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Application of Composites to Civil Aircrafts
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Composite keel beams and wing leading edges
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A380 Superjumbo

Upper Floor Beams

Vertical Stabilizer

Aft Fuselage

Horizontal Stab.

<3V

Pressure Bulkheac
Center Wing Box Keel Beam 16m (5.5mx6.2m oval)
long
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Application of Composites to Civil Aircrafts

Boeing 787 Airbus 350

Other
Other 8%
Steel 5%

10%

Steel

B Carbon laminate 6% B Carbon laminate
B carbon sandwich

Titaniu Carbon sandwick

T'tf:;”m Composites B Other compositep m Composite | [l Other compositels
() S A A
50, M Aluminum 14% s B Aluminum
Aluminum [ | Titanium X Aluminum 53% B Titanium
20% B Titanium/steel/alumin 19%
um

Composite Wt. ratio of B787 Airframe : 50% (Volume ratio: 80%)
=) \Vi. Reduction : 10~ 20% (12~ 24 ton )
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MATERIALS

Classification

Composite Materials
- Two or more constituents
- Combined for better properties

Examples:
Natural: wood, bone
Micro: alloys, mixed plastics
Macro: distinct particle or fibre reinforced Plastics/metals/carbon/ceramic

New technology of “macro-composites” as Advanced Composite Materials

The Incentives:

Lighter, Stronger, Fatigue resistant, Corrosion resistant, Fatigue resistant, Optimised directional properties
Fewer components, Fewer processes ...

Basic Components of macro composites: Reinforcement, Matrix, Interface
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Matrix/Reinforcement/Interface

*

Matrix:

- Continuous medium providing:
e Binding

 Load transfer

e Surface Protection

* Toughness

 Wear resistance

 Chemical resistance

Types of matrixes:
» Plastics (or Resins) Thermoset: Epoxies, Polyester (Operating temperature: up to150°C )

Thermoplastic: PEEK, PP (Operating temperature: up to 300°C )
MetalsAl Alloy (Operating temperature: up to 400°C )

e Ceramics (Operating temperature: upto 1000°C)
AlLO,, SiC, MgO, Si;N, ..
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Thermoset plastics

e Cross-linked
e Can not be re-softened-one shot cure
* Cure = polymerization by:

Catalyst

Heat ( 125175°C )

Pressure 100 psi (Typically 0.75 -1.5MPa )

Chemical reaction!
- exotherm

control!
- volatiles

* Shelf life lyear @ —18°C
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Examples of thermoset plastics used of composite matrixes

Polyesters Operating temperature limit ~ 150°C
Epoxies Operating temperature limit ~ 150,250°C
Polyimides Operating temperature limit ~ 300°C
Phenolics Operating temperature limit 300°C

Limiting Performance
* Toughness (epoxies tend to e relatively brittle)

» Moisture (epoxies can absorb up to 2% weight of water which tends to plasticize i.e. soften and degrade the
material)

» Temperature (typically up to a maximum temperature of 150 DegC)
Stress Strain behaviour

( tends to be non-linear with low strengths and failure
strains from 1 to 4% )

Stresss (MN m )

Strain (%) o € ﬁ% .
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Thermoplastic

* Not cross-linked
Only entanglements + Van der Wals

» Can be re-softened
Multi-stage processing

* No chemical reaction

just melt + solidify

cooling rate — crystallinity
 Healing

* Re-use of scrap

* Infinite shelf life

 High processing temperatures and pressures:

300-400 °C
200-400 psi
ancillary materials!
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Examples of thermoplastics used for composite matrixes

Operating temperature

* PAK’s PEEK (ICI, APC2) Tg 145 °C
* PAS’s: PPS (Phillips, Avtel) Tg 90 °C
* Polysulphone (Amoco, Radel) Tg 215°C
* PEI's: Polyetherimide (GE, Ultem) Tg 216 °C
(Tg =Glass Transition Temperature — T, e ation)
Properties
» General mechanical properties — lower than Thermosets
» Tougher — Impact resistance
 Negligible moisture < 0.2% — Moisture resistance

» Good outgassing, radiation, cryogenic performance — Space applications
Limiting Performance:

« Difficult to process (high temperatures and pressures)
» Expensive material and ancillaries

¥ o K-
B0 wly s

AFE=t
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Reinforcement

Discontinuous medium providing:

* High strength
* High stiffness

Types of reinforcements:

 Particulate

* Fibrous
- Short
- Long
- Continuous

Random

Aligned E.g.:
Carbon HS, HM
Glass E, S
Polymeric Kevlar
Hybrids
Metal
Boron
Ceramic SiC
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Common Fibres

Carbon (Graphite)
High strength

High modulus
Intermediate modulus

Kevlar
Glass
Hybrids

— Strength & stiffness

— Strength & toughness
— Cheap all-rounder

% Graphite : heat treated more than 1700°C
Carbon : heat treated less than 1700°C

Keviag 49

Carlboa
{Type b

Tensle stress (GN m™)

1

b =

0 I

Tensile sisain (%) oA

o
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— Shear 1
— Toughness t §
Sizing agent

—  Fibre protection

—  Wetting
— act as Coupling Agent

untreated Treated by sizing agent '« &}
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Terminology

Materials

Fibres Tows e.g. 5 or 10k filaments
Matrix

Interface

Cores Honeycomb, foam, syntactic

Lamina Ply or Layer
UD tape or Woven fabric

Laminate
UD: all 0° layers
Angle-ply: +06, usually £45°
Cross-ply: 0, 90°
Quasi-isotropic: 0, £45, 90°

Woven weave and weft patterns

il

W;

i
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Material Properties

Homogenous
Metals
isotopic

Heterogeneous |

Anisotropic  ;Composites

Orthotropic
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Laminate Codes

e.g. | 0, £45, 90° [,

=
_4§ }f

Axes Systems

Lamina Material Axes 12 3

Laminate Plate axes x y z

Component Structural axes X, Y, Z




W, =———
) ¢ W, W,
Fibre Volume Fraction v - V,

RVANAVA

Voidage (Porosity) =V, +Vv_+Vv, =1
m Vv

C

VV :1_(Vf +Vm)

( Vf=Wf/,0f &Vm =W m/pm)
Fibre Packing (Approximately : v, =1-v,)

E.g. for UD lamina

Theoretical
Squarg array: _ .’.*.
75% fibre vol. fraction ( LX)
000

Hexagonal array:

90% fibre Vol. fraction

20pm g
Actual vol. fraction = 60-70% {
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=AM ~MPARISON OF PROPERTIES
PROPERTY UNIT FIBRES RESINS COMPOSITES (UD) METALS
C(HM) C(HS) G(E) K(49) Epoxy Pestr Vf 0.6 Steel Ally low
C/Ep G/Ep K/Ep
(HM) (E) (49)
Eo GN/m2 390 250 76 125 45 3 140 40 84 200 72
E o GN/m2 12 20 986
G GN/m2 4842.1
TS, MN/m2 2200 2800 2000 3000 50 50 1400 800 1450 1500 530
TS 4 MN/m?2 40 36 39
CS, MN/m?2 150 150 -1250 -600 -300
CS o MN/m?2 -200 -200 -150
EL 0 % 0.51.02.0 2.5 1 15 081821 20 11
EL o % 0.6 0.45 0.6
Density Mg/m3 1.95 1.75 2.56 1.45 1.3 1.3 162014 7.8 2.8
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Composite Material Types and Forms

Material Type ol
e Epoxy

e Polyimide

Vv

+C, K, G/ hybrid

e PEEK

Material Form

1. Wet lay-up form

“Dry” tows, UD/stitched or Woven fabrics
Separate “wet” matrix resin

Thermoset resin poured/squeezed into fibre forms
(Thermoplastic resin melted in)

2.Prepreg form

Pre-impregnated tows, UD tapes or woven fabrics
I.e. with matrix resin already included

Hybrid with A
and B fibers

. i = ';:.-.*. ’ }
Bl A



CHOSUN
UNIVERSITY

X
=1

el T

Laminates Stacked Orientated Layers
1. Made from UD tapes

® Controlled directional props

® Unkinked fibres

® High strength, stiffness

® Compression stability

® Flat, single curvature i.e. “low drape”
® Highly loaded

i I : : . UHIDIAECTIONAL CROSSFLIED
Applications: spars, wing skins, stiffeners QUASHISOTAOPIC

s K
2. Made from Woven fabrics (or stitched tapes) e =K weft
® \Weave, weft control Twill weave

® Kinked fibres

® L ower strength, stiffness — esp. compression
® Good impact resistance

® Complex curvature i.e. drapable

® Moderately loaded

warp

Applications: cowlings, nacelles, flaps, leading edges

Sakin weave
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Sandwich Panels

® Using cores of metal or Nomex honeycomb
or foams

® High bending stiffness

® Lightweight

®Moisture ingress!

E.g. Applications: flaps, flooring, stiffeners

'lL Top Facing skin
f "Film adhesive
——
-Core
Aluminium foil or nome: haoneycamb

Filin adhesive ( structural foams are also used)

Hottom facing sbin
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Choice of Material Type and Form

® Type of Structure
® Operational loading
® Operational temperature

Type of Structure

- Panels

Flat

Single curvature

Double curvature

Stiffened

Discrete
e.g. stringers
Sandwich
e.g. honeycomb or foam

- Continuous sections
OpenLTZU
Closed O
Complex #

l'." h h R -

a
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Operational Loading
High
Moderate

Low
Direct Loads - 0° fibres
Shear - +45° fibres
Transverse - 90° fibres

Operational Temperature

Airframe
Subsonic: ~—30-60°C
Supersonic: —30 ~150°C
Engine
Outer
Inner: 300 ~ 400°C

Hot:  1000°C
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Application of Composites to Civil Aircrafts

Boeing 787 Airbus 350

Other
Other 8%
Steel 5%

10%

Steel

B Carbon laminate 6% B Carbon laminate
B cCarbon sandwich
B Other compositep

Carbon sandwick
Composite | [l Other composite

Titanium Titaniu

i S
15% Composites b - m :
s0% M Aluminum 14% s B Aluminum
Aluminum M Titanium . Aluminum 53% B Titanium
20% B Titanium/steel/alumin 19%
um

Composite Wt. ratio of B787 Airframe : 50% (Volume ratio: 80%)
=) \Vi. Reduction : 10~ 20% (12~ 24 ton )
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MANUFACTURE

Many parameters — product quality
Basic Processes:
Lay-up
Heat and Pressure
- Thermosets : heat-reaction-cure cycle — typically 4~8 hours ‘one shot’

- Thermoplastics : heat-melt-solidify cycle

Impregnation
- Matrix — fibre tows

Consolidation
- Lamina : lamina
- Laminate compaction
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Mechanisms of bonding

® Absorption and wetting

®Inter-diffusion (Autohesion)

® Electrostatic attraction

®Chemical bonding

®Mechanical adhesion

(oo st TR
L
e ' i \
p = e ¥ {
* @ = i
bt g P ! L —
W W, WATINY

P77 77 7777777777 77777777

- J(ﬂ.zz‘zzzz,ay,zz/zyg
’.77'25«7}2777777577757/2!

- Thermoplastic resin

- Thermoset resin

1520
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Manufacturing Techniques

Material form! / Structural form!

Hand lay-up

Labour intensive

Tooling

For low CTE
(Coeff. of Thermal Expansion)

CFRP tooling




Auto-layup

- Filament WindingsTr. o 5

- Tape Laying

r>rrevere

B ssmmsicoy nf P LV direp

LLTT 0 SEFFENEH RPRETI ATTT TR JENTTS NTC

a4 33 A Connnesd Tape Laysag Rachines (cont ")
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a7 59 Ez g<qg e
Polar winding pattern

agl 5-10 A=A okqig A=

Helical winding pattern

“l;:l'i' ,:*.J'h 3
i wly e
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a# 5-12 X33 &7 Resin tank
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(c) (d)
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Filament winding stress analysis

1) Netting ( or Helical) Winding Analysis Method

1 &)
F : A¢u3k 5% Fiber directional loady : ¢ Fu}3F 2l o]
F,: $1=u}3F 3% Circumferential load S : 4 f-3}3F 59
F,: 293 3% axial directional load S, :.%.1%’:9(}-@: 24
a 9oy ZAx Winding angle S+ ¥ 9
t A thickness Spt A7t e
X : Zu}3F z o]axial directional load W:sjl=Z

Circumferential length

Fiber directional stress

Circumferential stress

axial directional stress

%ﬁ Fiber stress

Band width
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F;,=2Fsina

Cq:}']/q, Sj' - —2-“—,{:;—, W = XsinaO].E.E.

S,g =SfSin2a
o]':]f- Eﬁl’y Ff=2FC0'Sﬂ QII.E.E

_ F, _ 2F
5= —yp = ~yp s«

oItk AAAH, W=Ycosa, S;=-2Lolmz vgst 2ol 2o,




§\

&

;7
[
S

X b
W=X si_na' Fi.=Ficosa W=Y cos a

gl 5-16 AT E A4 x

S; = Sf cos? a
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Hoop stress s = 2x axial stress S,

S, _ Sysinfea |, ,
S, Sscosta =tan®a =2
tana = V2
a = 54.7%°

- This is optimal winding angle for long pipe loaded by internal
pressure!
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2) Compound Winding Stress Analysis Method

[Assumption]

1) All fibers have same tension force
i) No bending load

i) Pressure vessel: axisymmetric

IV) Relatively thin to diameter

)
V) No shear stress between fibers
VI) Compound winding using hoop, helical and axial winding
)

V) All fiber is continuous
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If all fibers have same stress S;

PD s, =

Y (@)

PD S, =

Y (b)

. Total winding thickness

S/t Shols
S/t Siets

a8 517 4F4E, W, SUF dAde] Fd ¢H 47 T2
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Sh': hoop stress of hoop winding fiber

Sl': axial stress of axial winding

Shez hoop stress of helical winding fiber
S, axial stress of helical winding fiber

t: hoop winding fiber thickness

t - helical winding fiber thickness

t - axial winding fiber thickness

¥ She

Y Ske

2%l 5-18 WA sy 449 S$AFEE

. i = ';:.-.*. ’ }
W e
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] Sw=2Ssin*0 (f) , . .
= AMcHStl using netting winding results

S.rfr _— S cos? f (g)
Substitute (f, g) for (c, d)

_ S S sin? ¢, (h)
Sy = 7 + 7
S, = S;t; + S co;s"’ 6t "
S}. ‘I‘ S; - S ()
_ oo _ PD
Sk=25= 21 from (j), (k)
;= 3PD 0
— 4S5
*Total thickness is independent of winding angle and only
function of pressure, diameter and fiber’s strength! )
{c2%



from (h), (i)
St, + Stesin? 8 = 2.St; + 2 Stscos? 0

28—ty
sin® § — 2 cos* 0

lo =

th"'lh ( )
1 — 3cos?f m

=le+ i+ (n)

from (m), (n)

|

o2 el

f: — Is cos? 8

Iy = — lsSIn® @

* If helical winding thickness and angle are given, hoop
and axial thicknesses can be decided! .
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Vacuunm bag
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Typical autoclave cycle i.{ - 15
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";‘ vacuum

=23 bag film breather bleeder
Ay 2§ HeEdg

fan

moid

5| €]
heater
pressurest# % 2 vacuum

LB

3l 5-1 eEFHeln 4YFT=
Autociave System

bag fim L £ *“e%“f—ﬁ%ro%"ﬁum vacuum

By breather

—

upper plate stz

Bleeder =&]v

= =z 4 [thermocouple
LR E ) ) ) <44  |for measure
prepreg ROCORROOORE XX S caalant
— s
7] 7 2
x. % ) Sealant .
R
a8l 54 S EFeolu 43 AFTE A

Autoclave laying-up structure




CHOSUN
UNIVERSITY

X

=1

ten

1
\perature ¢ !
L. 30 ;
I_-E- |
¢ry 2 |
150} i
of (ex) !
I
pressure |
o 85 Ay :
(psi) 1 i|
0 (emzgon g ‘i -
Vacuum 4 f
ressyre !
(in-Hg) L«W:
OF (s we opadd > -
|
|
A ]
I
Total m N i
ressuress .
pressuress / | |
. |
(psi) YT g3 | guqn 8hrs
|
14t |
J L 1 L 1
Y108 %15 25 w0 aam)
Time (min)
3@l 55 AS4/3501-6(jk&/ol E4]) =8| o) 28] ARt Apo]=

AS4/3501-6 C/EP Prepreg Curing Cycle

Curing Cycle:

- Thermoset:
125-175 C, 0.5-
1Mpa, 4-8 hrs

- Thermoplastic:
300-400 C, 1-4
MPa, 1-30 min
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Closed Mould

*

Diaphragm Forming

Male + female matched metal
molds

Or one metal mold+ one
flexible membrane mold

Heat and pressure

Use mainly for thermoplastic
composites

frt—
| !
LN T .
—
-—_-d,
\)%h L
N -
NN th
———

Superplastic deformation by Diaphragm forming

Al alloy and polyimide film diaphragm
under temp. and press. to form
composites onto a mold tool
Thermoplastic prepreg composites

Firiime P

Hana Toad

*

Resin Transfer Forming

enclosing pre-shaped fabric (preform)
within a mold tool and then transferring
resin into the mold with heat and
press. to consolidate and cure.

Resin injection

by couciisy o o S
| 755

iy Poron
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Comparison of Thermoset and Thermoplastic Manufacture
Thermoset composites:
lay-up then cure/consolidate
E.Q.

® Hand or “auto” lay-up
® vac bag/ autoclave cure

Thermoplastic composites:
Lay-up and melt/consolidate in one
E.g.

® Dynamic “auto” process techniques
But yet to be developed for production



Manufacturing Defects

Voids (Porosity)

® Along fibres or between layers
® Incomplete wet-out

® \/olatiles

Gross defects

® Delamination between layers
® Surface contamination

® Poor consolidation

Clean room conditions!

Operator training!

o
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Non-destructive;

® Shop floor inspection — Surface flaws, shape, thickness
® Ultrasonic scanning — Porosity, delamination
® X-ray — Fibre alignment, cracks

Radio opague dyes!
® Thermal imaging — Flaws, damage, honeycomb
disbonds (glass OK, carbon not OK)

® Vibrational response — Stiffness, layup

® Acoustic emission / proof test — Screening
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Destructive:

Microscopic — Voids, delamination, fibre content

Density, Acid digest, burn-off — Fibre/ resin content

Short beam shear — Inter-laminar strength
P
l 3P 3Ps
——— O = 2
| 4tw 2t°w

L] I | |
Low s/t — shear failure

L.__s__J

Tensile, compressive, shear, flexure — Strength, stiffness, fail modes
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STATIC BEHAVIOUR

At microscopic scale Fibre, matrix, interface constituent
Properties are considered

“Micromechanics”
At Macroscopic scale Lamina and laminate properties are considered

“Macromechanics”

Differential properties:

Fibre Matrix

dominated dominated
Mechanical high stiffness low stiffness
Thermal small-ve a larger+ve a
Moisture no charge Swelling and shrinkage
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Micro-Mechanics
Lamina Stress Strain Behaviour

Assumptions:
® Linear elastic response
® Perfect fibre-matrix bonding

® Neglecting Poisson strain B o
Rules of Mixtures Prediction of lamina elastic properties 2
from fibre and matrix properties o} oGt
Longitudinal modulus = . 5
';_5_ ;a;ﬁl ’ (PN TLATT |
N "' 7
! ireenow 1 1 Parallel model /;.i'
o :-_AL'_':'_i.a_,:a-'a..:_:_'. - o ’:,/
(o,
R.O.M: El = Efo + Eme 5 o Gl e @3 -:_1 ns oL 01 n
Transverse Modulus E, {"_“_1 E,
T | 3 00 Lyt B -‘-"
M Ef Em LD bquinan iy 2y - _}
Series model E, = . «‘/
R.O.M: EfVm + Eme % 1 ‘}/'/qu w it 16l
Use effective matrix modulus E ,/;/)’? N
E 1 — —m lr__-.:i—’—._.r-_ v - ﬁ/‘-w |
) m 2 B .-./9-/ 1 | . .\d-\..'} }
to account for poisson: 1—-v sy O . B
m R
;I:;_-',T:".—“{k
i wly e
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Orientation dependence of Modulus

0
u
Fibie
duechon
ingn
o
Q  Eageiimentad values
——— Lguation (6 11)
W0 |
€
Il
Q
u }
oa
\u\
i LSS+ pmed)
BSOS Tl e e S s

1] m I W ap Sﬂ“ﬁl! o 8&n 90

& (degecy) G
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Thermal Expansion coefficients:

Longitudinal
E.a.V. +E a V
“R.0.M” CZ1= f fyf m~*mYm
E.V,+E.V,
Transverse

‘RoM” a, =(1+vVv, )a V, +(Q+V, )V, —o,(V/V; +V .V, )
Note:

Matrix large + ve : Typically +60 p strain
— significant residual strains + stresses

Fibre small (-ve) . Typically -0.5 p strain

Across fibre : Matrix contraction
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Macromechanics

Lamina Stress strain Behaviour

Assumptions: J._:*

S Tay
Tia J_ -
Wy

® Average apparent properties gy e
® Linear elastic response:

9 stress-strain components:

O) Oy O3 Ty3 Tgy Ty T3 Typ Ty
similarly for strains € and y

Linear elastic stress-strain relations:
o=Ee&, =Gy
Matrix Algebra

{o-l}: [C ]{gl} Where C = stiffness matrix!
le.}=[s)o,} S = Compliance matrix! = [C]*
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Constitutive Stress-Strain relations

Fully anisotropic

.~ - — — -

= Cy Cp G Cy G5 Cy &

0, Cy Cp Cy Cy Cp Cy |5

193 [ _ Cy Gy Gy Gy G5 Oy ()5 >
T3 Cy Cp Cp Cyy Cy5 Cus |72

T3y Csy G5 Csy Cy Cs5 Csp || 713

) [Ca Co Ca Co Cos Cos 11712 ) 36me

independent material constalants

Independant of the order of loading (reciprocal behaviour)

S - -1 -

0 n Cn Cp Cy Cp Cy |8 C.=C
193 | _| & Cp Cp Gy G5 Cy || &5 | o
Ty Cp Ci Cy Ci Cy |72
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3mutually perpendicular planes of symmetry (orthotropic)

o] |Cy €y G O 0 0 |[g |
. Cy Cp €y 0 0 0 |l&

193 _ Gy Cp G35 00 0 1| |
T 0 0 0 C, 0 0 [|7x3

Ty 0 0 0 0 Ci 0 ||y

) |0 0 0 0 0 Cq |17 o

Plane stress

o5 ¢, Cp 0 ||e&

o, =|Cy Cxp 0 ]3¢,

Tl?_ 0 0 Cﬁﬁ }’12 4 imc

Reduced stiffness matrix
a, _Qn On 0 &)
oy =% O 0 &>
T, 0 0 O | 712 ) 4ime

()= [olfe}
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“Generally orthotropic”
Generally orthotropic constitutive relation

Starting with:
o} Q11 le 0 &

0,r=|Qp Qp 0 &
T1o 0 0 Qg |V

Where [Q]=Reduced stiffness matrix in 1-2 material axes

Transform by trigonometric transformation
to produce general structural axis relations at angle 0

- ' 3 — Py Py ] 'd 3N
... g Qu Qu Qp |[e

10y (= Qu Qp Qu v
Ty Qi Qu Qg |7

N
™

Where [6] is the “Transformed reduced stiffness matrix”
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In general x-y plate axes
Calculated from [6 ] _ [T Tl [Q][T ]»T

m> n® 2mn

where [T]=| n> m? —2mn And m=cosd  n=sind

2

—mn mn m-n

l.e. simply geometric transformation

transformed, e.g. to the general x-y plate axes. This results in a fully populated
matrix and shear coupling so that the matrix becomes fully populated, usually
written as . However, there are still only 4 independent material constants required
to describe the stress strain behaviour.

Pt
2 X
i wly e

AFE=t
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under a 2D plane stress system

Strains: .
o V) O ] s
g = — 2172 40 .
A
—V,,0 o oyt
g, = 1291 2 .0 '
El E2 10;772—“

0 +0 +12

12

Y12 =

F\T

“
* e compliance relationship:
Stresses
O
*Constitutive relationship: <o,
Ti2

Note: 4|mcE E, Vi G,

Note Va1 # Vi, But reC|procaI relation -V, E

e

e, } p——

-

Ei _;/21 0
& 1\/ ;- O
El E2
V12 Tio
1
0O 0 —
— — Glz i
El V21E1
(1 - V12 V21 ) (1 - V12 V21 ) P
1
— Vip Ez Ez £,
(1 - V12 V21 ) (1 - V12 V21 )
Vi2
0 0 G,
v, E

211
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X

Orientation Dependence of Moduli

ELE

1]

LLE T

9}

-k
1]

Y R FORIURIY [ WY DU PR R

B L
Jus 4y

-104

[N DUSGRY DRURY SN SONNN NV N NN M
1"

30 10 40 30 6 70 KO 90

0 ldepires) e_

0.3

0 v

al

L]
W W 0w LI {1

& Lbeprocsh e
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Laminate Stress-Strain behaviour
Macromechanic scale

Assumptions: Resulting deformation f?{,i
.
® Perfect lamina bonding z ,,){, Oy
® Infinitely thin bond i ANV
® Thin laminate X [z - [ﬁ\.‘ A%
i " e O
o die
Laminate stiffness or compliance matrix
- created from summation of transformed lamina matrixes
e 3 — —_ r 3\ — = A
(@)
* Laminate Constitutive Relation N, Au Ap A ||e, By By, By ||x,
<Ny c=1A, A, Ay <8°y >+ B, By, By Ky oo
*Details refer to N " _A16 Ao Aae_ \)’oxy/ _BlG By Bes Ny
Lecture Note “CLT” . | ~ _ N o
M, B, By, By ||&° Di; Dy, Dyg || %y
M y _Ble B Bee_ \)’Oxy/ _D16 Dys Dgs I Fxy | f” '_;__"-‘_'_L:;-f?-
LaoX
i wly e
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l.e.:

N A B ||eg°
= X,y plate axes
{M} {B D} {K }

“Laminate stiffnesses”

Where:

A=Y 0Lz, -2,) e
B =%Z_§]k(zfﬂ _z5) gl e
p-_yll@.-z) | e
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Coupling between lamina

Lamina @ different orientations — Out of plane coupling stresses

v" In order to remove coupling effect — Need symmetric, balanced laminates!

P } |
s
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Laminate residual stresses and strains

Layer 1, expansion coefficient &
Layer 2, expansion coefficient a,

Temperature change AT assumed constant for all layers

@_
@)=

Free thermal strains: Layer 1: ng = alAT

T
Layer 2: &, = azAT
. . R __ T
Residual strains: Layerl: &, =& — &
Layer2: e R =g —¢g T
2 2
Where &€ =Laminate “common strain”

l.e.:
Layer residual strain = laminate common strain less layer free thermal strain

Residual stresses {O-}z [Q]{gR} ﬁ/ﬂx
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*5 main intra-laminar failure modes:

® Longitudinal tension and compression failure
|

/” 4
/

® Transverse tension and compression failure

N N
0N
N

® Mixed modes and Delamination (inter-laminar failure) : Not included in CLT
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Longitudinal Tensile Strength

Assuming uniform strenqth fibres

“R.O.M” o0, =0, *V, +0,*V_

High V| (structural composites)
—o*~c, *v,  Fibre dominated

For variable strength fibres:

Strength variation: Along fibres and from fibre to fibre

— Progressive failure |

(1

jina
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Matrix crack at fibre interface

=i 253

NN\

Fibre pull-out (Toughness)

Fibre fracture energy W, ’ 1

/’W\/\-—J\_,
Matrix fracture energy w_ ///
i

Fibre debond energy

Fibre pull-out energy

p 9%
W, >>W, >>W >>W, éé
|

Pull-out before fracture —energy absorption —toughness
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Longitudinal compressive Strength

For high Vi

NN

DD

B s W Sy
] 2,
hartomrrorrerrrnerr e RO

W,

e

Compression -> shear failure or in phase fibre buckling

0,

le

Matrix support is critical

e {MH m=Y)

Carbon tends to shear, Kevlar tends to yield

e

SRR TR N

PR
|
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Transverse tensile strength
Fibre -> “-ve reinforcement
Cross-section reduction
Stress concentration
Depending on:

e matrix stress-strain response

« fibre interface bond strength
. , fibre packing voids etc.
Vi

strain magnification between fibres!
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Z=AcHeul
Transverse Compressive Strength

- Sheatr failure across fibres

In-plane Shear Strength

- Matrix or interface dominated

Depending on :

» Matrix stress-strain response
* Fibre interface bond strength
* v, , fibre packing , void, etc.

=

2entration Mzter

Siear streis ens
~

B ey RNORN J S W |
o o a4 Y o1 o o "“““q._
Vr . fff”‘!}
. e o } :
= ;lf _.'..,.f|":-|l"'.{}\ t
Sy A
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Multi-axial loading
« still 5 basic failure modes of intra-lamina failure
* but note in practice : mixed intra-laminar modes and
* delaminate inter-laminar mode

Intra-laminar Failure Criteria : T

Maximum Stress Theory
Failure occurs when: 0y =0, %,0, =0,%,0y, =0, *

Maximum Strain Theory
H . _ * _ * _ * Longitwlinal Mraciue
Failure occurs when: EL=E,7,Ey =&,V = Vo

o

Maximum work theory Tsai-Hill(Von-Mises)

2 2 2
_ 0, 0,0, o, T _
Failure occurs when : (—*J J{ *2 j+( * + x|
0, O, op T

E.g for off-axis loading
Resolve stress into 1,2 material axis components :

0,,0,,7y

[

400

Shear Nacinee

ture seress. @, (MN m-Y

200 |~

1ao
* l

10
O-l*’O-Z *’le ,A/J - P U T MR R N S B S T

. . . . 0 10 20 30 40 50,40 0 BEO %0
according to failure criteria Off3xi sk, 0 (dvgrecs) o

Trac

Teusnsveese faachiue

and check intra-lamina strengths:

iy~

i
N

il




X AMCHSk
Fail

ure Envelopes

Locus of combination of bi-axial [__L'IJ o=
stress f { Fz" it
| ____"4,,.;{::< . o,, 0, : applied stresses in 1,2 directions
i /’// \{} / 0., 0, : strengths in 1,2 directions
/ 7 \,
Y/ : ulc D‘l : 'i’ Al}s‘—D—" O;_

Hoop specimen multi-axial test

To validate failure criteria

5?«

/ '
[}
/il
~ ENMaximum normal stress theory
sl oo

aximum shear theory
aximum normal strain theory
otal strain energy theory
istortion energy theory

o

-
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Laminate strength

Definition of laminate failure :
1st ply failure(=yield failure) (FPF)
last ply failure = ultimate failure(LPF)

Iterative Method
* For applied loading on laminate
» Laminate theory

— 01,0, ' Tio Iy

» Lamina failure criteria, e.qg:

* * *
0, 20,7,0, 20, T, 2T, ]k
failed lamina properties : E; ,E, G;,—0
* Repeat until all lamina failed

Assumptions!
Laminate analysis theory

Linear elasticity (02! 112!) = highly nonlinear

— give rise to errors in laminar stress calculation =%
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A
=23
S [ T
Cross-ply Laminates _
=
Fl =
Transverse ply failure # final failure Tounseene =~ |
veavk in
Multiple transverse cracking e y
Exponential load transfer 7
Fr
E.g. Cross-ply laminate modulus : Ep
B3
oL soo|
2 o
E‘,ﬂ:: .
i3 400 Steess—slizin
E
509 E wof
: .: Emo— ”/
“:1 g ,/
Ay [ ,l
SpEd
270 0 2 os ] T
1eain (%}
> {L-“ e
H 13 ” Elb E2d
Before transverse cracking “R.o.M”  E_,, = +
b+d b+d
After transverse cracking and total disband s
Note Poisson constraint effects — longitudinal lamina cracking _ ﬁ}"‘“""“‘%}
JBE
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Angle-ply Laminates

Failure modes:

0 <45° — Shear

mixed mode around 45°
0 >45° — Transverse

0“3!0-—

280 |-

\Shear failure

Non-linear response
Edge effects ! Mot

Hoop stress. oy (MN m™%)

Teansverse
Taibure

| i E 1 i 1 L 1 )
0- 10 W 1 40 SO ¢0 G 80 90

Ply anghe, 19 (degrees) 6.
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=
Z=AcHeul _
Through-thickness Edge Stresses

Classical laminate theory —'0, ,7,,,7,, =0"

%I% angle-ply
Only away from laminate edge > tlaminate from edge o R .
. n " ,; ? OO | \
Reality —» 0,757, #0 ¢ ay(0° ply)
t L
Very high near laminate edge (< “Jaminate ~ from edge) u} T,. (interface)
Txz (iptekface)
. ﬂ.l I.Ilv_t .'!I LK ]
T e
t thickness
zZzone
Layup stacking sequence!
Effect failure processes! £

Edge peel!
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Notch Stresses

Cross-section reduction o° 30° 145

Stress concentration i l

Free-edge peel stress
- : PG e o
_ z : < )< >

Static concentration factors — x10!

Depending on :

__I—_
* Notch size L
* Layup orientations ' 1 X

» Stacking sequence

* Fibre-matrix bond strength
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ZAMCHSE :
easurement of design data

Standards : ASTM(America Society for Testing Materials) , CRAG (Composite Research

Advisory Group)

Elastic constants , failure stresses and failure strains

* UD laminate E, E, G, v,

* * * * * *
0,70, T & 78 7)o
e | aminate Ex Ey ny ny

* * *
O, Gy Txy

* * *
Ey gy j/xy

Failure stresses and strains are required for both tension & compression

Specimen:

Elastic /anisotropic response — Local stress dissipation problems

* Tabs

» Long gauge lengths
* Parallel sides

* Careful alignment

Variability

 Consider lowest values — Extreme value statistics(Weibull) : generally 20~30 specimens

Specimen Size: thickness (8~16 ply) x
width (10~30mm) x
length (100~200 mm)
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Flat parallel sided specimen

D Tas 0.5-1.0 THICK

STRAIN GAUGES

Lamina properties
Longitudinal, all 0°
Transverse, all 90°

Shear +45°

Laminate properties
Plane

Notched
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Compression
Avoid buckling

Short gauge length

Long gauge length +anti-buckling guide

1ne

& (TYP.)

gceg
<




oo T 8.2 o TRk

In-plane Shear Rail Shear

+ 45°

single shaar - VALID

% % miltipls shear ~ VALID
plastle defoonatlon - VALID
with evidance of

shear fallure

b
:': Flexural €ailuce - IMVALID

Specimen size: 1Tcm w x 2cm s x 16 plies t
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Normalization
- to chosen value of fibre content for consistency
- according to micromechanics “ R.0.M”

Measurement of elastic modulus

Tangent or secant

STRESS FEASURED TELT CURYE

|
i
|
|
|
i
!
!
1

Y

WONE - STRAIN
tan ¢ = SECANT HODULUS UT 0.25% STRAIN



-Insensitive in tension

o
[~1
[—3

’j { i’o‘i“?':#-—&s_ﬁ'

g

Maximum tensile stress (MN m*)
-
s
&

t 200
* More sensitive in o Gy oo oo
compression! = e stog:(t\;)
-Notch concentration reduction! Strain magnification
) '|
i . O% O
a i - OO O
.l
Global damage accumulation s
— some stiffness degradation : matrix, interface TN CITTTTS TSN
— stiffness critical designs! A S
e %
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Hygrothermal effects

 Temperature and moisture

* Prolonged or cycling application

* Flexibilizing and swelling

— some stiffness degradation : matrix, interface

Erosion effects
* Dust, sand, rain
— surface wear + moisture ingress
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G 3 e 2 5
p———— 4 ——¥ ___.__g;&\m : Jr- s, . - .
100+ L ¥ " . % )
¢, % T K ~ 1.0 . % = 7K
.« 0 o 300 S
50 w 105 . :;gg = e 0 o 300
o
“z s 160 o 422 ci 0.5 L] /.05 - o 366
S 0 1 [ | | ! ! X 4+ 160 s 394
O \g : 5 | : v 422
g Ez E: &l ot L l
& K 070
Q /0} b 0z Y
3 | S
A
Ry
':‘j 5 4 n X 205 L&x\*\*-—‘
o b t] :
~ | 1 1 | | = — : | ! |
o W .O
~J
U} Lo
/0-6,1 _Glz 2 ('!2 tz
W
K 4
i e . 0.10)] =
5 - "\
Joo 350 400 450 0 05 10 15 :
TEMPERATURE, K MOISTURE CONC. % 0 i { | ) N I
Effects of temperature and moisture concen- 300 350 400 450 0 05 1.0 /. i
N tration on tensile and shear moduli of AS{3501 - TEMPERATURE. X MOISTURE CONC % s
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Measurement of Long Term Behaviour

Fatigue

Major structural fatigue test x1
Structure samples x3

Coupons x12+
Cyclic heating!
Low test frequency, long lives! To prevent excess heating, 5~10Hz cyclic frequency!
_ Ex) at 5Hz, 100 cycles: take 2 days

Molsture

Temperature

Demonstrate no damage growth for:
BVID(“barely visible impact damage”) hot wet compression fatigue
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High energy(Flight impacts, Ballistic impacts)
* shock wave
Low energy(Ground operations!)
* Back surface break-out
The problem:
» Elastic to failure
* Low plastic deformation and energy absorption
— poor impact resistance
solutions :
« Kevlar fibre reinforcement
 Hybrid
» Woven forms

» Thermoplastic
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Measurement of Impact Resistance (Low energy)

Drop-weight test Residual compressive strength test
w
-'lif-'l'l'm'
mais H
, J
t_{l
i
' -'I"lu‘
q 1 ::qu
mh'- . .f"l /
bia " s 4 1.1 @ ,
ety ia By Tﬁ:r] —
] | { | 1§
g 4 "
.Mll':l r/ % . |
| o
- 2 i J §-10nn
/7 / / ] / f’i / / / Y :.I:IL:::uu
Salid pon enaigy Woioiog s bict




In service inspection for :

» surface damage
» Delamination

* Impact damage

Non Destructive Testing, NDT

*Visual
*Ultrasonic scan : Most commonly used method
» X-ray
« Thermal imaging : suitable for glass/epoxy
* Vibration analysis : delamination, skin-core disbonds of sandwich panels
y P
Damage evaluation? Typical design criteria requires that 1 inch
Remaining structural integrity? dia damage zone (e.g. delamination or
Decisions? Repair/replace  Structure/cosmetic 'MPact damage ) has negligible growth B o
. o the lifetime of aircraft! s ge
Subjective guidelines! =
Ay

e w



Repair/replace

» Bonded patch kits:

* Directional property match
* Out of place loads : —
* Thermosets :

(2} Nocing 757 e
aileron repair
sfter vehicle
impact damage

Refrigeration

Layup orientation

Scarf joints

Removal of moisture
Temperature / pressure cure

In Field!
No joint NDT!
Ensure correct procedure

P




 Bolted joints

Design for bearing
Cross-section reduction
Stress concentration

Edge peel stresses

Drilling

Higher tolerances than metal
Back face break-out
Misplace holes

Crushing, Galling
Insert-sandwich panels
Galvanic reaction

Beanng grress (MN/m?)

g

Iq "d.] d = 6 I5mny
P -L (b P I-»m

Boaung tailuig

Tenslon lailuie

Shear ladute

+45° plies (34)

70N
i e g -]'

o
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Bonded joints
Preparation
Procedure
No joint NDT
Mismatch : stiffness, thermal

Eccentricity

N 11—

Luaded




Single lap eccentric loading

— = 1 -

fdax imum stress . Conc .

%‘
- ——
S

YViIELDIVG MeTAL P

s
- 7

g B e

BeiTn L Fep

LAMINATE =L mrlﬁ,“"iﬂif_ faiture
S
] —
P o
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Scarf Joints *

- Increase bond area
- Decrease effective lengths

- For mismatch of adherends
(thermal and stiffness)
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Joint failure for optimum design
and geometry

- Influence of joint size and
selection of joint configuration

TOINT STREGTH

PeeL FAILLVLES

PLE 1o ELENTRIC

SWGLE-LAP TowT 0 AP PAT

Ve o

enb
- REMDING oF ADHERENDS

ADHEREAD THIAKAIESS
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Stepped-lap Joints

‘ah Peel stress High {aterlaminar
Hlﬂ/ F / 6slvw.a,r St ress

; [ —

Nek sé('t&’} MUCE""“\ Rooc Fﬂtlﬂue detaili-
< High adheread stress . @ coenars.

Minimised peel stress
\/ Stress coneentration relief by

lﬁH/

No redoetion.in net Seclion

N

Largo, racivs

m\%

Minimised @ecentries,

Summatee




ELECTRICAL

Conductivity

* Low electrical conductivity

* Low thermal conductivity
Lightening strike performance
» Poor energy dissipation

* Require metallic mesh, foil, stainless steel
— weight

Electrical use
e Earth returns
» Uni-pole aerials

» Screening

Composite blade
uidergoing
lightning sirike
test  Dewty Rorol
{d
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Summary

Advanced Fibre Reinforced Composite Materials :

Special considerations

v' Material made at component stage
v’ Different properties in different directions
v Reinforcing fibres are linear elastic to failure

Incentives
v’ Lighter, stiffer , stronger

v' Corrosion resistant, fatigue resistant
v' Optimized directional properties
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