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Tenké laminatoveé desky
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Tenké laminatoveé desky

Silové a momentové uc€inky na jednotku délky desky




Klasicka laminacni teorie (KLT)

Predpoklady reseni
kazda lamina je ortotropni a kvazihomogenni
tloust’ka laminy je ve srovnani s délkou a Sifkou velmi mala
posunuti jednotlivych bodl ve vSech tfech smérech jsou mala
spoj mezi laminami je dokonaly, nekone¢né tenky a proto jsou posunuti spojita
posunuti Se Vv pricném sméru (po tloustce) méni linearné

vzhledem k tomu, ze tloustka laminatu je vzhledem k ostatnim rozmériim mala, je
mozno uvazovat rovinny stav napjatosti

pticna zkoseni 7x. =7y =0, a proto zistanou kolmice ke sttedové plose kolmé i
po deformaci a budou primkové

normalova vzdalenost od stiedové roviny zistava konstantni, a proto lze
zanedbat pietvofeni v pfi¢ném sméru £, =0

zavislosti mezi deformacemi a napétimi budou linearni



Klasicka laminacni teorie (KLT)
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KLT —nap¢ti v laminé
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kde Q; jsou prvky matice mimoosové tuhosti k- té laminy




KLT — sily a momenty v laminé

Nx%z /4& | j _______________________________ X -thh'
V M/,g/ - ) © ) jﬂ
) @
M,

P = N, o.M
7 N/ - 7 M.,
M*(/F\M“

e

hy hy hy
N, = Iaxxdz, N, = jawdz, N,, = jaxydz

hk 1 hg 1 hg 1

hk hk hk
szj'axxzdz, Myzjawzdz, Mxyzjowzdz
hk—1 hk—1 hk—l



KLT — sily a momenty v laminé
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KLT — sily a momenty v laminé
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KLT — matice tuhosti laminatu
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KLT — urCeni deformaci ze zatizeni

Inverzni relace — uréeni deformaci (relat. prodlouzeni a kfivosti
stfednicové roviny)

Exx A A, As B, B, By N,
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KLT — relace deformace a zatizeni

- R
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Prubchy napéti a deformaci

Priklad pribéhu deformace, tuhosti a napéti v laminatu

( — [
{ iy e
P ez A o
; Q@ ==
2 X ..7// ................
5\ N b g
7, e =7 e
e j OSSR NG USRI
S C)
;] ; — e

tuhosti vrstev



KLT — piiklady

Obecné laminaty
(zatizenim vzniknou kombinované maddy prodlouzeni a
krivosti)
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KLT — piiklady

Symetrické laminaty (odstrafuji vazbu mezi silovymi a momentovymi G&inky)

Napr7.: |:45 |90| 0 |6O|—3O]S s ruznou tloustkou

Bij = %kZ:‘(Qu )k (hk2 B hk2—1) =0

4, 4, 4, O 0 0
prodlouzeni, zkos 4, A, Ay O 0 0
Ay Ay, Ay O 0 0
0 O O Dll D12 D16
0 O 0 DZl DZZ D26
| 0 0 0 Dy Dg D
M, D, D, Dg
My =| Dy D,, Dy
_Mxy_ Dsi Dg;  Dg




KLT — piiklady

Symetrické krizove vrstvené laminaty (maiji vrstvy 0° a 90° symetricky)
(neni vazba mezi silami a momenty ani mezi normalovymi a smykovymi ucinky)

Napr7.: [O |90| |9O]S s riiznou tloustkou
B,=0, Ag=As=0, Dy=D,=0,i=1 2, 6
‘A, A, O 0 0 0 |
A, A, O 0 0 0
O 0 A, O 0 O
0O 0 0 D, D, 0
0o 0 0 D, D, O
0 0 0 0 0 Dy
Ail A12 0 g;X M X Dll D12 0
=|A; Ay, O & ;y M vy |~ D, Dy, O
O O AYSG _7/;y ] _M Xy | O 0 D66 L




Tkaniny — typy vazeb

* Zakladni vazby

* platnova, keprova a saténova

i




Tkaniny — ekvivalentni tloustky

* Urceni ekvivalentni tloust’ky jednosmérné vrstvy

n
t =t —2—=k-t
P n +n,
n
Lig =t : :(1_k) t
n, +n,
» kde
o celkova tloust’ka tkaniny
° n pocet pramencu osnovy (wa
tn’f

*n, pocCet pramencu utku (fill) OO O O ‘ i lﬂim




Tkaniny — ekvivalentni elastické moduly

* Urceni ekvivalentnich elastickych modulu

1. Pro objemovy podil vlaken v tkanin€é V; ur¢ime vlastnosti laminy

E, =V, -E, +{1-V,)E, E, = m .
T
G,. = = . Gf
1-V, (PETJ v =V, v, +(L-V, )v,
2. Tkaninu nahradime jednou W t
. ekvivalentni vrstvou tl.

O O O O F lu

:_ t warp

.




Tkaniny — ekvivalentni elastické moduly

3. s modulem ve sméru osnovy
E =k-E +(1-k)-E;

4. ve sméru utku

E, =(1-k)-E +k-E,

5. Se smykovym modulem

ny = GLT

6. a s Poissonovym Cislem

14
V. = LT

0 k+(1—k)-£?j

T
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TyCove profily = pruty

Vyroba:
* rucni laminace (napf. podélné¢ kladeni svazku vlaken)
 pultruze

* navijeni (kruhové 1 nekruhove profily)
* tkani (2D 1 3D) struktury



TyCove profily - vyroba

Civky s tkaninou

Hlava pultruzniho
stroje — tvarovaci a Pila
. vytvrzovaci st .
== == E )

::::::::::::::::

S - Sendvic¢ovy panel

Voziky s klestinami pro
tazeni profilu

Vstiikovani
pryskyiice

Casti jadra sendvice Cerpadlo
pryskyfice



Pruty - oznaCeni

* Souradnicovy systém a zatizeni:




Pruty - deformace

Druhy deformaci

prodlouzeni, kfivost s polomérem p,, krivost s polomérem p,, zkrut



Pruty — matice tuhosti

Relace s matici tuhosti

alialiailia)
alialialia)
aliallia) Dl_
|

[l
<Z AMVJAMZ AT




Pruty — ekvivalentni tuhost

Namisto A,Jy,Jk —  ekvivalenni EAA, an ,GTJk

*Analogie v natoceni os prurezu a v uréovani hlavnich smér

2" 1z
2E],,
Edy—EJn y

2
A A A A B A 2
EJ1EJW;EJZZ+\/[EJW2EJZZJ LEJ,

tg2¢p =—




Pruty - priklad

*Urceni ekvivalentni tahové tuhosti

_ _ .0
*Predpoklad a=¢a =€

pasnice-1
N, / |<|=b1|\|§1-|-l'32N§2
‘24;; < b NE
- stojina 2 g1 .
vk gt N =[(b,-(EA), +b, -(EA), ]
e 5N - \ )

|

AN

ekvivalentni EA



Pruty —priklad

Deformace pfi ohybu h=—n -t




Pruty - priklad

*Urceni ekvivalentni ohybové tuhosti

Ng = (EA)l '5991 N, = (EA)z '522

M§1 = (E‘] )1 ) k§1

M :blNélozl+blM§1+IN§2-z-dz

b23
M= 1 b,(EA), - 22 +b(EJ), +(EJ ){b—+ 22 -bzﬂ
Py 12

\ J
|

A

ekvivalentni EJ
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Sendvice

*Predpoklady reSeni

malé deformace a platnost Hookova zakona

tloustka jadra musi byt mnohem vétsi nez
tloustky potah.

posunuti jadra ve sméru xa ve smeéru y se
po tloustce z méni linearné

posunuti potahl u a v jsou konstantni po
celé jejich tloustce {

hs |
pricné posunuti w je nezavislé na souradnici A
z a proto je mozno uvazovat

h/2

jadro prenasi pouze pricna smykova napéti h

a tudiz

vzhledem k tomu, Ze je tloustka potah(
mala, je mozno na nich zanedbat pricna
smykova napéti a normalové napéti ve
sméru z, Cili.

h/2



Sendvice

WABENKERN FVW - DECKSCHICHT

Sendvi¢ s jadrem Honeycomb

Materialy potahu Sklo/E, C/E laminat, Al-slit
Materialy jadra Pény (PU, PVO),
Honeycomb (Aluminium, aramid paper (Nomex)
Dfevo (Balsa)
Aplikace:
- lehké konstrukce
- nosniky, desky, skofepiny
- konstrukce s vysokou tuhosti a nizkou hmotnosti
- konstrukce s tepelné-izolacnimi vlastnostmi a vysokym utlumem



Sendvicove konstrukce v letectvi

horni+dolni potah (fibre-reinforg
plastic)

Honeycomb jadro

+ vyhody

vysoka tuhost vuci
hmotnosti

- nevyhody
impaktni zranitelnost
akumulace vlhkosti

ed

[ Kryty motoru

] Podlahové panely,
podhledy v kabiné

] [ Radom ]

Smérovka

vodorovné ocasni
plochy

/
1

EADS

/

.
.....

Honeycomb sendvicové konstrukce

Dvefe podvozku

)

[

-
Prekryt ,bficha“ >
/ 4
[ Klapky ] / Y
[ Aileron ]

Photo: Airbus




Sendvicove konstrukce v letectvi

Budouci generace dopravnich letadel s Cernym trupem (“black” CFRP fuselage)
» 30 % uspora hmotnosti i nakladu
» Nevhodnost klasického feSeni podélnik-potah
»nova ,dvousténna-sendviCova“ koncepce double-walled fuselage
structure = C/E potahy, lehké vostinoveé jadro

Nomex aramid paper honeycomb core Folded composite core

 Standardni sendvic pouzivany na
sekundarni dily

e Nizka impaktni energie

e Uzavrené bunky, vlhkost

* Nové koncepce skladanych jader, kovové
vostiny (i na primarni dily)
e Otevrené bunky, vhodné pro trup



*w O

Navrh sendviCu

Charakteristiky pro navrhovani sendvice na ohybové
zatiZeni:

Potah pfenasi ohybové momenty, je tazen-tlaCen, musi vykazovat vysokou
tuhost a pevnost

* Jadro pfenasi smykova zatizeni a smykové napé€ti od potahu
» Jadro musi zajistit stabilitu potahu a zarucit integritu sendvice
* Tluste jadro zvySuje vyznamné ohyb. tuhost rust kvadr. modulu Jy.

» Kbvalitni spoj jadra a potahu musi zarucCit dostateCnou odolnost viici stabilité
potahu

» Load introduction requires joints which transfer loads to the skins
Spoj s kovovymi ¢astmi musi zajistit prenos sil do potahd.



Deformace sendvice

Pole posuvl jadra je mozno vyjadfit ve tvaru U, =U, — 2y, V., =V, — 2y,

Pole posuvl jadra Ize rozdélit na dvé deformacni pole

» deformacni pole stfedni roviny a ohybové deformacni pole

C o
gXX gXX X

c | _ o | _
gyy o gyy Z ky

_}/)((:y_ y;y_ kxy_

 pole pfiénych smykovych deformaci oW,
c - — l)Vy
y o {m} | oy
Vud | Mo,
L ox




.V.

Nap¢ti v sendvici

Je mozno uvazovat pole napéti jadra a potahtl oddélené

ProtoZe napjatost jadra Oy =0, =0, =0, =0
pusobi na jadru pouze smykova napéti

{GSZ}{CLZ CLE}P;}
onl 1 Cu Cell7s

. , y Kk k _ _k _
Pro potahy plati, ze v k-té vrstvé: c,=0,=0,=0
Gtx Q11 Q]_2 Q16 E)I(X
th =1Qy Qp Qu 5;,3, , 1=12
O-:y Qer Qs Qg K 512



Silove ucinky v sendvici

Vysledné sily pusobici na pficny
fez sendvice:

Vyslednice vngjSich sil, pusobicich na

jadro kolmo na rovinu (x,y)

1C1



.v.

v.

Silove ucinky v sendvici

Zz>sSsSs OO0
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Composite laminates

We will focus on

O Polymer matrix composite

— Fibers (carbon, glass, aramid ..) + epoxy
matrix

O Laminated plates and shells

— Long fiber unidirectional lamina (about
0.25 mm thin)

— Laminate is formed by stacking of several
laminae with different orientations

O Laminated plates and shells
— Bi-directional woven or nonwoven fabric

— Laminate is formed by stacking of several
fabric with different orientations

E .G ,V

m/ m?/

m

Matrix

Fibers

i

L



Properties of the materials

Table 1.1 Specific Modulus and Strength of Typical Fibers, Composites, and Bulk Metals
Specific  Young’s  Ultimate Specific Specific
Material gravity modulus strength modulus strength
(Units) (GPa) (MPa) (GPa-m?kg) (MPa-m3kg)
System of Units: Sl

Graphite 1.8 230.00 2067 0.1278 1.148

Aramid 1.4 124.00 1379 0.08857 0.9850

Glass 2.5 85.00 1550 0.0340 0.6200

Prf. Milan RGzicka



Constitutive characteristics

Global and local coordinate systems

‘o

Stress- strains relationships

C ... stiffness matrix

S... Compliance matrix



Constitutive characteristics

Anisotropic material

Monoclinic material

Orthotropic material

Transversally isotropic

Isotropic material

no symmetry planes
21 independent material constants

1 symmetry plane
13 independent material constants

3 symmetry plane
9 independent material constants

3 symmetry plane
5 independent material constants

3 symmetry plane
2 independent material constants



Thin laminates — laminate code

Matrix

Fiber

Lamina (ply)

Laminate

Structural analysis

v

% Structure

40 _30°

30° /

y

[40/-30/0/30] — nonsymmetric laminate

90°
45°

= =, +6
p z
0 0°
T 45 /
90°
Z

y

[90/+45/-45/0/0/-45/+45/90]=[90/145/0],
— symmetric laminate



Classical lamination theory

= relation between internal forces N, moments M and strains

A
Ao

_| A
Bll

BZl
| BGl

o W o
2R

U O U




Static failure criteria of laminates

A.

B.

Non-interactive criterion
Maximum stress
Maximum strain A

(B)

Interactive criterion
Tsai-Hill criterion
Hoffman

Tsai-Wu criterion
Puck

Failure

niress —

Stress x deflection
curve

* Deflection—

J. Braz. Soc. Mech. Sci. vol.22 No.2 Campinas 2000

”" Transverse Matrix
Crack



Static fatlure criteria of laminates

FLt Longitudinal tensile strength

FLc Longitudinal compression strength

Tsal — Hill criterion

2 2 2
o) o) [ouw) oo _,
FL FT FLT ]-TL2

} O

F s Transversal tensile strength F,T_;.--——-—
'

—F N

' Le

F ) i OL

T Transversal compre rength F.
f
L T FLT Shear’strength
— max G
max € =

Tsai — Hill criterion

Tc



Fatigue properties of laminates

Stress-life curves comparison (R=0.1)

204 - | — _ 14
A — | Kevlarepoxy —————~7 _ Graphitefepoxy
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rlaximum siress (G

haxin '.| 1M
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Mumber of cycles of failure M

W.F.Smith: "Principles of Materials Science & Engineering,'
McGraw Hill (1986)




Fatigue properties of laminates

Comparison of Fatigue Strengths of Graphite, Steel, Fiberglass

and aluminuUm. Note the Greater strength of Graphite after 10,000,000 Cycles. ¥

Percent of Ultimate Strength

100

80

60

40

20

0

Cycles to Failure

Nluminum
Graphite \
g R __Srteel \
Fiberglass \
L] l L l L l L] l : l :
10! 10? 17 1y 105 106 107

S-N curve description

o, N=C



Fatigue curves tor unidirectional
laminates

Carbon Fibre Reinforced Plastics

103 O max MPa
0= “’Oﬁhum\
—_—9
102
10! . . . .
10! 102 103 10* 10° 100

Cycles to failure, Np



Fatigue curves for unidirectional

laminates

Glass Fibre Reinforced Plastics

120

. 0°
m 45°
» e 90°
\ ol
™~
¥ *e
S 60 [T e
=
e L o SR
30 ! N\.—-.- T L
e IR o
—e—®
D_
10° 10* 10° 108

SN curves at 95% reliability level R = 0.1, @ = 0°, 45°

and 90°.

150

o, (MPa)

~ Constant life diagram for on-axas, 0°, coupons.

300



Fatigue damage description

Damage -
- ) Stage 5
100 Stage 3 Fracture

1.0
0.8 1
» Composite Materials
3 A
£ 0.6 1
@
o
1]
E 0.4 1
o
0.2 Homogeneous Materials
G.G 1 J T T
0.0 0.2 0.4 0.6 0.8
Cycle Ratio

dD _

dN

Delamination

o0

Stage |
Matrix cracking
of increasing density

Uﬂ OU
Uo Un ‘“.E.
Stage 4
Fiber Breakage
Stage 2

Coupling between transverse cracks
and interfacial debonding

1.0

Percent of Life 100

f(o,R,D ...) ..damage cummulation velocity



Fatigue damage description

Fatigue description:
-Phenomenological methods
-Deterministic methods

-Statistical methods

Fatigue damage D=f (o, o, f, n)

The most frequently model is linear:

Miner’s rule D=2(n;/ N
gives failure for D~1
but often D=1!ll

D cannot not be valid exactly since
there are fatigue life periods O . (Ng), , (Ng);




Continuum damage model

Real specimen
Configuration with
damage

i

Equivalence of tensile forces:

T=0.A=G.A
Damage parameter D
_ D
Do A-A _ A
A A

True and equivalent stress
relationship:

_ O
c=—-—
1-D



E-modulus degradation

o
A
JEU
|
_ AE
(2 I 11
g l---------- g .
o) 1"
e
ch o€ i
< a
&
= = >

1.0

0.0

E(D),

stage I | stage II stage III
J .
0.0 1.0 |\]
Relative number of cycles N—
f
E(D)



E-modulus degradation

Normalised stifiness

1.2 - _ E-glass plane-weave

fabric

038 | M‘—A\ﬂ\
0.6 |
0.4
0.2 —*— ':]5 Hz
0 _ .. -
0 1 2 3 4 5

Fatigue Cycles, Log (n)




Progress of the damage

dN

S_HM <05?<1-D>T

Influence of the mean stress

M(am)(i);[l—mz?}

where, parameters of the S-N curve are:

o, N=C

abD
— = f(Ao,R,D ...) ..damage cummulation velocity

Lemaitre,J-Desmorat,R.:
Engineering damage mechanics.
Springer 2005



Fatigue life evaluation

Z—z = f(Ao,R,D ...) ..damage cumulation velocity
o)
N — °r dD g{1-m.—m
f Di f(AO-)R;D) Gf

800.0
500.0 0
500, 0.2
——-04
—-08
400.0 - 0 sigmisigf=0
4 sigmd sigf=02
n & sigmd sig =004
- T sigmisigf=08
300.0 - ™
— T
.
te
2000
100,0 S —
:|,:| T T T T T T
1,E+02 1,E+03 1,E+D4 1,E+D5 1,E+D8 1,E#0T 1, E+08 1,E+09



Thank you for your attention



