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Material requirements in aerospace applications I

e High strength and stiffness (stiffness is most important)

 Low thermal expansion coefficient (extreme temperatures -200/2002C)

e Low density (essential)

Cascade phenomenon

1 Kg saving in ‘ 8 kg saving 40 kg saving in
orbital mass in fuel launch pad
Lower weight of _ 20000 S saving

the structure Smaller tanks
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Composite definition I
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Reinforcement
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Introduction

Composite material -

Characteristics:

Manufactured by human being
No chemical reactions
Macroscopically heterogeneous
Advanced material
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Composite materials composed of
several stacked thin layers. These
layers are called laminas.

&
&
“«
L/

The lamina is the essential unit of R
composite materials. Typical lamina =~
thickness is around 0.1-1 mm.

Each lamina can be composed of:
* Short fibres
e Unidirectional Long fibres

* Fabric fibres
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Laminate definition I

Sublaminate: Laminates are made ////

of the repetition of a finite number

of lamina orientations
Example: [0/ 45/ -45/90] \\
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Linear elastic material I

Duhamel-Neumann formulation

Oj = ZCijkl Cy

Matrix notation: -

Txz | |C15 Co5 Cgz5 Cus Cs5 Csp | | Vxz
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Linear elastic material I

The tensor [C] is symmetric. For anisotropic materials 21

independent elastic constants are required

The inverse tensor can also be applied:

Y zx Sis5 Sy5 S3zz Sss Sz Sup | | Tzx
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Orthotropic material I

3 mutually perpendicular planes of elastic symmetry — 9 constants

O
O
O

o O 0 O " A
o,| 1€, Cp Cn 0 0 0||g, ‘
04 Cs Cp C 0 0 0 1]e, "
,| |0 0 0 C, 0 0|, )
.| |0 0 0 0 c. 0]]|r
7, [0 0 0 0 0 Cullry T

y

X

The constants have physical meaning

Planes of elastic symmetry xy xz yz
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Orthotropic material I

Restrictions to the values of the elastic constants

Symmetry of Q:VJ Ci,j=1.3, i#]
matrix [S] Ei Ej
Terms of main E;j . . -

[C] are positives

1-v1p Vo1 —Vo3:V32 —V31- V13—
—2:vp1-v3p-v13>0
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3 4 2

Lamina — .
O _Cijkl E
Plain stress state:
o,=0 o (o, (& | |
=0 —> m{l } T i G A I
T, O
Ty = o (712 (/12
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Stiffness matrix in lamina system I
3 4 2 [Q]: Q12 Q22 0
0 0 Qg
Lamina E, Vo By 0
I=vip vy 1=vy vy
[Q]= Vip By E, 0
l-v, vy 1=v, vy .
0 0 G,| -~

Plain stress state:

o} =[Q)-{e}" 1021=|Quz Q0 |jepy
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Stiffness matrix in global system

In axis 12: o) =1Q]-{e}”

5 /1 In axis xy: (o} =[Q]{e}”
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m = Ccos0 n = send

T]=| n* m* -2.m-n
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6, :, M[T]l-[Q]-[R]l-[T]-[R]-M
X &, $=[T]~< £ ; Ty Vxy
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Stiffness matrix in global system I

Qxx =Q11-m4+2-(Q12+2.QSS).n2.m2+Q22,n4

Qyx=(Qqq +Qpp —4+Qgg)*n**m?+Qpy +(n*+m)

Qyy =Q11-n4+2-(Q12+2-QSS).n2.m2+Q22,m4

QxS =(Q11—Q12—2-QSS).n.m3+(Q12_Q22+2.QSS).m.n3 g
3

Qys =(Q1~Qp~2+Qgg) N7 *m+(Qpy ~Qpp +2:Qgg)-nem

GSS =(Q11+Q22_2.Q12_2.QSS).n2.m2+QSS '(n4+m4)

m = c0s0 n = send
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e Each laminais consider as an orthotropic homogenous material

e The behaviour of lamina material is linear elastic up to failure

3 Q1 O O
[Q]=]Q1, Qp O
0 0 Qss. -
= vo1 - E 0 ]
1-vip-vor 1-vip-vy
1 [Q] _ V12 El E2 0
1—1/18 'V21 1—V15 'V21 G
12 12
o) =[Q]-{e} 12
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e Perfect bonding of laminas

e Plain stress state

° oy =0 oy =0
Ty; =0 oy #0 ]
Ty; =0 TyZ;éO )

This hypothesis is not valid in
some situations !

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Situations where plain stress is not a valid hypothesis I

Free end Variable thickness

-y

Bonded joints Stringers

-—y

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Small displacements

e Kirchhoff hypotheses

A straight line perpendicular to the mid plane remains straight an
perpendicular to the mid surface after deformation

No changes in laminate thickness

E,=0

The displacement of each point can be expressed as a function of the displacements
and the rotations of the mid-plane

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Definition of laminate axes I

Mid-plane corresponds
toz=0

',

NS
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A | aWo
B - OX =
Z X Wo
Yy C—>
) Mid-plane D

D
<+ ™ —>

Undeformed section XZ Deformed section XZ

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Displacements

oW,
u(x,y,z)=ug(x,y)— ¢y -z . ¢X:8Xo
v(x, y,z):VO(X, y)—¢y-2 Laminate theory ) ow,
w(X,y,z)=wy(x,Y) b oy
Strains ~
OUg 82w0 2
; oy oy OX - oy
oy Yyz =0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Strains in < 20 _ 0V, Curvatures
mid-plane y 8y
v =
Y oy  OX
- 3 - 3 - 3
0
Ex Ex X

0
7xy | rxy | kxy)

\
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<

J Carlos 11T de Madrid aminate kinematics

ky__azwo
ay2
2

L Ky __28 Wo

Linear variation of
strains along
thickness direction!!
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Stress distribution I

{U}i = [(_?]i {e}

Stress is a discontinuous
function of z

e} =10+ 2-{K}

=

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Stress distribution I

Laminate I Isotropic material

Q
>
™

X
q

>

o
>

) V"

Y
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1
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1
VTV
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Internal forces defined per unit length

"
Ny = [ oy-dz

—h
2

" b
Ny: _[ Gy-dZ {N}= [ {o}-dz
_% _%

n,
Xy:_j TXy-dZ

"

N
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Internal forces defined per unit length I
"
2

My= | oy-z-dz
2
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(N}=[A]- §° |+ [B] {k} 2
h,
B]= [ [Q]j-zdz

—h
2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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otz e (o} =[Q) -{e)

% ~ 2
[D]= g [Q]; z° - dz ‘
(M} =[B]-1° |+[D]- (k} 2

h,
[B]= | [Q]-zdz

—h
2

4
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") N %
A= [ Qe = [A=Y ] Q)
_% bz

. i =
Lamina i ﬂ

‘Zi-l | N _
---------------------------------------------- [Al=>[)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



& Universidad

it Carlos Ill de Madrid | aminate stiffness matrix

Plain stiffness matrix

h N
[A] = ? [Q]I z [A] = ;[Q]I -hj
_% Bending stiffness matrix

[D]= | [Qliz%dz —) [D]:?;%[c_g]i-(z?’—z3 ]

| -1

y Coupling stiffness matrix
2 _
[B]= | [Qli-zdz [B]=;-§[Qli-(zi2—zf_1]

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



° |=[a]- (N}+[0]- (M}
{i} = [c]- (N} +[d]- (M}

Authors: Enrique Barbero Pozuelo, José Ferna

andez Saez, Carlos Santiuste Romero

d)=[oe[ -

Laminate stiffness matrix

el e
el

T

|--[AI""-[e]
|-[B]-[AT"
- [D]-{B]-[A]"*}[B]
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Plain stiffness matrix [A] I

N _
[A]=2[Ql; -hy

e Relates axial forces (membrane forces) with plain strains

e Independent on stacking sequence -~

Laminate [0/90]< <:> Laminate [90/0]<

Same in plane behaviour

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Plain stiffness matrix [A] I
* Relates axial forces (membrane forces) with

N _
[A] = Z[Q]I : hi plain strains

e Independent on stacking sequence

eIf A, # 0 and A, # O there is a coupling
I effect between axial and shear forces

A1
3 0 ¢= AEI.Z A22 AZS * 9 83 ;
0 Pis  Pos A i )/Qy)

. J L
.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending stiffness matrix [D] I
D)= Z[Q]. (8 -2%)

e Relates bending moments with curvatures

e Depends on stacking sequence .

Laminado [90/0]g <:> Laminado [0/90]g

Different bending behaviour

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending stiffness matrix [D] I
e Relates bending moments with

D)L Q) (-] e

e Depends on stacking sequence

e|f D,c # 0 and D,. # O there is a

C > ﬂ coupling effect between bending and

torsion moments

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Coupling stiffness matrix [B] I

1 it 2 2 * Relat b f ith
[B] — 2 . Z[Q]l . Zl — Zl—l elates memprane orces Wi
I

curvatures and moments with plain

strains
0 = BlZ 822 BZS “ 3 Ky >
|0 ) [Bis Bzs Bes_ Kyxy |

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

e Depends on stacking sequence
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Coupling stiffness matrix [B] I
e Relates membrane forces with

1 N _ 2 2 curvatures and moments with plain
[B]=2-Z[Q]i° Zi —Zi
|

strains

e Depends on stacking sequence

- e If B, # 0 and B, # 0 there is a coupling
R Q effect between axial forces and torsion
A moment _
( ) - _ 3
0 Bigs Bz Bis | | Ky
v , T+ 0 ¢= B].Z 522 BZS "3 Ky >
Nyy] LBis Bos Bss_ Kxy
—l ’ § J

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Symmetric laminate I

The stacking sequence is symmetrical with respect to the laminate mid-plane

N hy [Q]k [B]= g[é]l (le_zlz_]_]
Mid-plane ! )

R by [Qlk

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Symmetric laminate I

The stacking sequence is symmetrical with respect to the laminate mid-plane

L G A A
- Z, B [a]: [A]_l
1Rk [d]=[O]*

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Equilibrated laminate I

Same number of laminas oriented at +0 and a -0

An equilibrated laminate can be symmetric, asymmetric or antisymmetric

Symmetric: [+0,/ £0,]. (8 plies) -
Antisymmetric: [0,/ 6,/-6,/-0,] (4 plies)
Asymmetric: [0,/-6,/-6,/6,] (4 plies)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Orthotropic laminate I

Orthotropic lamina axes correspond to laminate axis

In orthotropic laminates: A, ;= A (=0

In orthotropic symmetric laminates: D,;= D, =0

Example:

[0/90/90/0],

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Quasi-isotropic laminate I

A laminate is quasi-isotropic if:

Ay = Ayy
Axx_AxyZZ'Ass -
Axs = Ays = 0

Example:

[0/90/+45/-45],

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Membrane forces (symmetric laminates) I

Average stresses in laminate

50 = Nx N} =[A] {EOl
H H=§:hi
G?zl\ll_ly ! l -
o Ny o° f= A" e
Xy — H

o 1] [A]
Normalized plain stiffness matrix A |I=-+
H

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Laminate equivalent constants

o0 =[A"}e°)
|

#°i=la"| o]

7xy |

1/ E;

—V21/E1
0

ail a]’éz

aél azz

dg]  As2

V2B
1/E,
0
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Membrane forces (symmetric laminates) I

Engineering plain constants

*
o_ 1 0 a1
Ey = Vo1 =—""x
dq a1
*
0 1 0 12 .
E; = Vi2=—"% -
ano ano
0 1
(312 — %
Ags

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



® Universidad

Carlos Il de Madrid Laminate equivalent constants

Bending and torsion moments (symmetric laminates) I

Isotropic material: Oy = ‘7‘2; 'z | = 112 B.H°
H
LT
gxmax. 2
o = 62-ﬂ i
max. B.H
v,/
Mx= g
6
Tl = 7 M

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending and torsion moments (symmetric laminates) I

Maximum (average) Maximum strains in
stresses in laminate laminate
6-M
O-X — H 2X {g}max_ — ZmaX. ) {k}
O_f _ 6 M y f H kx -
y 2 &y = -
-] 2
H -k
Xy — H 2 2
. H -kxy
7/xy 2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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12.[D]
H3

*
Normalized bending stiffness matrix [D ]:

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Pttt o] [ g % [on
1€y =|U21 U2 U25 |10y ¢
{ AR
" i=l0"] 00 l .
ey | [ UE]  -wvplEy 0 | [oy
1Ey 1= —voqlEq 1/E, 0 -%Gy$
TIxy) L 0 0 1/(312_ Txy |
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Bending and torsion moments (symmetric laminates) I

Engineering bending constants

e} - o _dz*1
diq di1
Ezf :];c Vlfg :_dl*Z -
doo doo
1
Glfz o
dSS
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Laminate equivalent constants

{f} oy BN S
{0 }: 2 Norrr|1.alized [B*: 2-|B]

stiffness matrix
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