compared to steel bikes. Although the alismmhas a lower stiffness than steel., rigid fraroesld
be achieved by changing the cross-sectional aréalampe compared to the steel tubes. Aluminiumdsam
are therefore easily recognized because of therande cross-sections, deigure 8.5

Figure 8.5 Comparison between steel and aluminium bicycle frames

8.5 Structural aspects

The geometrical aspects discussed in the previegdos are important to be considered. The
transition in using different materials often comegether with the application of different design
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concepts. An illustration is provided in Figure 8ahere the wood, linen and steel trusses of thg ea
aircraft are compared with the stiffened aluminisinell structure of current commercial aircraft. The
concept of load bearing shell structures could t@wpplied when materials were considered that can
be loaded as such.

Figure 8.6 [lustration of the different design related to material usage; wood, linen and steel trusses (1 ft)
and load bearing stiffened aluminium shell structure

Although this seems a very straightforward aspeften the comparison of material technologies is

performed solely by addressing the material progeri-or example, the fact that carbon composites
in general have lower densities than aerospaceitiluim alloys is used to explain that these fibre

reinforced materials will result in lighter struots.

However, even if similar structures are being ctdered — for example load bearing shell structures —
still the comparison may be need attention. Comgaailuminium with carbon fibre composites in a
load bearing shell structure, will not automatigdibad to similar details design solutions. Where
aluminium stringers for example can easily be a@ktlinto preferred shapes, the manufacturing
technology for composites may require stiffenerthwlifferent geometries.

In addition, the difference between aluminium aragdbon fibre composites may lead to different
selection of shell concept, i.e. shell containitifieners and sandwich panel (discussed in chagter
The reasons for selecting either one of the two rmaycompletely different for both material
technologies.

But even when these aspects are considered, onie hascareful with comparing the materials purely
on material properties as determined in a mattesl The question here may be what strength of the
material should be considered when comparing diffetechnologies. Comparison based on ultimate
strength, i.eoy, often leads to irrelevant weight estimates, bgeahis parameter is in general not
directly decisive for design.

Aluminium structure are required not to permanewtiform under the maximum occurring loads,
which implies that the yield strength often dictatee minimum thicknesses rather than the ultimate
strength.

The restriction on strength that can be exploitedcomposites is even more severe, the maximum
allowable strain that may occur in the structurénsted at about 0.35%. This implies a significant
reduction in strength to design with.
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Comparing aluminium with carbon fibre compositesréiore should be based on equivalent static or
fatigue loads. As illustrated here, the staticrgith comparison may be based on the yield strength
aluminium and about a third of the panel strength. (ay-up of individual plies in the required
orientations, not the uni-axial ply strength, seguFe 8.7) in composites.

Figure 8.7 Comparison of strength values for different materials (left); high strength linear elastic
composites may be limited relatively more than ductile aluminium. The aluminium properties
relate to i sotropi ¢ behaviour, while composite properties often relate to uni-directional
composites (right)

The actual composite panel lay-up that must beidersd depends on the application one has in mind
to compare the materials for. As illustrated inlF&8.8, the composite panel lay-up for a vertiaal

will be different from the lay-up needed for fusgteshell panels. But even there, the orientatidhén
upper fuselage (loaded primarily in tension) mayesxpected to be different form the side shells
(loaded primarily in shear). Some typical valuasdomparison are provided in Table 8.5.

Figure 8.8 The panel lay-up for composite materialsis different for the various applications on an aircraft;
where empennage structures often allow significant directionality of composites leading to large
weight savings, fuselage structures require almost quasi-isotropic laminate lay-ups..
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Table 8.5 Comparison between the weight of different cross sections optimized for equal bending stiffness
Loading mode Minimum weight for given
stiffness strength

JE
Yo,
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Yo,
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Table8. 6 Comparison between composites and aluminium based on relevant strength values
Material Lay-up E Elp Omax Omad P Comment
% GPa | MPani/kg | MPa | MPa ni/kg

0°/+45°/90°
CFRP (T800S) 60/30/10 108 64 360 0.225 Tail plane shells
CFRP (T800S) 40/50/ 10 77 48 270  0.170
CFRP (T800S) 20/70/10 50 31 179 0.110 Fuselage side shell
2xxx Al-alloy 72 26 440 0.160
7xxx Al-alloy 72 26 565 0.205
Al-Li alloy 77 29 515 0.195

1 0,ax is based o, limited to 0.35% design strain
% 0max is taken fronmoy, including notch factor 0.9 as specified in [1]

8.6 Definitions
Specific property Material property divided by dsnsity

References

[1] Metallic Materials Properties Development andriflardization (MMPDS-01), U.S. Department
of Transportation, 2001.

143



Introduction to Aerospace Engineering — Structures and Materials

Exercises & questions

8.1)

a) Give an example which illustrates the differebetween a material property and a structural
property?

b) In aerospace engineering we often look for “dpeproperties™ What is meant with “specific
properties”, and why are they important for aeraegpangineering?

8.2)

a) Which two parameters are important to be constiehen optimizing structural performance?

b) For which parameter in a) is the specific sttbrgf materials relevant? Explain your answer in
maximal 50 words.

8.3)

Consider the material property table given below.

a) Which column do you consider relevant for sehgctmaterials for fuselage skin panels. Explain
in maximum 50 words your answer

b) Which column do you consider relevant for sehgctmaterials for upper wing skin panels.
Explain in maximum 50 words your answer

Material E/y \/E/y Q/E/y
Aluminium 2500 9.5 1.5
Steel 2692 5.9 0.8
Spruce 2340 22.3 4.7
Birch 2538 19.8 3.9
Bone 1500 9.0 1.6
Titanium 2622 7.8 11
Isotropic carbon fibre composite 3333 14.9 2.5
Isotropic E-glass fibre composite 536 5.1 1.1
Isotropic aramid fibre composite 1760 114 2.1
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Design & certification

9.1 Introduction

With the information presented and discussed irptiegious chapters, one may be able to understand
the material behaviour in a structure, and one evay be able to calculate based on given load cases
the stresses in the various structural compondnis,that is in itself not sufficient to design,
manufacture and operate an aircraft or spacecratft.

Aspects as safety, not easily captured in equatkors formulas, must be addressed in certification
procedures, to be communicated with airworthinegbaities. Structural design must comply with
requirements and specifications, which are oftem-megotiable, but sometimes have to be weighted
against other criteria or requirements. This chagéscribes some of the relevant aspects thaeredat
material selection, selection of structural desigproaches, and certification procedures.

9.2 Safety, regulations and specifications

In chapter 5 the functions of a structure have leegatained in general when discussing and defining
the airframe, and in detail for the various struatielements. To be able to fulfil their functions,
structural elements in aircraft and spacecraft nooshply with a number of requirements. Several
requirements directly relate to the functions tdldélled. For example, if an element should béeab
to carry a certain amount of load, then a requirdnmay be that any degradation to the element
during service should never lead to strength bél@mwminimum strength to carry that load.

However, there are also a number of requiremematisdb not directly relate to the functions of that
particular element, but they may follow from spieifions or requirements of the complete structure
to which the element belongs. This section willcdss a number of requirements relevant for aircraft
and spacecraft structures.

9.2.1 Safety

Safety is considered an extremely important asprecaviation. Governmental organisations on
national and international level have compiled atemsive set of regulations for all aspects
concerning aviation. With each accident or eveidigrat reported in the news, the questions on safety
are being raised again; is it safe to fly? Cantgdfe improved?

145



Introduction to Aerospace Engineering — Structures and Materials

These discussions are some to extent interestauguse one of the characteristics of safety isittimt
not an aspect easily measured. This is illustratégure 9.1 with a comparison between the number
of fatalities of different transportation modes.deneral, safety could be associated with the lowes
fatality rate. However, to evaluate safety of diffiet transportation modes, or even different
flights/missions within only aviation, this fatalitate is considered against a certain paramebés. T
could be the number of journeys, the number of fiotlre distance, or even a combination of these.
From the comparison in Figure 9.1 it is evident #&ety seems to depend on the way of presentation
In addition to this, there is a psychological aspmmtributing to the society's perception on sgafet
Even if the probability of dying within the air trigportation mode is substantially lower than ammgot
mode, and even if the presentation in Figure 9.llavbave resulted in the lowest fatality rate for a
transport, then still people may perceive flyingdess safe. This is simply related to the fact thigh

one aviation accident often many fatalities areolmed, which receives great attention from the
media, while the many car accidents with one or fatalities per occurrence hardly receive any
attention. As a consequence, people are very aofagviation accidents, but to lesser extent of
accidents in other transportation modes.

Deaths per billion journeys Deaths per billion hours Deaths per billion kilometres

Bus 43 Bus 1.1 Air 0.05

Rail 20 Rail 30 Bus 04

Van 20 Air 30.8 Rail 0.6

Car 40 Water 50 Van 1.2

Foot 40 Van 60 Water 26
Water 90 Car 130 Car .3 1

Air 17 Foot 220 Bicycle 446
Bicycle 170 Bicycle 550 Foot 542
Motorcycle 1640 Moatorcycle 4840 Motorcycle 108.9

Figure9.1 Comparison between number of fatalities in different transportation modes relative to
respectively journeys, hours and kilometres [ 2]

Another drawback of presenting safety by accidetes as illustrated in Figure 9.1 is that this
presentation does not distinct between the diftereates, operators, distances or type and age of
aircraft. Furthermore, the occurrences of accidentthe various transportation modes exhibit large
fluctuations, especially in air transportation.

This implies that with the introduction of a newcaaft type into service, a safety level has to be
established for that particular aircraft type. Buén then, one has to be aware that the operaddhan
location and routes on which the aircraft is opesahay influence the statistics.

The above discussion is based on civil aviatiomeéneral and not particularly related to safety of
vehicle structures, i.e. structural integrity. Rblyg70% of the accidents is related to human factor
rather than structural failures. However, similansiderations may apply. For example, a known
factor applied in design of aircraft and spacecs#fictures is the so-called safety factor. Thiddia
reduces the load, the number of flights, or anotblevant parameter to a level that the probabdity
failure or accident is reduced to an acceptablelldut what is considered acceptable is not easily
measured or defined.
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9.2.2 Safety regulations

Structural safety is the joint responsibility offfdient parties involved. It is not solely the
responsibility of the aircraft manufacturer, theeggior or the airworthiness authorities. In Figar2
these three parties are presented with their negpansibilities with respect to assuring structural
safety. In general, if one of these parties dodscomply with its responsibilities, one may assume
structural safety to be at risk.

Airworthiness
authorities

Regulatory
actions

S‘rr‘uc‘rur‘al\

safety

support
Airplane Airline
manufacturer operators
Figure9.2 [llustration of the three major partiesinvolved in structural safety and their main responsibilities

9.2.3 Component specification

9.3 Requirements for aeronautical structures

Depending on the application or structure and $&ge, a variety of requirements can be formulated
that have to be met. However, concerning the siractthe requirements relate in general to two
aspects:

- Strength

- Loads

- Lifetime
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The strength should not be limited solely to theemnal strength (i.eoy), but should be considered
the resistance to failure. This could be failuréhaf structure with or without the presence of dgena
Although listed second, the aspect of loads and kEses should be considered the most important
and most difficult aspect. The strength of a matenw structure can assessed relatively easy. Grye m
either perform tests of perform an analysis basethe known mechanical properties of the material.
However, to evaluate whether the integrity of ttracture can be maintained throughout all potential
usage scenarios, one must know the loads relatétese scenarios in advance. This implies that the
forces acting upon the structure should be knovadirance, which is practically impossible.

Often the loads are predicted based upon experimteneasurements on earlier aircraft with similar
configuration and usage. With the development @fyais techniques based on computational fluid
dynamics, loads can be evaluated based on theysenmit shape of the aircraft.

Either way, the determination of relevant loads #pall cases relates to the events that can be
identified during the operational life of the sttw@. This means that estimation of loads relabes t
risks, i.e. the probability that certain events roagur and what risks are considered acceptalietor

The third aspect concerns the topic of structurdrity and durability. The assessment of stradtur
strength and potential load cases could be comsidguasi-static. This maximum loads can be
estimated and the structural strength to meet tloesks can be achieved.

However, most engineering materials applied in m@e@ntcal structures are affected by the
environment when exposed sufficiently long, as utssed in chapter 2. In addition, the repetition of
loads throughout the operational life may imposditeehal degradation of the structure, known as
fatigue. This topic is discussed in more detathapter 11.

Time, however, can be defined in various units. &@mple, the life of the aircraft can be defined i
years, flight hours, or flights. Depending on tleenponent or structure, different units for time may
be considered. For example, the pressurizatiohefuselage during the flight relates to each fligh
The loads related to the pressurization therefogaecorded against the number of flights. However,
the usage of the engines is often expressed it fligurs, because the engine components are loaded
continuously during the time the engines are opetat

The accurate recording of usage during operatilifieals important to evaluate whether the airciaft
reality is loaded more or less severe than thesl@adl load cases considered during the design and
certification of the aircraft. Heavier usage of @ecraft than anticipated in design may impair the
structural integrity before the end of life has meeached.

For the operator the recording against the numbtigbt hours is relatively easy, as it relatesedily
to the planning of flights, i.e. each flight in geal has a specific duration. However, for certain
components the number of flights should be knowasgess the actual life.

9.4 Structural design philosophies

Throughout the evolution of flight, structural dgsiphilosophies have changed based on experience.
Unfortunately, this experience relates to incideaid accidents. Initially, the strength of aeroizalit
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structures was evaluated based on quasi-statis.|ddte estimation of relevant loads was based on
experience and engineering judgements. As a corsegythe load estimation was fairly inaccurate.

An excellent illustration of the evaluation and exmental assessment of strength of an aircraft
structure is given in Figure 9.3. Here a maximuatistload is considered that is represented in the
tests by the number of persons on the wing. Intiegly in this case is that the main load on thagvi

is related to upward bending, while the peoplehia &éxperiment apply a downward bending of the
wing.

Figure 9.3 [llustration of atypical static strength tests on early aircraft

924.1 Safe life

The strength assessment example of Figure 9.3 emphe assumption that throughout time the
structure will remain as it is, i.e. the structuralegrity is not affected by either corrosion, idental
damages, fatigue, etc.

The first design philosophy that assumes that thetsiral integrity is maintained during operatibna
life and that any degradation or strength reductioa to fatigue or corrosion is often denoted afe's
life’. It can therefore be defined as

Safe-life of a structure is the number of flights, landings, or flight hours, during which thereisa
low probability that the strength will degrade below its design strength

This design philosophy can also be described &byshy retirement. The aircraft or structure isreet

at the end of life before structural degradationy rimapair the structural integrity. This concept is
illustrated in Figure 9.4.

As a consequence of the rapid introduction of nearatt until the 50's of the previous century,ghi
design principle could be considered sufficientifes The aircraft were often replaced before the
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anticipated end of life was reached. However, duedonomic reasons aircraft lives were fully used
and occasionally extended, increasing the rislaitiirie during operational life.

Strength
- Design strength
— — ;‘—E\T -
Uncertainty
Safe Life Safety factor
Life
Figure 9.4 Illustration of the Safe life principle; strength reduction is considered beyond end of life

The design philosophy also lead to failure as tesfuhigher loads than anticipated in design ared th
use of stronger materials with usually poor fatigueperties, crack growth and residual strengthl We
known examples are the two Comet aircraft thatcedgad at cruising altitude in 1954.

9.4.2 Fail safe

Educated by the accidents and incidents, the deplglosophy was modified. The structural
robustness was increased by adding redundancetstthicture. The design philosophy is referred to
as ‘fail safe’ and can be defined as

Fail-safe is the attribute of the structure that permits it to retain required residual strength for a
period of un-repaired use after failure or partial failure of a principal structural element.

The objective of this design philosophy is thatue of a primary member by fatigue or otherwise
does not endanger flight safety. As a consequestaphasis was put on ‘multiple structural member
concept’. The redundancy in structural memberswedtb failure or partial failure of one member,
redistributing the load to other intact structur@@mbers, preventing complete failure of the stméctu
This design philosophy can also be described &syshy design.

The strength evaluation implies therefore that atzsi damage scenarios have to be considered for
which the static strength evaluation is performadhis philosophy, each individual structural item
member is adequately designed according to thdigafncept.

The main advantages of this design philosophy coetpto the safe life philosophy are related to
safety and economics. The damage could be detedtfeid a given amount of time before full failure
occurred, which implies an increase in safetyhimdafe life philosophy a structure or componedt ha
to be replaced once reaching end of life indifferenthe integrity of the component. In the faifesa
philosophy, a structural member could be kept mise until partial failure occurred or damage was
observed.
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Example: Comet aircraft accidentsin 1954

The aircraft accidents occurred after only 1286 @64 flights. Investigation of the accidents reedathat
cracks initiated near the automated direction fir[@®F) window linking up via rivets to adjacent wdows,
see Figure 9.4. The fuselage was designed with $figlhngth aluminium with poor fatigue charactecsti
(high notch sensitivity) while relatively high stses were allowed.

For certification, a full scale fatigue tests wasfprmed, which only shows the initiation of fateyeracks
after 16000 flights. Subsequent investigation effétigue performance of aluminium alloys revedtet the
static pressure tests performed before the fatigagk spectrum was applied induced a favourableorespof
the full scale test article. The static and fati¢est were combined on one aircraft for econonmasoas.

The effect of the high load induced by two tindgs caused local plasticity near windows and notciwt
favourable redistribution of stresses. As a conseqe, the full scale fatigue test was un-consematie. the
measure life was longer than the actual life oftineraft.

Repetition of the full scale fatigue test on a Cbmaécraft taken out of service without the stati

pressurization load revealed initiation of fatiguacks near escape hatches after 3036 flights.

= 2

|
N X '\faliguc crack
window
rivet hole

Figure 9.5 Comet aircraft(upper left), illustration of reconstruction of one of the two aircraft (right) and
the fusel age section containing the aerial windows

C

Although the fail safe design philosophy implied ianrease in safety, still incidents and accidents
occurred induced by structural failures. Evaluatingse failures revealed that not all failure modes

were anticipated in the static strength evaluatioraddition, the redundancy in the structure ofsdi
by multiple elements did not consider particleuesl of multiple elements.
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For example the lug illustrated in Figure 9.6 hasrbconsidered for decades as the typical illustrat

of the fail safe concept. However, once one ofltigeelements contains a crack its stiffness reduces
redistributing the load to the other lug members. & consequence, all members of the lug start
cracking simultaneously. The occurrence of multiptacks in adjacent components or elements is
called Multiple Site Damage (MSD). In case of MSihe fail safe design philosophy becomes
ineffective.

Figure 9.6 Typical illustration of fail safe redundancy inalug

9.4.3 Damage Tolerance and durability

Since 1978 the aviation requirements (FAR/JAR) adbe damage tolerance philosophy. This
philosophy can be defined as

The ability of the structure to sustain anticipated loads in the presence of fatigue, corrosion or
accidental damage until such damage is detected through inspections or malfunctions and is
repaired.

The damage tolerance design philosophy is not der=il a replacement of the safe life and fail safe
philosophy, but rather an advanced concept thabowes these two into a new philosophy.

The main advantages of the philosophy are twof6lidst, it is assumed that defects, flaws and
imperfections are present in the structure direaftgr manufacturing. These flaws and defects may
increase during operational life inducing degraatatf the load bearing capability of the structure.
Second, the damage (fatigue corrosion, impact) beapresent in the structure and even grow until
detected during prescribed inspections and subs#guepairs. This repair assumes that the strectur
is restored to its original strength.

The damage tolerance design philosophy can alsaldseribed as safety by inspection. The
determination and execution of regular inspectionsis an inherent part of the aircraft design.
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Example: Aloha airlines accident in 1988
In 1988 a Boeing 737 operated by Aloha airlines bbdarge portion of the upper fuselage duringhflig
Fortunately, all passengers were tied to the chtistheir belts limiting fatalities to one fliglattendant.

The investigation of the accident revealed that tilweted lap joints were susceptible to corrosiord a
contained multiple cracks (MSD). The operators wigfermed by the aircraft manufacturer about the
susceptibility to fatigue and corrosion, especiétlywarm, humid and maritime air environment nidawaii,
but the operator did not perform sufficient inspats.

This example could be taken as an example that tneedamage tolerance philosophy does not guarantee
flight safety. Although part of design, inspectiand repair have to be performed in order to lirmiictural

failures.
74
fee L i

14

% y

The damage tolerance design philosophy as currapftiied to aeronautical structures is closely tied
to the durability concept. Durability can be defires

The ability of the structure to sustain degradation from sources as fatigue, corrosion, accidental
damage and environmental deterioration to the extent that they can be controlled by
economically acceptable mai ntenance and inspection programs

The combination of the damage tolerance concepttandifect of environment on structural integrity
implies that the damage scenarios considered instiength evaluation should account for the
superposition of cases, i.e. fatigue in metals ttogre with corrosion, fatigue delamination in
composites together with reduced resistance do®tsture absorption.

9.5 Design approach

The approach applied in designing aeronauticatsiras is to identify all critical structural loaats

for which detailed evaluation must be provided. Each of these locations it must be determined
whether inspection is possible or not. This apgnoacillustrated in Figure 9.8. Currently, only the
landing gears and attachments are certified acupitdi the safe life design philosophy, becausesthes
components are considered practically impossiblagpect with inspection intervals sufficiently tpn

to comply with durability requirements,
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PSE/

critical location

Inspection
possible

A
Safe Life Damage Tolerant

Multiple
elements

h 4 h 4
Slow crack growth Fail-safe
element structure

Figure 9.8 Schematic presentation of the design approach

The strength justification of the structural eletserns to great extent based on experimental
substantiation. In fact, the requirements spedift it must be shown with sufficient tests (suppaort
by analysis) that the probability of failure is tigiple.

Certification

Specific
tests

Development

Non
specific
tests

Figure 9.9 Illustration of the experimental pyramid
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Figure 9.9 illustrates that the aircraft manufagtuperforms many generic tests that are not
specifically for an aircraft, but applicable to aofythe aircraft it considers developing. The daben
these tests form the basis for the strength evalualhroughout the development of the aircraftreno
detailed and complex tests are performed to evalaad justify the behaviour of the actual structure
Near the end of the development, component test$ulirscale fatigue tests can provide the basis fo
certification.
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Exercises & questions

9.1)

The parties involved in assuring structural saéegygiven in the figure below.
a) List for each party two tasks related to striadtsafety

b) Describe the interaction indicated by the arrows

Airworthiness
authorities

fS‘rr‘uc‘rurulx

safety

+—>

Airplane Airline
manufacturer operators

c) Structural requirements are related to streagthloads. In which relationship plays ‘risk’ agol
Explain that role in maximum 50 words.

9.2)

a) Listthe three structural design philosophias gime for each philosophy a definition

b) Indicate how safety is assured in each of theetphilosophies

c) Multiple Site Damage means that damages (craoksy occur simultaneously in multiple
elements. Explain how this impairs the fail safside philosophy in maximum 50 words.
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Space structures

—————te I —o— S ———

10.1 Introduction

Although most of the topics discussed in the previohapters apply to both aeronautical and space
structures, some special attention to typical sgtcetural applications may be justified.

«—— Payload fairing

A <«—— Payload/Spacecraft

Payload adaptor

Launch vehicle

Stage structure

3 <«— Thrust structure

Figure10.1  Illustration of the spacecraft and launch vehicle with typical components
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10.2 Typical spacecraft structures

In chapter 6 some words have been spent on thedases typically relevant for space structures.
When looking at the spacecraft, one has to taleantount that space despite being the operational
environment of the spacecraft, does not solelyroete the structural design. In fact, the main
structural items that can be observed in the spaftesre dimensioned to sustain all loads related t
launch. This means that the forces provided bysthatithe lower end of the launch vehicle haveego b
transferred through the structure, including thacsgraft structure. To accomplish this load transfe
through the spacecraft structure, two categoriepatecraft structures can be distinguished

- Strutted structures

- Central cylindrical shell structures

Both types of structures will be briefly discussedhis section.

10.2.1 Strutted structure

Part of the launch vehicle is the payload adaptat is discussed in section 10.3.4. One may assume
that the load provided by thrust to be transfettedugh the spacecraft structure is inserted ithéo
structure by the adaptor.

One way to create the necessary load paths thrth@lstructure is by using struts. These struts
basically are a form of truss structure, discussegkction 5.2.1, where the struts are loaded piiyna

in compression in their longitudinal axis. An exdenpf a truss structure is given in Figure 10.2.

Figure10.2  Example of a spacecraft utilizing a truss structure

An important dimensioning aspect then will be ttebgity of the trusses, see chapter 8. The trusses
should not bulge out in compression, but remaihlsti be able to transfer the load to the remaginin
structure. However, because the primary functiotheftrusses is to sustain this particular loa@,cas
they can be optimized for this case wit particutaterial and shape solutions, like for example the
struts in the Space Shuttle ribs mentioned in ge&i2.1.
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10.2.2 Central cylindrical shell structure

The central cylindrical shell structure configueoatidistinguishes itself from other structures, lnsea
it has a major central thrust-load-bearing membéhe form of a cone of a cylinder. All load proet
by thrust and inserted via the adaptor is transferthrough a central cylinder that is primarily
dimensioned for this load case.

All systems within the spacecraft are attachedtraing points directly to the cylinder or they are
attached by combinations of struts, platforms drehs webs. An example is illustrated in Figure 10.3

Figure10.3  Exampleof a(polar platform) spacecraft utilizing a central cylindrical shell structure (see
Envisat in study collection)

10.3 Typical launch vehicle structures

10.3.1 Payload fairings

The payload fairing is an important part of thenlelu vehicle. It protects the payload during launch
and ascent against the aggressive environmenaeredynamic heating and pressure. Once the launch
vehicle is outside the atmosphere, the fairingsdésposed, exposing the payload to the environment.
The consequence of the fairing disposal is thdiet@ccelerated mass will decrease, which increases
the efficiency of the thrust.

10.3.2 Stage structures

Rocket launchers typically consist of multiple sgsgwhich each contain a rocket propulsion system
with several subsystems within the structure. Tis¢gges can either be placed in sequence, i.@pon t
of each other, or in parallel. The main stage fothas core of the launcher, while booster stages are
often placed in parallel to increase the thrusirdythe initial part of the ascent. The boostegataare
illustrated in Figure 10.1.

Different design concepts could be chosen for tlages structure. The two most important design
concepts can be characterized by whether thedukktare part of the load bearing structure, or not
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The exploded view in Figure 10.4 illustrates theeasbly of the structural components in case the fue
tanks are part of the load bearing structure. Tthecwiral components are connected with interface
structures to transfer the load from one compoteainother. The skin concept is usually referred to
as semi-monocoque, i.e. load bearing skin contgiimternal stiffeners, as explained in chapter 5.

The design concept in which the fuel tanks arepaat of the primary structure contains an external
skin that is separated from the internal tanksomgérons and circular stiffeners, see also ch&pter

FORWARD
SKIRT

— HELWMBOTTLES
LiQuID 1 4

HYDROGEN
TANK

LOX
TANK

AFT SKIRT
AND
THRUST STRUCTURE

INTER-STAGE

Second Stage Subassemblies

Figure10.4 Illustrations of typical stage structures: Saturn, fuel tank part of the structure (left) and V2, fuel
tank not part of the structure (right)

10.3.3 Thrust structures

The thrust structure is an important part of thentzher as all loads introduced by the propulsion
system is transferred via this structure into tle@mstages of the launcher. The high loads (Arane
about 15000 kN at take-off ~ 1500 tons!) are inticmt rather concentrated and must be distributed
into the stage structure via a conical structuséllastrated in Figure 10.5.

Figure10.5 Illustrations of thrust structures (left) and section of the Ariane 5 HM60 conical thrust structure
(engine mounted on top of cone) (right)
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10.3.4 Adaptors

A similar function as mentioned for the conicausture, part of the thrust structure, has to bfdlad
by the adaptors. This part is located in the upaet of the structure and has the primary functmn
transfer the loads from the stages into the spatftear satellite located in the payload area urider
fairing.

Similar conical shapes can be observed, as illestren Figure 10.6, where instead of the load
distributed to a wider area, the loads are rathmrcentrated into the primary structure of the
spacecraft, especially when the spacecraft applesatral cylindrical shell design, see sectior2 10.

MIPAS

SCIAMACHY
MWR

!"' - Ka-band
Pﬁ Antenna

| DORIS
4

MERIS

X-band
Antenna

Solar Auray
(not shown)

Figure10.6  Illustrations of adapters (lower left image shows the Hipparcos main structure and fuel tanks,
upper |eft image shows the adaptor for the Envisat shown right)

10.4 Typical mission requirements

The design of the structural components usuallytstaith the determination of the mission
requirements. However, concerning the typical missifor spacecraft and launchers, it is obvious tha
in general the mass should be minimized as muchoasible, while the stiffness and the strength
should be as high as possible.

In addition, for the launchers yields that theydtaobe able to accommodate the payload and the
equipment, and that their mission should be feldillwith high reliability. The costs of a launching
failure are extremely high (estimated at about illon Euros for the Ariane 5).

In general, these high demands to the structuréyithat structural solutions and materials arerofte
considered that are too expensive and complex déoorautical structures. Nonetheless, even for
spacecraft and launch vehicle structures the reménts are to reduce costs, and to search for the
design solution which has proven to have the bestufacturability and accessibility.
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10.5 Material selection criteria

The selection of materials for space applicati@nan important topic. The stiffness of the strugtur
and therefore also the materials used, is an irapbpiarameter to design against the resonance that
may occur during launch of the vehicle.

Oscillations can be either damped or excited, seeekample Figure 10.7. These oscillations or
vibrations are very important in space structutes;sause during launch significant vibrations may
occur. Examples of vibration problems in aeronalitpplications are flutter of main and tail wings.

A

Figure10.7  Illustration of the oscillations that are damped (I eft), not damped (centre) and divergent (right)

Therefore, limiting the natural frequencies of |maaft is essential to avoid resonance betweerchaun
vehicle and spacecraft. In general low dynamic Gogpresults in lower loads for spacecraft. To
dimension the primary structure, the first stepréfare is to assure that the lowest natural frequen
present in the structure is well above the spetiffenimum frequency. Once this has been achieved,
the structure will be further designed and tailofedall the quasi-static loads that will occur.this
order these steps will be discussed in the follgvaactions.

10.6  Structural sizing for natural frequency

The discussion of structural sizing will be exp&nhere using simple examples. Consider the
concentrated mass at the end of a clamped bealtnsigated in Figure 10.8. If resonance may occur
in both axial and lateral direction, i.e. in x- agedirection, then loading of the beam may be
considered respectively by axial loading of a spiisee introduction of chapter 1) and bending of a
beam.

For both cases a ‘spring constant’ k may be detedhiFor axial direction, the constant k is a figwrct

of the stiffness of the spring (represented by &J the length of the spring

EA
k =— 10.1
= (10.1)
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NP SN
4 ) ky < Ky
k /

Figure10.8  Schematic of a concentrated mass at the end of a clamped beam (l€eft) and the simplification of
the case to a single degree of freedom case (right)

A

In lateral direction, the constant k is relatedhe bending stiffness of the spring (represente&by
and the length of the spring

_ 3El

ky E

(10.2)

The axially loaded configuration, described by diqumr(10.2), can therefore be related to the case
illustrated in Figure 10.9. According to chaptertie elongation and strain for this case can be
described by

L

AL=P—
EA (10.3)
_AL_P_o
L EA E
Similarly, the deflection for the laterally loadedse can be given by
3
o= PL (10.4)
3El
E, A M
//
/

/

Figure10.9 illugtration of the beam|oaded in axial direction (l€eft) and the simplification of the caseto a
single degree of freedom case (right)
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ky
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<

Figure 10.10 illustration of the beam|oaded in lateral direction (left) and the simplification of the caseto a
single degree of freedom case (right)

The natural frequency in [Hz] is defined as

NS (10.5)
no2r\m

f

where k is the spring constant and m the mashisifequation represents the lowest natural frequenc
that is allowed in the structure, this means ferdkial direction that

E_LA > (27t )'m (10.6)

and for the lateral direction that

% >(2nt )'m (10.7)

10.7 Structural sizing for quasi-static loads

Once the requirements concerning natural frequaneybeing met, the structure can be designed for
guasi-static loads. These loads are directly rel&aethe acceleration of the mass during launch and
ascent.

In axial direction, the load is given by the accatien of the mass in axial (launch) direction with

F =mg (10.8)

X
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El,A M *g

A

Figure10.11 Schematic of a concentrated mass at the end of a clamped beam subjected to acxial and lateral
accelerations

With the cross section of A this gives in axialedition

F
o == 10.9
o (10.9)

For the lateral loads, the bending moment appliethb mass is considered

o =My (10.10)

X I

Where | is the second moment of inertia, y theadisé from the neutral line to the outer surfacehef
beam, and M the moment given by

M =FL=mg L (10.11)

The allowable stress is the maximum stress thasttiueture should be capable to sustain without any
damage or failure. This maximum stress is calcdldtg superimposing the stresses due to axial and
lateral accelerations, which should be lower thenallowable stress

o =0 +0 <0 (10.12)

tot X y ~  allowable

Another load case that has to be considered ibubkling load applied to the structure by the axial
accelerations during ascent. In this case the bgmsliffness El of the beam becomes an important
parameter. The Euler buckling load can be calcdlatiéh

7TEl
wie ]2 (10.13)
which implies that the loads due to axial acceienatshould be limited to
gM< Feuler (10.14)
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Example: Required wall thickness ARIANE 4

Consider the ARIANE4 launch vehicle illustrated Figure 10.12. The requirements on the nat
frequencies are in longitudinal (launch) directie®1 Hz and in lateral direction 10 Hz. If the fallimg

conditions apply

- Payload mass = 250 kg and may be consideredirisrpass

- Structure made of aluminium withyE 72 GPa, structural mass may be ignored
- Maximum axial acceleration is 6g (launch load)l ateral acceleration 1.5 g
What is the minimum required wall thickness of sheicture?

In launch direction, the natural frequency showthply with

f :i 5 >31Hz
n 2mr\m

where m=250 kg and k is given by

This implies for A that

AszL(ZITfl)2

With A=21rt this means that the thickness should be abounl

Launch direction
Lateral

A

1m

N~

5m

Figure10.12 Illustration of the ARIANE4 launch vehicle and the schematisation of the problem
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Example: Required wall thickness ARIANE 4 (continued)
With the thickness determined for the lowest natinegjuency, the he quasi-static loads can be atedu

where m=250 kg,,g= 6g and A = 2rt = 3142 mm The axial stress is thus 4.7 MPa.

o - O™ _Fly
y | |

The second moment of inertia | for a thin walletinrger is given by

m* ot
I f— [o] |
4

4

where rand p are respectively the inner radius. Substituting ¥hlues or 499 and 500 mm for both radii,
results in | = 39-10mnf. The lateral acceleration was 1.5g and the maxirdistance y = 500 mm. The
lateral stress is thus 23.6 MPa.

The total stress is the sum of the two

=0'X+0' <0

tot y allowable

which is 28.3 MPa. Of course one has to considratflowanee = Ourimate INCluding the safety factors.

References

[1] Larson, W.J., Wertz, J.R. (Eds), Space Misdioalysis and Design,"8Ed., Kluwer Academic
Publishers, Dordrecht, The Netherlands,1999.
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Exercises & questions

10.1)
Consider the ARIANE4 launch vehicle, illustratedrigure 10.12. The requirements on the natural

frequencies are in longitudinal (launch) directieBil Hz and in lateral direction 10 Hz. The payload
mass is 150 kg and may be considered as point mh@sstructure is made of aluminium with € 72
GPa, for which the structural mass may be ignofdég: maximum axial acceleration is 6g (launch
load) and the lateral acceleration 1.5 g

a) Calculate the minimum required wall thicknesshef structure

b) Calculate the quasi-static axial stress duraugth
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Fatigue & Durability

———e N o G ———

11.1 Introduction

The topic of fatigue and durability is an importaopic especially for aeronautical structures drat
designed to be operated for several decades wdgriag the structural integrity. Based upon the
discussion in chapter 2, one can imagine that thtemal properties will change over time due to
ageing of the material. Of course this can be at®olfor by setting the appropriate allowables dase
upon the virgin material strength reduced by kndoln factors.

However, although that represents a considerabteopthe durability aspect, it will be insufficiefor
assuring structural integrity. The developmenti@ietent design philosophies, presented in cha@ter
has proven that structural safety can only be asswith a coherent approach for the design and
manufacturing phase, and subsequent operatioaal lif

An important aspect in this sense is the occurrencatigue and fatigue damage in structures that a
repetitively loaded in service under various logdamd environmental conditions. It will be explaine
in this chapter that fatigue can not be treatecepretident of environmental aspects, part of the
durability assessment. Therefore, fatigue and dlilyabre discussed in relation to each other iis th
chapter.

There are some remarks to be made here beforeirgjeippo the details. First, fatigue as a damage
phenomenon has been discovered primarily in metatructures (steel in train applications,
aluminium in aircraft applications). What has bemderstood is that from the decades of experience
and research is that repetitive (tensile) loadiray head to initiation and propagation of crackd dita
some point in time may lead to component failuréas also been understood how this aspect should
be treated in design, which has led to the devedmprof methods for designing against fatigue.

What seems to be not well understood is that thetioa between repetitive or cyclic loading and
initiation or formation of damage applies to algareering materials and material categories, bait th
the nature of damage and thus the relevant cyohld Icases may be different from one material
category to another. This will be further explaimedection 11.4.5.

Another aspect requires more awareness is thagrdegiagainst fatigue is not an additional task one
should perform in the detail design phase. Desgaigminst fatigue follows from the correct mind set
of an engineer and should be incorporated alreadiie early conceptual and preliminary design. If
fatigue has not been considered in the early dgshgises, the design work in the detail design phase
will be merely repairing a fatigue sensitive stuuet
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11.2 Stress and strain concentrations

11.2.1 Definition

Following from the definitions provided in chapterthe stress in a material or component is bdgical
calculated by dividing the applied force by theaar®r in equation form

F
o=— 11.1
A (11.1)

This is considered correct if the material is hoemgpus and in undisturbed in shape or geometry.
This concept is illustrated in Figure 11.1. Indegeamt on where a cross-section is considered, the
stresses will be equal and evenly distributed thhothe material. These stresses can be calculated
with equation (11.1).

Figure 11.1 lllustration of evenly distributed stses in a homogeneous material

However, of the geometry or the shape is changedf @ cut, damage or crack is created in the
material, then this forms a disturbance for thesstrfield. The load that has to be transferredutjito
the material, illustrated in Figure 11.2 with stréises, has to bypass the cut or damage.

R ——

<. P —
-+ ———
P e

‘- ——

Homogeneous stress field Stress field with disturbance
Figure 11.2  Comparison between evenly distributesss field (left) and a disturbed stress fieldit)
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Assuming that equation (11.1) is still valid, ofmsld at the location of the disturbance calcuthee
stress by dividing the applied load F by the redun®ss section. Because the cross-sectional sirea i
reduced while the load remains the same, this asphat the stress at the location of the disturban
is higher than in the undisturbed stress field.sThigher stress is generally denoted as the nominal
stress and is defined by

F_AF_A
o =F-AF_A, 11.2
om - A A A A s (112

This would suggest that if the failure of a diseolbor cracked component has to be predicted, one
may assume that once the nominal stegs equals ultimate strength of the material, failweuld
occur. However, before this equilibrium has beethed, the material or component will fail.

This phenomenon is related to the fact that a aunagon of stress is present at the tip of thecimot
This is illustrated with the higher density of ssdines at the notch tip in Figure 11.2. The undixed
and evenly distributed stress field has to byplassibtch, which at the location of the end of thich
creates a high concentration of stress. This phenom is indicated with the term stress
concentration.

To evaluate the stress concentration, a stresentmtion factor Khas been defined
g k
K == (11.3)

t g

nom

Here the peak stress is the highest stress rigiieagédge or tip of the notch and the nominal stres
Onom IS calculated with equation (11.2).

(o]
O-applied n'om O-applied
I
< —
- ' [ -
< | D W —>
O-peak |
-+ .~y - —>
- —
I
| 1 y e

Figure 11.3 Example of a flat sheet containing keHoaded by a far field stress

Consider a flat panel with width W containing acolar hole with diameter D, see Figure 11.3, the
nominal stress can be calculated with
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o =V 5 , (11.4)
nom \W —-D applied

The stress concentration factor can then be cabtulaith equation (11.3). The only question at this
point will be whether the peak stress is known.dise people in the past did not have the avaitgbili
of dedicated software that can be used to calcdsses at specific locations for any geometry
under load, like with for example Finite Elementit®are, theoretical solutions were mathematically
derived. These theoretical solutions were derived the case of notches in sheets with infinite
dimensions, because mathematically the boundarstionts for this case are exactly known.

For the finite geometries, subsequently correctamors were determined based upon calculations or
experimental data. These solutions were combindthimdbooks, like for example Peterson’s Stress
concentration factors [1].

A well-known general solution for an elliptical ldoln an infinite sheet illustrated in Figure 114 i
given by

g
K =—pek =14 08214 5/2 (1L.5)
t o b r

nom
This means that the stress concentration factaa forcular hole in an infinite sheet is equal t=K3.

This value is indifferent from the hole diameteheTrelation between the peak stress at the notth an
the nominal stress in the remaining cross-sectatian remains 3, independent what hole diameter is

Prttttd

2b
L—P
2a
Figure 11.4 lllustration of an elliptical hole imaaxially loaded infinite sheet
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An important remark has to be made. When introdytie stress concentration factqrafd the peak

stress at the notch edge, it was argued that timpaoent would fail before the nominal stressm
would have reached the ultimate strength of thesredt

Implicitly, this explanation and subsequent deiiwatmay lead to the assumption that failure would
thus occur when the peak stresga reaches the ultimate strength. This is correctniaterials that
remain (approximately) linear elastic until failuréke for example fibre reinforced polymer
composites.

However, metallic materials usually plastically aleh beyond the yield strength. In that case the
behaviour will be different. This is illustrated iRigure 11.5. The stiffness of material reduces
significantly beyond vyielding (evident from the temt slope compared to the linear elastic slope,
represented by the Young’s modulus E). As a resiuthis local stiffness reduction, stress will be
redistributed to the remaining material.

fully
o plastic

<+—0p2

/fully

elastic

Figure 11.5 Effect of elastic-plastic material betwur on the stress concentration

The example given on the next page, illustrates lthear elastic materials have significant higher
notch sensitivities than ductile materials. As sule the failure strength of a notched componezatien
of linear elastic materials is usually lower thhattof equivalent elastic-plastic materials.

On the other hand, as will be discussed later is ¢chapter, composites are usually less sensitive t
fatigue loads. In other words, comparing aerosdeminium alloys with carbon fibre composites,
one may conclude that stress concentrations ammeetal for static loads on composites and
detrimental for fatigue loads in aluminium alloys.

11.2.2 Saint Venant’s principle

An important principle for structural analysis etprinciple of Saint Venant. This principle statest
the effect of a local disturbance, due to for exi@ngpnotch, remains limited to the direct neighbour
hood of the location of that notch, see Figure 11.6
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Example: Effect of plasticity on K

Consider a straight sample containing a hole,lastibted in Figure 11.5. If the material behaviaauld be
linear elastic until failure, like for example carbfibre composite, this sample would fail whR.x= oy,
which means that the gross strength of failurejisaéto

_W-D g

— ult

g = g
applied W nom K
t

For a sheet with infinite dimensions, this meara the failure strength is equal /3. For isotropic carbo
fibore composite the failure strength can be abd@@t BPa, which means that failure of the sample g
occur at 166 MPa.

If the material behaviour would be elastic-platike for example aluminium

o :W—_Da =090
applied W nom ul

1

For a sheet with infinite dimensions, this mearet the failure strength is equal to about 6,2 With the
failure strength of aluminium 2024-T3 of about 48Ba, this implies failure would occur at about 40Ba.

Do consider however that the density of aluminild242 T3 is about 2.7 g/chfproviding a specific failure
strength of 150 kNih/kg), while the carbon fibre composite would bewttl.5 g/cri(thus a specific strengt
of 110 kNm/kg)

elliptical hole; a/b = 3
/

circular hole

N W b U
T

« ~3D

Figure 11.6 Illustration of Saint Venant’s prinaiplStress disturbance due to a notch remains ldrtisethe
direct neighbourhood of the notch
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The benefit of this principle is that the stresalgsis of a loaded structure can be divided into a
- global stress analysis (considering the structsre whole)
- local stress analysis of all details (containingches)

This approach is justified by the Saint Venantm@ple; a structure faces the same stresses due to
applied loading indifferent of the presence of &chaat a certain location, except for the locatdn
the notch itself.

11.2.3 Stress distribution around a hole

For the sake of simplicity, the stress concentrafaxctor K has been introduced while limiting the
discussion to the stress in the net section (ndretness) and the stress at the notch edge (pezds}t
However, it is obvious that the disturbance inssrereated by the presence of the notch is somewhat
more complex. The peak stress described lig Knly at the location in the net section. Awegnfi the

hole edge or along the contour of the notch, tresses reduce and may even become negative.

This is illustrated in Figure 11.7. In this figuaepeak stress of 3S is present at both sides dfdtee
while a compressive stress is present at the mtagiven by=+172. This compressive stress may be
understood when considering the stress lines gimilathe ones illustrated in Figure 11.2. These
stresses may be decomposed in stresses in hotizonavertical direction, where the horizontal
component just above and below the hole inducevgoessive stress.

T Ke=3

S|

T
S 090

- 0.043 mm ~
grain size

T

Figure 11.7 lllustrations of the tangential strefistribution around a hole in an infinite sheetnsile peak
stress atg=0, 77changes to compressive stresgrat 772 (left); drop in stress away from the hole
is more severe than along the notch contour.

Another aspect that can be observed in Figure isltfyat the stress drops quickly moving away from
the hole, while the drop along the contour is digantly less. This implies there is a certain area
along the notch contour that may be consideredivels high stressed (in the order of 6)9 where
potentially fatigue cracks may initiate.
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11.2.4 Superposition principle

According to the definition given in section 11.2the stress concentration factor is linearly
dependent on the stress. Because stresses mayd&@nrgosed, the stress concentration factor K
coming from a complex set of stresses may be dirbse addressing the different stress systems
separately and subsequently superimposing the Y gs&&kses at the notch.

This is illustrated for a bi-axially loaded infimitsheet containing a hole in Figure 11.8. To cateul
the stress concentration factorbotch stress systenss ando, may be considered separately. For the
stresses in directiony a peak stress o3 may be observed at the hole edge as indicatdeifigure.
However, looking at the stress then a compressive stress equaloois present at that location (see
Figure 11.7). The actual peak stress at the coreldecation is therefore less tham 3

In other words, the stress concentration factouforaxially loaded sheet containing a hole is kigh
than the same sheet bi-axially loadedension(!). If the sheet would be bi-axially loaded bieasile
stresso; and a compressive strags(thus opposite to the sign in Figure 11.8), thesst concentration
factor would be higher than the uni-axially loadede!

Figure 11.8 lllustrations of bi-axial loading of@rcular notch in an infinite sheet

11.3 Reinforcement or weakening?

11.3.1 Train axles

The significance of the theory on stress conceantratcan be illustrated with the example of train
axles. Train axles are heavily loaded componemtsdbe to the high rotational speed are repetitivel
loaded in (reversed) bending. One could consideludieg the load by reinforcing the axle.
Reinforcement implies that the axle becomes sty after quite an amount of train axle failure
the 19" century people became aware that reinforcing mma}yi a weakening.

176



11 Fatigue & Durability

Example: Versailles railway accident
On the & of October 1842 a disastrous accident occurredViesailles. This is the first major train accitle
reported in history. The accident occurred duefatigue failure of a locomotive front axle, causicollision
and derailing of the locomotives. In the subseqfiemibout 60 people died.

The investigation into the cause of this accidemts yperformed by Rankine. He recognized distinc
characteristics of fatigue failure and the dandetress concentrations that locally raise thesstre

The Versailles accident and the subsequent railemmiients led to intensive investigations of traiie,
coupling and rails failures due to fatigue. Almesthin a decade after 1842 over hundreds of brakdes
had been reported.

It is important to realise the significance of tlaiscident and the magnitude of fatalities. Abowg same
number of fatalities occurred in the two Comet denis in 1954 a century later, see chapter 9. Tivese
accidents still are considered a major milestorthérhistory of aviation and the initiator of thevéstigations
into the fatigue phenomena.

Figure 11.9 Illustrations of the railway accidettge train axle and investigator W.J.M. Rankine

tive

This phenomenon can be illustrated with Figure @1The evenly distributed stress in the section of

the axle with diameter d has to change into a leavenly distributed stress in the section of the
with diameter D. This disturbance of the homogesestuess field in the radius of the thickness
causes a concentration of stress with a peak sttéle radius contour.

ax
step

The radius becomes therefore important; a smallsaitiduces a high stress concentration, while a

large radius reduces the stress concentration fisgmily. Often this implies some engineeri
because very large radii are not always possible.

Table 11.1 Effect of the radius on For the axle in Figure 11.10 with D/d=2
r/D 0.04 0.1 0.25

Kt 3 2 15
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tYvvy
M

Figure 11.10 The effect increasing the thicknesanaddxially loaded axle

11.3.2 Repairs

The example discussed in the previous section dhmellseriously considered, because it relates to a
general problem. If a structure in general is m@icéd with additional material or structure, the
influence of the geometry may induce unwanted cofnagon of stress.

This may also be the case when for example anadtirstructure is reinforced with doublers or when
such structure is repaired with patch repairs. fhiekness step related to the doubler or patchiaspl

a location for stress concentrations. This may \Enenore important when considering the higher
stiffness of the reinforced area.

This is illustrated with examples in Figure 11.Ekpecially the illustration in this figure highligh
using similar stress lines as in Figure 11.2, thatstiffer area of the patch repair attracts moael
than originally would be present at that locatinrhe structure. The patch may successfully redafor
the damage it originally repaired, but the highteess with the thickness step induced stress
concentration may shift the critical areas to ttgeeof the patch repair.

A solution to prevent a failure at this locationynze to taper the edge, as illustrated with thediedn
Glare repairs on the C-5 Galaxy (right hand sidEigtire 11.11).

Figure 11.11 Reinforcements using doublers or pagphirs may induce stress concentrations
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114 Fatigue

11.4.1 Definition

It has been mentioned in the introduction to thiapter that fatigue as phenomenon has been well
understood for metallic materials and structures §2. However, despite this knowledge and
understanding, there seems to be misperception negpect to the phenomenon of fatigue when
considering different material types, like for exgenfibre reinforced composites. The misperception
is illustrated with the statement often put forwatdht composites do not suffer from fatigue.

If that statement is made, it may refer to two sase
- When cyclic loading composites in tension, simjtatb common loading of metallic
materials, composites hardly show evidence of damaigjation and growth, where fatigue
cracks may initiate and propagate in metals.
- When designing a composite structure, addressiagtitic strength requirements usually is
sufficient to cover fatigue.

The first aspect may be true, but in return theey ine repetitive load cases that do not cause any
fatigue damage in metallic materials, that do @& and propagate damage in composites. As
example, certain compressive load cycles severahyagie composite structures when applied many
times, which do not cause any fatigue damage imliiematerials.

The second aspect, relates partly to the discussicdhe stress concentration factor; linear elastic
material is very sensitive to notches, which is that case for metallic materials. Therefore metalli
materials can be more efficiently loaded up to ritstatic strength. In addition, reduction due to
environmental impact (see chapter 2), further i@stithe static allowables of a composite design.
When these restrictions are accounted for, theespanding load spectra do not cause fatigue issues
the structure.

However, the statement and the above mentioneddsyations may never refer to the conclusion that
composites do not face damage phenomena undeepaijtive/cyclic load spectra. In general, it can
be stated that all engineering materials in one aveanother suffer from fatigue. Only the phenomena
appear to be different leading to different failaonechanics under different loading conditions.

To do justice to the generic aspect of fatiguegte can therefore be defined as

Damage phenomenon induced by a large number ofdgel@s below the ultimate strength
of material/structure causing permanent deteriavatiof material/structure resulting in a
reduction in load bearing capability

For aeronautical structures, the load cycles meatian this definition are often related to numbgr
flights, ranging from approximately constant ampli# (fuselage pressurization every flight) to
arbitrary spectrum loading (wing loading duringdadf, landing, and turbulence). This is illusticite
with an arbitrary flight load spectrum shown in g 11.12. In this example the maximum load in the
whole spectrum is called nominal or limit load. 6 the load case that is considered to occur only
once in a lifetime. At this load failure may notcac Ultimate load, used for strength justificatiisn
usually calculated as 1.5 times the nominal ortlioad.

179



Introduction to Aerospace Engineering — Structures and Materials

B .
nominal load
(once)
BU
Bn

Figure 11.12 lllustration of an arbitrary flight bl spectra

11.4.2 Fatigue assessment

It was noticed by the researchers investigatingdatafter the railroad failures that fatigue appda
be predominantly influenced by the amplitude ofltied cycles. Wohler, who performed an extensive
research at the time on fatigue loading of trailesxconcluded that the

“Material can be induced to fail by many repetit®of stresses, all of which are lower than
the static strength. The stress amplitudes aresdexifor the destruction of the cohesion of
the material. The maximum stress is of influendg mnso far as the higher it is, the lower

are the stress amplitudes which lead to failure”

For this reason, the fatigue characteristics awitionally represented by so called Wohler curees,

S-N curves, see for example Figure 11.13.
o
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Figure 11.13 lllustration of a Wohler curve (stremsplitude is decisive!)
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One should carefully pay attention to the S-N cuasellustrated in Figure 11.13. In this figurerei
curves are given for three different mean stregelde It is illustrated that the lower the mearess$r
Omean the higher the curve. This relates to the conclusif Wohler; the stress amplitude is decisive
and thus plotted on the vertical axis, but therariseffect of maximum stress. The lower the mean
stress for given stress amplitude, the lower theimam stressomax. This will increase the fatigue life
(equivalent to shifting the curve to the right),iethis equivalent to shifting the curve upward.

To understand this, one has to consider the stygds. The relation between the amplitude stress
and the mean stress..an 0N the one hand, and the minimum stegs and maximum StreS$max 0n
the other hand is given by

g -0 g +0
g = max min . o — max2 min (116)

a 2 ! mean

Note that the assessment of fatigue using S-N suivesolely based on evaluating fatigue under
constant amplitude loading, i.e. all load cyclesehthe same mean stress and stress amplitude. As
earlier mentioned, except for pressurization otfages all flight load spectra are random of nature
and thus to be considered as variable amplitudiiriga

In general, two asymptotes can be identified invilodler curve
- Upper asymptote, related to the maximum stresdinegithe ultimate strength
- Lower asymptote, defined as fatigue limit

The lower asymptote is an important parameter, weuating fatigue for specific materials or

structures. Especially, when high cycle fatigueossidered, i.e. fatigue with a very large numbler o
cycles (order 10or higher). The fatigue limit is defined as theess amplitude (usually given for a

mean stress @mean= 0), below which fatigue failure do not occurigdoes not mean that nucleation
of microscopic fatigue damage does not occur, bat éven if such damage does occur that it will
never propagate to macroscopic lengths causingéail

One way to design against fatigue is to limit tipemtional load spectra to stress amplitudes below
the fatigue limit. This approach formed the baserstiie Safe-Life concept discussed in chapter 9.

11.4.3 Variable amplitude loading

The assessment of flight load spectra, or variabiplitude fatigue loading, is in general performed
using the constant amplitude data as representébhier curves, see Figure 11.13. The most well-
known method widely applied to do approximate tlagiable amplitude behaviour (and also well
known to be very inaccurate) is the Miner rule.

This rule is a linear damage accumulation rule shims the damage fractions of each individual load
cycle in the load spectrum until the total damagetion reaches the value 1. The material or siract

is then considered failed.

The damage fraction of for example thdaad cycle in the spectrum is calculated with
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D=1 (11.7)

where N is the fatigue life determined with the constamipfitude S-N data, see Figure 11.13. If the
load spectrum contains more of the same load cifdkerelation is written as

n

D =L (11.8)

i
Failure of the component then will be assumed toat

n N

zﬁi -1 (11.9)

Again, one should note that this simple rule igroseveral aspects that play a role in the fatigue
phenomenon. As a consequence, this rule is oftrciurate. The engineering approach to account for
that is to calibrate the rule to specific materiafel load spectra. This calibration, or more carrec
empirical correction, may lead to values smalldaayer than 1.

11.4.4 Notched materials and structures

The above discussion has been presented assundrg dre no notches present in the material or
structure. The fatigue limit mentioned in sectidn412 is then considered to be a material parameter
However, following from the discussion of stressi@entrations at the beginning of this chaptess it i
obvious that fatigue may occur sooner at a notchrevia peak stress is present.

The effect of a stress concentration, describedheyfactor K, on the fatigue behaviour can be
illustrated with the S-N curve as given in Figude14. The upper asymptote, relatedotg, is not
affected for metallic materials, because of thetpddy redistributing the stress, see Figure 1D8ly

a small, often negligible, reduction will occur. Bevare that this is not the case for linear elastic
materials, like composite materials. For these riss$ethe upper limit will reduce by a factof!K

For both metallic and composite materials, thei@ sggnificant effect on the fatigue limit. Because
the higher peak stress at the notch, fatigue damegeinitiate sooner than would be expected based
on the undisturbed stress field data. In geneha,fatigue limit recues by a factor Kor notched
structures.

For small notches and large stress concentratiotorfa K, this reduction may be less severe for
metallic materials. Again the plasticity providesadvantage over linear elastic materials. Highes!
for K. implies theoretically high values for the peak stteHowever, similar to the discussion on
Figure 11.5, the peak stress is levelled off beyihedyield strength of the material. As a consegeen
the real peak stress is lower.
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Following from the definition given by equation (2}, this implies a lower stress concentration. The
actual stress concentration due to plasticity ésdfore described by a notch factar Which is lower
than the stress concentration factqr Kgain, note that this only the case for ductiteug elastic-
plastic) materials and not for linear elastic matsy like composites. Composites are considerdxeto
very notch sensitive.

stress amplitude

time

stress amplitude

Fatigue limit

2 40® 10t 10 10® 107

number of cycles until failure

10

Figure 11.14 Effect of stress concentration ondiestant amplitude fatigue life

11.4.5 Designing against fatigue

The fatigue behaviour represented by the S-N cuiveonsidered up until failure. It was already
mentioned that below the fatigue limit, microscogéanage may occur but will not lead to failure. The
fatigue life governed by the S-N curve, consists8i@-90% of formation of a fatigue damage of about
few millimetres (nucleation of microscopic damageta macroscopic lengths). Only a few percent of
the life consist of a crack that propagates tagelalength causing final failure.

The Safe-Life concept implies designing againsgieg using fatigue life data (S-N curves). To jiysti
such design, large safety factors are required mespect to available fatigue data. The experinhenta
life (proven by tests) must be about 3 to 4 tineslife that the aircraft is certified for. Thisrslated

to the fact that the experimental data shows censhde scatter, especially at lower stress ammitud
cycles.

Although the S-N curves are presented like in Fadlt.13 and Figure 11.14, one has to be aware that
these curves represent average or minimum dattorfang individual tests near the fatigue limit for
example, may result in fatigue lives that deviatabactor 10 from he curve!!

Because of the large margin of safety applied usimgSafe-Lice concept, the thickness of fatigue

critical parts is often significant larger than wegd for static strength. Especially, for metallic
materials this is the case.
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Designing against fatigue then aims to increagguatlives or to increase allowable fatigue stresse
for given operational life. This implies loweringress concentrations and avoidance of damage
initiators in the design, but also selection of enials that are less fatigue sensitive (higheigtei
limits). However, this can be achieved also by gipgl a damage tolerance philosophy rather than a
Safe-Life concept.

11.4.5 Some fatigue characteristics

It has been mentioned a few times in this chaptet fatigue is a generic damage formation
phenomenon related to cyclic loading. The appeararicthe damage may be different from one
material type to another. For example, in metatiiaterials, the cyclic (tensile) loading may initiat
and propagate cracks, whereas in fibre reinforaaposites, delaminations and transverse shear
cracks may occur.

The type of loading for formation of these damagees is often different. As said, cracks in metals
are often driven by tensile load cycles appliedplane of the material. The delaminations in
composites are often induced by cyclic compressibear or bending loads.

Looking at these materials on a microscopic leeeg may see some qualitative commonalities that
play a role in the nucleation of damage. In mesald alloys, often the inclusions in the materialsea
stress concentrations at microscopic level, becahsemechanical properties of inclusion and
surrounding material are different, see Figure 31However, this difference in mechanical propertie

is also present for longitudinal fibres and matrixcomposites. Qualitatively, both cases imply stre
concentrations that may case tensile cracks inlsnatal transverse shear cracks and delaminations in
composites.

® [
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Figure 11.15 Qualitative comparison between melialya containing inclusions (left) and fibre reinfed
composites (right); in both cases stress conceioinatare present at micro level

Despite the qualitative microscopic correlationFigure 11.15, fatigue appears to be different in
metals and composites. The fatigue damage of lasbsan this figure are nucleated by different $oad
on a macroscopic level; metal are most sensititerision-tension loading, while composites are most
sensitive to compression-tension or compressiomlibgrioading. Some illustrations of typical fatigue
failure mechanisms on a macroscopic level aretiibsd in Figure 11.16.
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Figure 11.16 lllustrations of typical fatigue faiimechanisms in fibre reinforced composites ame finetal
laminates
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11.5 Damage tolerance

11.5.1 Definition

There are different definitions for damage tolemnEollowing from the discussion in chapter 9,
damage tolerance represent a design philosophyevdterctural integrity is assured even in presence
of potential damages by a combination of built-esign features and inspection and maintenance
procedures. This definition is very relevant fag #reronautical field of structural design.

However, sometimes a more strict or limited defomitis used that relates to the former definitiont
omits the aspect of possible inspection and maamtes This definition relates to the material’s
response to potential damage cases. Tradition#tig definition included fatigue cracks and
environmental damages, but also impact damagestebiingly enough, with the introduction of
composites in primary aircraft structures, peoptens to further limit this definition to impact
damages alone. This is probably related to thetfait composites are considered not to suffer from
fatigue, which has been discussed before.

However, it is recommended to consider all relewdamage scenarios even when addressing damage
tolerance as a material aspect only! This aspecbisidered in the definition of residual strength,
which considers the remaining load bearing capstmli material or structure in presence of poténtia
damage. In the last section of this chapter, thigeet will be briefly addressed for a material or
structure containing a fatigue crack.
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11.5.1 Limitations of stress concentration concept

The stress concentration factor ¢éptures the effect of disturbance in the streslsl fdue to the
presence of a notch. However, when addressing dbielual strength (or damage tolerance) of a
material or structure, there is a limitation to twacept. This can be illustrated with the desimipof
equation (11.5). The stress concentration is direetated not only to the size of notch, but alke
radius at the critical location.

Consider that a fatigue crack has initiated atetige of a hole and propagated a few millimetres, he
guestion what the residual strength is can not fmvered using the stress concentration factor.
Because a crack has a sharp tip, which may be denesi to have a infinitely small radius. With
equation (11.5) this implies that the stress coma&on factor becomes infinite, indifferent froimet
size of the crack. However, it does not requiretaof fantasy to understand that a structure with a
small crack is capable to carry a higher load tha@same structure containing a long crack.

In other words, to assess the residual strengttthangparameter is needed than the stress
concentration factor KWhat can be learned from equation (11.5) is #mgarently, a crack with a
sharp tip induces a singularity in the stress fralht at the tip. To mathematically derive a relew
parameter describing this stress singularity fastrack is considered in a sheet with infinite
dimensions. This case is considered for similasora as explained for the stress concentrationrfact
the boundary conditions are exactly known.

The stress field including the singularity can batmematically derived for this case. Although not
necessary to reproduce in this course, for illtisinethe stress field is given here

SJyma @ .8 .30
g, = C0S—| 1- sin— sin— [—S
< Jomr 2( 2 2}
SJymra @

.8 .
g, = CoS—| I+ sin- smgg (11.10)
N2 2 2 2
T, = ﬂacosg sing sing—e
Y J2mr 2 2 2
It can be observed that these equations have a@wnpin the equation that describes the location

measured with respect to the crack tip. The otlet ip the equations has a similar appearance for
each equation. It is this part of the equation ih&hken as parameter, indicated by K.

K =SJma (11.11)

This parameter is called the stress intensity fa@hot to be confused with stress concentration
factor!). In this relation the crack length is esidly related to the dimensions of the crack (whiets

no longer described with K In addition, the applied stress levels haverdtuénce on the stress
intensity.
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Figure 11.17 Three different opening modes of &lgréensile mode I, shear mode I, and transveheas
mode Il

When considering cracks, different opening modesbaidentified, see for example Figure 11.17.
These opening modes imply different behaviour. Olslly, fatigue cracks in metallic materials and
structures under cyclic tensile loading predomilyafioicus on the tensile mode |.

The stress intensity factor K for a crack openimgnode |, is indicated with Ksubscript denotes the
opening mode). The residual strength og a mateniadaining a crack is evidently then related to the
critical value of this KK This critical parameter, K is called the fracture toughness, previously
discussed in chapter 1. This fracture toughnesgrisidered a material specific material. Materials
with high fracture toughness are clearly capabkugiain high loads in presence of cracks, or
considerable loads in presence of very long crasdes equation (11.11).

Thus, if the fracture toughness is given by

ch = Scrit \/ nQrit

The sensitivity of materials to cracks can be itated with Table 11.2, assuming that the critical
stress is related to the material’s yield strefmytb. = 092/2. Form the comparison it can be
observed that despite steel having the highesiuiratoughness of these four materials, the clitica
crack length is the smallest. Evidently, the infloe of ductility plays an important role here. Diect
alloys, having low yield strength, are usually Issssitive for cracks.

(11.12)

Table 11.2 Comparison between critical cracks laagif some aerospace alloys
Alloy 0o [MPa] Ocit [MPa] K. [MPavm] Brit [MM]
2024-T3 360 180 40 15.7
7075-T6 470 235 27 4.2
Ti-6Al-4V 1020 510 50 3.1
4340 steel 1660 830 58 1.55

187



Introduction to Aerospace Engineering — Structures and Materials

11.6 Definitions

Damage phenomenon induced by multiple load cyatésabultimate
Fatigue strength of material/structure causing permanetgrideation of
material/structure resulting in a reduction in |dehring capability
Parameter describing the resistance of a matey@hst fracture in
presence of cracks in tensile mode
Disturbances in the stress field remain limitethi direct neighbourhood
of the location of disturbance
Stress concentration Parameter describing the relation between the gieaks at the (blunt)

Fracture toughness

Saint Venant’s principle

factor notch root and the nominal (netto) stress in tleesesection

Stress intensity factor Parameter describing thergg (intensity) of stresses near the crack tip
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Exercises & questions

11.1)
If a circular cut-out is created in the skin oftthaessure vessel, which is subsequently sealda)hir

by an unloaded membrane, see illustration below.iciWHocations face the highest stress
concentration?

a) Locations Aand C

b) Locations D and D

11.2)

The pressure vessel in question 2) is made twiteg onade of aluminium and once made of carbon
fibre reinforced composite, such that the presation failure load is the same. Then the same gut-o
as in 2) is being applied to both pressure vesgéisch pressure vessel can be loaded with the kighe
pressure? Explain your answer in maximum 50 words.

11.3)
A bar with a circular cross section is loaded byaaial load as illustrated in the figure belowthe
bar is made of aluminium, which statement is carf@cincreasing load P?

a) First, location C will yield, then location A anohélly, location B

b) First, location C will yield, then location B anichdlly, location A

c) First, location B will yield, then location C anicdlly, location A

d) First, location A will yield, then location B anahélly, location C

Co |rmmmp P

NN

11.4)
Give the definition of fatigue
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11.5)

Consider the S-N curve on the next page for a eohstmplitude load spectrum representative for a
given aluminium alloy without notch.

a) Indicate the fatigue limit

b) Sketch the curve when a notch (hole) is beiniieg

c) Sketch the curve for a similar constant ampétlahd spectrum with a lower mean stress

stress amplitude

2 10 10 10° 10° 107

number of cycles until failure

10
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Answers & solutions

1.1)
ag g g O
a € =2y ; g =2+~
x E E y E E

b) The parameters E andcchange into

g g g O
e==2-y L  gz=p X+ 1L
x E w E y vE E

X y X y

1.2)

a) True
b) False
C) False
d) True
e) True
f) True
o)) False
h) False
1.3)

o A
B
/l

v
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1.4)
b)
1.5)
100%_|
80%._|
§ 60%-_
E% i 0%
40% & & ()
i &
20%-
0% 20%  40%  60%  80%  100%
+45° fibres
1.6)
b).
1.7)
ek
A
1.8)
Consider the steel, titanium and aluminium givethmtable below
a) Titanium
b) Aluminium
C) Steel
d) Aluminium
1.9)
a) 0.0049 or 0.49%
b)
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300

250 4

. 200 -

150 ~

stress [MPa

100 A

50

0+ T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

strain [-/-]

C) 6.5 mm.

2.1)

a) Modulus of elasticity — decrease
Strength — decrease
Ultimate strain - increase

b) Glass transition temperature

2.2)
a) Air, Marine air (moisture, salty environment)
Fuel and hydraulics

b) Vacuum
Radiation, UV exposure
Atomic Oxygen

2.3)

a) Thermal expansion behaviour, described by therial expansion coefficient
b) The residual stresses in the Titanium layergpaséive

3.1)
a) Metals, polymers, ceramics and composites
b) Polymers and ceramics; (see chapter 3)

3.2)

b) strength, ductility
d) (seetable 3.1)

e) wrong
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3.3)
a) Molecular chains
b) Chain link (see chapter 3)

3.4)
(see chapter 3)

3.5)
f)  Glass, Aramid, Carbon
g) E-modulus, Density

3.6)
a)  Prp = 1945 kg/m
b) prm = 2417 kg/m

3.7)
a) BEp=915GPa, B=47.3GPa
b) Yes

c) Eyp=280.0GPa, &=62.4GPa

3.8)

a) FVR-=0.25
b) FVF145° =0.5
c) Oy =180 MPa
d E=81GPa

3.8)
(see chapter 3)

4.1)
(see chapter 4)

4.2)
a) True
a) (see chapter 4)

4.3)

a) Casting

b) Machining
c) True

4.4)

a) True
b) False
c) False
d) True
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e) False

f)  True

g) False

h) False
4.5)
Seetable 4.1
4.6)

e) True
4.7)

(see chapter 4)

4.8)
(see chapter 4)

5.1)

a) Truss structure, shell structure
b) (see chapter 5)

c) Corrugation, Stiffeners

5.2)
Wing ribs, Landing gear, Fuselage skin, Fuselagmés, Vertical tail spars, etc

5.3)
c) Stringers, Frames, Skin

5.4)
b) Web and girder

5.5)
a) Rib, Spar, Skin

5.6)
a) Design philosophy, Magnitude of load, Availabtpiipment, Costs
¢) Unsupported load bearing structure
At given wing span, wing may be thinner
At given wing thickness, wing may be longer
Torsional and bending stiffness can be enginesepdrately
Torsion box concepts reduces structural weight

6.1)
a) Manoeuvre loads, Gust loads, Cabin pressurajihgnetc.
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6.2)

a) Bend

b) Bend and rotate
c) Bend
6.3)

a) True

b) False

c) False

d) True

e) True

f) False

g) False
7.1)

a) 2500 Nm
b) 0.1 MPa
c) 198N
7.2)

c)

8.1)

(see chapter 8)
8.2)

a) Geometry/design and Material
b) Material
8.3)

a) First column (pressurization)
b) Third column (panel buckling)

9.1)
c) Loads

9.2)
(see chapter 9)

10.1)
a) 0.6 mm
b) 4.7 MPa

11.1)
b)
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11.2)
Aluminium pressure vessel

11.3)
c)

11.4)
(see chapter 11)

11.5)

stress amplitude

2 40 10t 10 10° 107

number of cycles until failure
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