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> Lectures outline

[ Basic terms and definitions]

Types of textile composite
and their properties

[ Quantitative structural analysis J

Design of composite structures

-

Reinforcing fibers
(glass, ceramics, basalt, carbon,

polymers, natural fibers and others)

~

Matrices for textile composites
(utility, and technological properties)

J

=

[Composite layer analysis

Fatigue failure of
composite laminates

J
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Industrial and advanced composites

Strength calculation
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Basic categorization of materials

Q Homogenous

Q@ Structure and properties are
the same in every point of material

Q Heterogenous (composites)

Q Material is composed of two or more
physically and/or chemically different
material components

—‘__

= .ox :
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Terminology - component and phase

System — group of physical bodies that are separated
from surrounding environment

Q it can be composed of two or more physically and/or
chemically homogenous substances called phases

Q it can be open, closed or insulated

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Phase — unit of homogenous substance in heterogenous
system physically separated from other units

Some material parameters are drop changed on interface

One phase system - homogenous

Multiphase system — heterogenous

Solid, liquid, gaseous state of one substance — three different phases

O 0O 0 0 O

Every crystalline state of one substance - individual phase

Q Phase does not have to be chemically pure substance

Q It may be solution, mixture of gasses etc.

Q Component - chemically pure substance

Q It participates in system changes, but it is not rising or
disappearing due to those changes

Q Number of independent components in the system is constant
and must comply with any phase possible

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 5/20
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Q Example:

Q System water-ice - two phases - one component H,0O

Q Blue vitriol solution — one phase system - two
components (H,0, CuSO,)

) : , y o 1
o ﬂ : - latent heat of latent heat of
B S Y sublimation vaporisation
‘c % Ho .

-’

e
‘ SO|Id i
g Iatent heat of liquid
fusion
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Material components

Units forming heterogenous composite materials

Q they differ from each other 4 . \
physically and/or chemically ‘ ‘

\ -
Q composition of these components produces new material of unique
properties that cannot be reached by individual components
and are not pure sumation of individual "
component properties

Classical example - composition
of iron and concrete

Q iron rods or grids bonded by concrete

Every component in composite keeps
its structure and properties

- - v 1
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Composite definition

Q Basically it depends on the structural point of view

@ macro-, meso-, micro-, or nanostructure

Q Submicron point of view (up to atoms and molecules)
O ALL MATERIALS ARE COMPOSITES!!!

Q Technical point of view:

Q@ Composites are materials created of two or more different material
components (or phases) that are distinguishable and separated by
interface

Q Reinforcement
Q Harder, stiffer, firmer usually

N
A
&

b*,

discontinuous component i N
VN N

. 2770408 0\

0O Matrix 7L YAN NN

Q@ Continuous usually more flexible component
Q Binder of reinforcement
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Q Classical constructive materials:

Q Matrix is continuous, ductile and \(r \ \,{I

plastic substance
Q it distributes the load among reinforcing units // | 7()‘ \

Q Reinforcement 5 .

Q@ discontinuous, hard and firm component \ ’(
e
> |
\// P \ -

Q The synergy effect
Nl .
Q combined efficiency b *F \{ v

Q in the system components

cooperate in such a way, that at :.‘j\/ﬁ;h WA (R \ f“;‘:_--f;f -?e.::_,:_;_',:f_,-:.

least one property of composite G AR\

is greater than pure sumation of /P ’ (

individual component properties g 8 + "L > -
O It basically says that "1+1=3" muchh mo ——
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Categorization of composites

Q Itis not uniform, there are various attitudes:
Q Mainly the categorizations are according to:
Q utilized continuous component (matrix)

Q geometry of reinforcement

Q type of reinforcement
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Categorization according to the matrix

Q Polymeric
Q thermoplastic, thermosets, elastomers

Q Inorganic
Q concrete, clay, etc.

Q Metallic
Q metal composites

Q Ceramic
d cermets

Q@ metal reinforced
ceramic composites

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Categorization according to
the reinforcement geometry

'j\u-' -
Q System = particular, granular, fibrillar, lamellar o .

o.'als"

Q Particular = particles of various shapes '!lg

A Granular = particles of symmetric shapes

Q Fibrillar = particles of one major size s
(1 length = fibres) | |

Q Lamellar = one size is insignificant
(thickness = plate) e riosiiin
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Categorization according to [z

the type of reinforcement {1

Q Particles Q Lamina
Q random orientation Q one layer @i
Q prefered orientation of multiplied composite
0 Fibres A Laminate
Q single-layered O multiplied composite
a) long fibres Q layers are the same
unidirectional Q Hybrid laminate
multidirectional Q layers are different
b) short fibres
random orientation ';
preferred orientation P

Q multi-layered

Q laminates

Q hybrids

Department of Textile Materials
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Q Fibrous reinforcement

New products of unique properties

Q reinforcement properties + easiness

15t Lecture on Composites @

Textile composites

glass, carbon, ceramics, polymers ...

high strength, stiffness and
thermal stability

embedded mostly in polymer matrices

Q thermosets (polyesters, epoxides, phenolic resins)
Q thermoplastics (polypropylene, polyamide, aromatic thermoplastics)

of polymers manufacturing

exceeds construction limits
of standard materials

But! It is necessary take into account
certain specifics of composite materials
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Specifics that may cause the problems

Q great difference in design and construction of final products

Q composite material is usually created in one
step with final product

Q lamination of boats, pultrusion of shapes, winding
of pressure tanks, etc.

Q design and construction are more complicated

Q itis hard to separate properties of material and those of final products

Q more complicated optimizing and reliability of construction
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O Limited database of construction data

VMalenals | I
Matematical models for technical use

Q simulation of loads and prediction of properties

Loads and Boundary Condilions

Q complex geometry of composite system
Joint Probaﬂllll‘y Density

Q technology of manufacturing

Q selection of optimum time-temperature o p
mode for matrix curing o
| STRUCTURAL
‘ GLOBAL STRUCTURAL RELIABILITY
\ AMALYSEIS
DOMAIN
DECOMPOSITION

PROBABILISTIC
FISK ASSESSMENT

ITERATIVE

PROCEDURE
P
LAMINATE
! PROBABILSTIC THEORY
MICROMECHANICS -
CONSTITUENTS
OF COMPOSITE
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New v

Composites vs Standard materials

Q Composites - high strenth and modulus combined with light
weight material components

Q savings of material

O

FEM R

results R E

oooooo

savings of energy

Laminate
...... resu'ts

Q better utilization of material
properties

------

------------

Laminate

FEM Model

Q savings of natural sources

FEM results are carried

Q respect to ecological aspects down to the micro-scale
Q better utility properties =
Of prOdUCtS Unit cell slice

Slice of Fiber, Matrix,

Q design of new properties and merace " Sliced Unit Cell

Wide range of properties while using thesame components!!!
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Comparison of standard and
composite materials
Young Modulus Tensile strength
MATERIAL e MPa]
High-strength alloys
Al-Zn-Mg 257 180
Case hardened low alloy steels 26.4 270
Polyamide 6 - PA 6 1.8 61
Glass hsfel;so tzlgled PAG6 9.5 141
NN Q .2 i 5
PES re.s\lf:l :Ogéass fibres 19.7 390
Lamina
Epoxy resin + C-fibres 135 865
Vs = 0,6
’ , Spider-fiber has highest specific
Cob web strength of natural fibres

Ing. Blanka Tomkova, Ph.D.
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Selected applications fields

aerospace industry

O spacecrafts protective shields,
wing leading edges
Q parts of jet aircrafts turbine engines

automotive industry
Q@ mudguards, dashpanels, instrument panels

marine applications

A boat and canoe hulls

electrical and electronics applications

O protection against electrostatic discharge
medical applications

O laboratory equipment, biomedical implants
military

A construction of invisible aircrafts

O satellite protective shields

building industry T Carbon/epoxy [ Aramid /DuPont Nomex
Q bridge-deck beams, roof covers [ Carbon/aramid /epoxy I Aramid/foam core
sport equipment Bl Glass-fiber B Carbon/DuPont Nomex

O skis, snowboards, hockeysticks, bicycle frame ~ ¥&inforced plastic
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Face of SpaceShipOne
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Types of textile composites
and their properties

PROPERTIES
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. \4/
Type of Fibrous Reinforcement
Q Single-layered AIL=T R )"/3 A7)
a) Long Fibres (continuous) = ,( < /1\\)9;1/ )" A
e unidirectional "\’ "7\2."44 ecase s
WHISKEHS LONG
e multidirectional onsont FIBERS P
b) Short Fibres = & A p:::—g ;(;fj
e random orientation P ,:1/7}*’ - i ‘f*;,v
e G o | EE—
e preferred orientation “ A, /> S e ST
p el
e FABRI MINA
aQ Multi-layered

Fiber Orientations in Fiber

Laminates or Hybrid laminates Reinforced Composites

Lamina rL |
e one layer of multiplied composite ‘ ‘| ‘ _ITl QI
. v
QO Laminate | | " |ﬁ
I
Q multiplied composite | /
Q composition of the layers is the same —\I

brid lami Continuous  Discontinuous  Discontinuous
Q Hybrid laminate and aligned and aligned  and randomly
Q layers are of different materials fibers fibers oriented fibers
Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 2/26
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Axis 0 1 2 3 4
Dimension Non-axial Mono-axial Biaxial Triaxial Multi-axial
1D et —
Roving yam
2D
Chopped strand mat | Pre-impreg nation sheet Plain weave
— &
o R .
g REN ) N 4
° gz ¢
s : Y
: =T
3 3-D braid Multi-ply weave Tnaxial 3D-weave 5-Direction construction
3D
=
Q
£
L
©
(5}
-
a Laminate type H or | Beam Honeycomb type Integral throat exit for
nuclear missile

Ing. Blanka Tomkova, Ph.D.

Department of Textile Composites
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Highest tensile strength and Young's modulus gain
the continuous fibre reinforced composites!!!

A Continuous reinforcing fibres: Q Matrix:
Q glass O polymers (thermosets or thermoplastics)
Q carbons Q glass
Q polymers Q glass-ceramics
Q ceramics Q ceramics
O metallic Q carbons

Al AP NSNS AN,

f,
DTDRL XN VA
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Fibre strength is always higher than the strength
of the same material in bulk form!!!

Q Small fiber cross-section

U Saton e g g o s - gy s oy e g 45 it e s s
. g
Q Thin fibres %3‘” “““““““““““““““““
g 4 ——————
Q the size of intrinsic material & 1 ¢ ¢
. C . 25+ -—————---—----F-——----F-————- =
defects is minimized 2
el ) SN— | I e ———
Q surface defects are less dangerous
25 50 75 100
Q Whiskers sample gage length (mm)

Q@ mono-crystals of very small transverse properties

Q they can reach very high tensile strengths

(in order of 10 MPa),,‘
) B!

r"-’ 1

- "",. /-3./
3AFr 2Sf6~ J‘J

- _4'

e ™

-q \ AEeT A
\ - 3 g -4
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Q Material defects
Q submicroscopic and
microscopic cracks and voids
Q preferred orientation, defects are
oriented along the fiber axis
Q preferred orientation of strong
covalent bonds along the fiber axis

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites
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Q High modulus fibres

< ‘{i

$ed
"fk':zg
.

Q fcough mgcromqlecule§ oriented 3’.» o {4’\&

in direction of fiber axis s {"h‘
Q strongly anisotropic structure ?’,»‘5'3 ,{\&
Q e.g.carbon or polymer fibres 8@ & 1‘;‘:&

Afom Posilions
(0,0,0) (2/5,1/5,00
(0,0,14) (145,2/517,)

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 7/26





€3 2"d Lecture on Composites
Jea

Q Fibrous microcomposites
Q fiber diameter 10° to 102 um

Q Some composite reinforcement
Q fiber diameter less than 1 um, usually
short (discontinuous) nanofibres
Q nanocomposites

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites
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Choice of fibrous reinforcement

Q Majority of composite products is reinforced with
E-glass fibres to obtain the material of satisfying
properties

A Price of common glass fibres is comparable with the price
of common thermoset resins

7991  28KU 10rn WD14

Q Utilization of expensive fibres

Q price can be several orders higher than the one of glass fibres
A reasonable for extremely loaded constructive components

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 9/26
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Fiber forms for composite reinforcement

Q Chopped strands

Q the multifilaments are cut to
exact lengths — for blends
utilized in pressing technology

a Milled fibres

Q inorganic short fibres only
Q for injection molding

-

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 10/26
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Q Rovings (long and narrow bundle of filaments)
Q Zero or small number of twists
Q less than 40 twists per meter

Pulling device Cutting device

I

Q for pultruded profiles, winding
technology, and prepreg preparation

Q Large cylinder bobbins

Q for glass fibres up to 15 kg weight
Q Weaving —smaller bobbins with conic ends
Q Linear density of rovings — in order of hundreds of tex

Q Roving wovens

| . -

Reinforcements

Resin injection mould

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 11/26
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a Mats

Q nonwovens, fleeces

Q in-plane randomly oriented
continuous or short fibres

Q chopped fibres (25 to 50 mm)

QO mats bonded by polymeric binders,
dissolvable in resins

QO continuous fibres
QO fibres are interlaced in mats
Q binders are not necessary

O Prepregs

A rolls of various widths carrying parallelly
aranged rovings, wovens or mats
preimpregnated by polymeric resins

Q for high-tech applications

Department of Textile Composites
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Comparison of various reinforcing fibres
HM - High modulus fibres  HS - High strength fibres

8000

2"d Lecture on Composites

7000 -

6000

5000

4000

3000

2000

1000

0

Young’'s Modulus [GPa]

Tensile Strength [MPa]

Volume Density [kg.m™]

HM carbon fiber HS carbon fiber E-glass fiber Kevlar Steel

Ing. Blanka Tomkova, Ph.D.
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A

Comparison of composites and metal materials

8000 — T . . | .
- Young's Modulus [GPa]

7000 - Tensile Strength [MPa] i
- Volume Density [kg.m™]

6000

5000

4000

3000

2000

1000

HM/Epoxy HS/Epoxy E-glass/Epoxy Kevlar/Epoxy Steel Aluminum Alloy
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Effects influencing composite properties

Q Properties of components
Q mechanical, thermal, electrical etc.

Q Geometry and distribution of components including
pores

Q Volume fraction of components
Q Properties of interface (adhesion)

Q interaction of components

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 15/26
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New v .
¢ Fibres
y V; -90% G S, [mmu
7 | Initial length Elongation
Composites
' Vt -50% e e Force
e b ooe ey F [N]
SR L LA ﬁ
| R O | v Jaw
Vg -krit, Qo0 cened movement
r———— . . ... A LA .‘. -
‘ Matrlx LU0 DOOLE
[

€ [%]

Properties of components

CARBON FABRIC
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Selected properties of main fibrous

reinforcements
Unit E-glass | S-glass Kezvglar Ke:glar Caﬁ%on Cal:'t‘)non
Volume Density | g.cm= |2,52-262| 2,49 1,44 1,45 1,77 1,88
Fiber Diameter | um _:8,9-20,3 ' 5,3-9,9: 18 12 7 5
Young’'s Modulus . GPa 73 i 86 58 117 235 405
Tensile Strength MPa 3400 4500 2760 2760 3530 3100
Strain | % 3,5-4,8 ' 5254 | 3,6 | 1,0 1,5 0,8
Poisson’s Number | _ | 0,22 [ 0,3 0,35 0,36 0,2 0,2
Mfberaxs - |X10°K"' 5 | 23 | 4 | 52 0,7 -0,5
tranevorse 1o bt axis _x10'6 K"_ 5 | 23 54 | 414 10 7

Ing. Blanka Tomkova, Ph.D.
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Selected properties of main matrices

Unit fenolformaidenyde | PoOlyester | vinylester | epoxide | bismaleimide | polyimide

Volume density g.cm 1,011,255 | 111,23 | 1,12-1,13 1,11,2 1,21,32 | 1,43-1,89
Thermal resistivity °C 150-260 70-130 80-150 80-180 180-200 250-300
Young's Modulus GPa 3,0-4,0 3,1-4,6 3,1-3,3 2,6-3,8 3,2-5,0 ' 3,1-49
Tensile Strength MPa 60-80 90-75 70-81 60-85 48-110 100-110
Strain % 1,8 1,0-6,5 3,0-8,0 1,5-8,0 1,5-3,3 1,5-3,0

Q We search for most useful composition of components
Q Highest efficiency of SYNERGIC EFFECT
0 Highest cost/effect ratio

Ing. Blanka Tomkova, Ph.D.

Department of Textile Composites
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300 —=
B GFRPs -
| Il CFRPs y )
NI I PFRPs y )
= Bl SFRPs . ,,
2 200- Gldss-epoxy ¢
= S 1
S) VO /
~~  Carbon-
E i arbon epo/w
» y
S 100- Silk-epoxy
a 2
S 4
= &
0 _n_f—/TFlax-AESOI

0 20 40 60
Fibre volume fraction[%]
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New 57

Design requirement Fiber choice

Tensile Strength , Carbon
Stiffness Carbon

Tenacity Aramides
Creep Resistance Carbon
Fatigue Life ” Carbon
Low Price E-glass
Permeability of Light E-glass
Corrosion resistance u R-glass
Radio-transparency D-glass

Good Mechanical Properties

E-glass

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites
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Tg (°C)

0 Cure Time (minutes)

€3 2"d Lecture on Composites

Design requirement Matrix choice
Fire-resistance Phenolic
Corrosion-resistance Bismaleide
Thermal resistance Phenolic, polyimide
Light permeability Polyester
Low price Polyester
Tenacity Epoxide, thermoplastics
Good mechanical properties Epoxide

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites
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Iy 2nd Lecture on Composites oy

Fiber-Matrix interface

Q@ Nano-sized boundary between components
Q drop change of chemical and physical properties

Q result of two surfaces interaction depends on the surface
structure and properties of both phases

Q the structure and properties of interface differ from both phases

Debond

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 23/26





2"d Lecture on Composites

Each system possess specific interface

Q lIdeal interface S

Q infinitely thin, tight,
there are no defects

00000000000
00000000 S0 00

er’s number

|. 0000000000 !

’
. 7
N 3

........

>
>

O Real interface

-~
-

n, Fiber’s number

Q complicated chemical and physical structure

Q Important influence on composite properties, e.g.:

Q fracture toughness

Q corrosive behaviour

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites
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€3 2"d Lecture on Composites @

Mechanisms of adhesion

Q For modelling of composite properties are used
five main mechanisms of adhesion

Q joining between fibres and matrices
Q they work either separately or in conjunction

Q Adsorption and wetting
Q Interdiffusion

Q Electrostatic attraction
Q Chemical bond

Q Mechanical adhesion

Ing. Blanka Tomkova, Ph.D. Department of Textile Composites 25/26
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T3 2"d Lecture on Composites &)

A

Adhesion in practice

© It works!!!
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3'd Lecture on Composites

Quantitative structural
analysis of textile composites

VOLUME

FRACTION

Department of Textile Materials






€3 3" Lecture on Composites )

Volume ratio (fraction) of fibres ” :

Fiber packing density

Length of fibres

Distribution of fiber lengthes

Fiber diameter

Frequency 1 (%]

cC O 0 0 0O O

Orientation of fibres

Q Structural properties, that mainly
influence properties of final
composite products

Q Ratio of structural parameter
influence depends
on particular property

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 2/22
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3" Lecture on Composites \D

Volume and Mass Ratio of Components

Q@ One of most important structural characteristic

Q Volume ratio (fraction) V, - theoretical presumptions

Q Mass (weight) ratio W, - practical mixing of composite components

Q similar to textile mixing

Q Example:

Q@ Number of components n
Q@ Volume of entire composite v
Q Volume of i-component V;
Q Weight of entire composite w
O Weight of i-component W;
Q Mass ratio (fraction) of i-component
Q Volume ratio (fraction) V; w;
of i-component V= j W;= 7

Ing. Blanka Tomkova, Ph.D.
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‘Fs 3'd Lecture on Composites

QO Calculation of volume density of i-component p; [kg/m?] and relations
between volume V., [%] and mass W, [%] fractions of composite components

V=tV + -+ V3
V: W=W1+W2+ +W3
v = i V., = -
=— i
v 1% Wi
w
lll + [’2 + o4 qu — ]_
Wl W1+W2+ +Wn=
w; Wi:_
v =— w Vi = Piv;
Pi
vy
W_Wi_ W;i B P * V; B Pi*3,
! w W1+W2+"’+Wn pl-v1+p2-v2+"-+pn°vn pl'?l+p2 %4_ ..pn+
W;
Pi l’l vV Pi
W.: = é |14 |14
Copr Vit e Vot ot pyVy Ly —24..4 1
P1 P2 n
Wi Wi
V__ﬂ_ ¥ _ Pi _ W p;
L - W w w, = W w w
¥ bty =Lp—2p...p=2 1 4 2 ooy
P P2 Pn W-p WP, W py
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*; 3'd Lecture on Composites @

Fiber packing density
Q Laminate

Q composite made by bonding together two or more sheets,
composed of lamina

Q Most common:

Q Flat laminate
Q three fibrous laminae
Q oriented about 90 degrees
from one another

Q typical for tough panels

Q aircraft applications

A Cylindrical laminate

Q three fibrous laminae
various fiber orientation

Q pressure vessels

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 5/22





2 Unidirectional lamina

QO continuous fibres

3'd Lecture on Composites g%

Q length in longitudinal direction

a

® Fibre (E = 46 GPa, Tensile = 610 Mpa)*
Matrix (E = 2 GPa, Tensile = 50 Mpa)*

hexagonal order

Ing. Blanka Tomkova, Ph.D.

Outer

square order
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3'd Lecture on Composites

Limits of Hexagonal Order

Q Equilateral triangle ABC
Q Area of triangle

M

Q Area of fibre cross-section

Q Total area of triangle

V3
Agorat =5 d Vg Vg =d-sin60° =d - —
(% 1 V3 1/3

Q Fibre volume fraction V;

=0.907

1 d2 7tdz T .2
A . 3 (J’ . [ dZ V. — Afiber _ 8 _ 8 _ R
. — ® — f - - —_ —
fiber 6 4 8 A, V3 Q2 V3 {4 2.3
4 4

Ing. Blanka Tomkova, Ph.D.
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(F: 3" Lecture on Composites Y

Limits of Square Order
Q Square ABCD Q Total area of square

Q Area of square A _d2
total

Q Area of fibre cross-section Q Fibre volume fraction V;
2 2 A @wd® 1
Afiber — 4 1 ) nd — nd Vf — L = ‘ 7 == 0785
4 4 4 Atotal 4 d 4

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 8/22





(F 3'd Lecture on Composites

Fiber packing density

depends on fiber volume fraction

Q Fibres spacing S
Q less than fiber diameter 2*r

V:;=0,3
QS/r=1,5
QS=15*r

Q low volume fraction
a High volume fraction V;
V;=0,7

A hexagonalni order
Q square order

Q Low volume fraction V;

Q random order

Ing. Blanka Tomkova, Ph.D.
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i\;: 3'd Lecture on Composites @

Q Packing density

Q important technological parameter

Q high V¢ + small fiber diameters
Q long times + high pressures

for perfect wetting of fibres

Q Microskopic inhomogenity of lamina

Q various fiber order
Random Hexagonal

O more or less random

Q high influence on modulus and stiffness

@ mainly in transversal direction

60°

Q@ Main disadvantage of random distribution

Q itis hard to possess V; higher than 0,7

Q limiting value for comercial composites

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 10/22
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3" Lecture on Composites @

continuous fibres g »
Q3Sst+-—-————-———————————————————
Q highest reinforcing effect 4
. . . . = 3- —————————————— e — s — s — ——
Q load is applied to fibres directly .% 4 d
&
. Popslso ey Raaonnasey EESEEESES, SEOS NN
short fibres [
ol Y | (— (P || ——
Q load is transmitted from matrix to fibres
1 1.5 T T T 1
Q through f!ber surface 28 P 15 100
Q through fiber ends sample gage length (mm)

high strength of composites depends on high strength of fibres

Q strength of fibres is length dependant

= high variability of the value

Q statistical character of fiber strength

Q higher volume higher probability of rupture

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 11/22





(F 34 Lecture on Composites N

Q Influence of fiber ends

Q short fiber reinforced composites

A high concentration of stresses
Q in contact with brittle matrices

Q separation of fiber ends from matrix
Q generation of microcracks
Q generation of other defects

Q propagation of cracks

Q fiberis unbonded

Q looses the efficiency
Q decreasing of reinforcing effect h

Q propagation of fracture l

d composite properties are
function of fiber lengthes

Polymer Matrix ’

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 12/22





£33 34 Lecture on Composites )

Distribution of fibre lengthes
aQ Fibre length in composites is influenced by:

20 ~

Q type of reinforcing fibres -

Q processing of composites _ .,

xr |
.0
D ThermOSEtting matrix 512 C:\Users\tomkova\Pictures\Koi
Q fibres are poured over § . mpazii e ogrm deladig
by low viscosity matrix,
good wetting of fibres 0l

5 15 25 35 45 55 65 75 &5 95 105 ﬁS 125 138

Q rupture of fibres is minimized Length of fibres | [mm)
Q basic length of fibres is stable during the manufacturing

aQ Thermoplastic matrix (POP, PA, polycarbonate)

Q fibers are mixed with matrix and injected into the form
Q rupture of brittle fibres

Q itisimportant to analyse fibre lengthes distribution

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 13/22





(F 34 Lecture on Composites N

Q Fibre lengthes measurement methods

Q direct or indirect

Q Indirect methods

Q analysis of such properties that
are length-dependand

L
$ies 5
i
3
i
{
3

(modulus, tensile strength) —
Q the information are not precise | &= &
and of various quality et g =

Mpat| A5 5 [Bwen asepaed . Broro | Wit Ve resbrn | @ com

Q information on quality of entire material

Q Direct methods

Q measurement of all lengthes in
analysed volume

Q demanding, high amount of measurements
Q separation of fibres from matrix
Q burning or desolving of matrix

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 14/22





i 7,- 34 Lecture on Composites @

Q practicaly two methods are used for analysis

Q dispersion of fibres in low viscous liquid
Q fibre fractions of individual lengthes
Q distribution using sequence of sieves
Q method of decantation

Q analysis of structural micrographs '-—“‘ \
Q itis possible to measure individual fibre lengthes -_ “‘ “ '
Q@ most precise but demanding

Q utilization of automatic image analysers

Micrograph of short fibres
separated from thernoplastic matric after injection moulding

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 15/22





7.' 3" Lecture on Composites

Critical length of fibres |_

Q Critical length is important for setting of limit properties
Q e.g. tensile strength
Q minimal length when the fiber cooperates in composite structure
Q load is yet held by fibres
the load is transmitted from matrix to fibres

load transmitted to fibres is distributed over whole fiber

O O O

in composite fiber length must be at least

critical to obtain reinforcing effect

Q Fibre length | > 1

Q fibres are ruptured due to deformation

Q fibre length significantly higher than critical

Q reinforcing effect comparable to continuous
fibres reinforced composites

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Q fibre length 1<
Q fibres are extracted from matrix

Q critical length is influenced by
quality of fiber-matrix bonding

Q better adhesion,

lower critical length

Q Generally

are short fibres
characterized by

Aspect ratio of shape

Ing. Blanka Tomkova, Ph.D.

3'd Lecture on Composites T

Critical fiber length

* For effective stiffening and strengthening:
fiber strengt ¢ ~fiber diameter

f
fiber length - 151:_ shear strength of
C ¥ -fiber/matrix interfa ce

* Example: For fiberglass, fiber length > 15mm

+ Why? Longer fibers carry stress more efficiently

poor fiber efficiency better fiber efficiency
G(x) >
shorter, thicker fiber longer, thinner fiber
. ofd : ofd
fiber length < 15" fiber length - 15*:_
T C

Ande =son-200-17.7

Department of Textile Materials 17/22





7: 3" Lecture on Composites

Aspect ratio of shape a

Q ratio between the length and diameter of the fibres

Q efficient reinforcement
a. .. =50az100

Q toreach certain efficiency effect there is valid folloeing proportion

thinner fiber = lower length

Q@ usually used aspect ratio = 30 az 500
Q@ values of critical aspect ratio

-

L

Q ratio of critical length and diameter lays between 20 az 50

Values of aspect ratio of various dispersed components

Sphere 1=d =1
Continuous fibre 1 >>d o = o©
Plate a =from1 to 10
Bar (short fibre) o —> tens

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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F 3'd Lecture on Composites \D

Fibre orientation

Q Directly influences load distribution between fibres and matrix

Q Reinforcing effect depends on y

Q angle between fibre axes and load direction all

Q number of fibres in load direction 0

Q Estimation of orientation distribution
use of methods of stereology

Q two directional structural micrographs

Q angle measurement E -
Q Maximum reinforcing effect e il E

Q all fibres parallel to load direction i .

Q other directions — decrease of strength and stiffness B

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 19/22
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F 3'd Lecture on Composites \D

Efficiency of reinforcement n
Q contribution of fibrous layers to bearing capacity of composites
>
n=) acosd <. -~ -

& Load direction (o)

Q a,—volume fraction of fibrous group, angle ® — angle between fibrous group
orientation and load direction
Q efficiency of various fibres differs due to e.g.:
Q fibre sensitivity to damage during composite manufacturing
Q strength-modulus ratio

Type of fibres Load direction Efficiency of
Fibres orientation reinforcement
All multifilaments are parallel Parallel to fibres 100%
Normal to fibres 0%
Multifilaments are uniforml . . s
distributed in plane J Any direction in plane 37,5%
Multifilamens are uniformly - 5
distributed in three- Any direction in space 20%

dimensional space

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 21/22
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:

300

|

1

Tensile Strength (MPa)
:

:

Q

1 1 L

0 30 80 90
Angle Between Fibers and Stress (°)
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(Fs 4th Lecture on Composites Y

Design of composite structures
Mixing rules

PROPERTIES

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 1/18





f7: 4th Lecture on Composites N

Averaging of Properties

J Depends on structural geometry TR

 knowing structural parameters it is possible
to describe the composite structure

Q solved individually for each composite structure = - i
d e.g. volume fraction of matrix V,,, and fibres V;

O shape and distribution of reinforcement etc.

[ Analysis of components interaction

E | FINI
d Limit models for components arrangement B
U defined for ideal unidirectional lamina e
[ parallel-connected (so-called hard system) E F[N]
[ series-connected (so-called soft system) I_m__>

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 2/18





{'f ; 4" Lecture on Composites @y

transverse direction
(normal to fiber axis)

7 s - 4
3 parallel direction : -
/ (in fiber axis)
matrix fiber

LJ

Cross-section of real structure
Random distribution of fibres

Ideal unidirectional
composite lamina

1

Series-connected
same tension of
matrix and fibres

Parallel-connected
same deformations
of matrix and fibres

|

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 3/18






€3 4th Lecture on Composites d%

oy,
Parallel arrangement of components

d Young’s modulus of composite n direction of fibers axes

d  Top limit of moduli “l‘ 16’&

0 VOIGHT average
J Maximum reinforcement

mm qQ
Q

L

mmm
NN

d hard system

d same deformation of components

me-e, tttft 4
[ distribution of forces impacting the fibres and matrix
F=F, +F,
d Hook's law
c=¢-E c=F/S F=€-S-E

 same length of fibres and matrix

Ing. Blanka Tomkov4, Ph.D. Department of Material Engineering 4/18





Young's modulus for parallel-connection

4th Lecture on Composites

F=F, +F,

S
S

S

E=—1E, +-2%

S

eSE=¢ S E, +¢,S,E, S -1

S, -1 =L=V1
A%
I N2 Y =1
I E=E V +E,
= E E.V,

E;=E:V; +Em(1_Vf) gy =

Ing. Blanka Tomkova, Ph.D.

—
M __—_._-_.
LN
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\\ A \\\\\\\\\\\\\\\\\ N
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N
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(F 4" Lecture on Composites L)

Series arrangement of components

[ Young's modulus of composites
in direction normal to fibres axes ¢ ¢ * 'L ‘ ?

O Bottom limit of moduli R - : : E - . é g'e’: E
d REUSS average NN\ 0; 8: E;
d  Minimum reinforcement nmiinnm | f

d  soft system

d same tension on fibres and matrices Ad
6=0,=0, T d

d components deformations differ g, = Ad,
E=§, +&, d,

A increase of model thickness Ad g, = Ad,

Ad = Ad, + Ad,£.d = €,.d, + £,.d, d,

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 6/18





Young's modulus for series-connection

3 Hook's law

4th Lecture on Composites

2 o E2V1 +E1Vz

EIEZ

EfEm

a8 % o

d § v 5
o) o) o) 1 ©= =
— ol L, Bl ) — E
E E, " BE, d
1_1.4d, 1.4, /s
E E, d E, d/S
1_1 .V +L.V o
E E  E, ° E E,
L=ZL.V E, =
E, iE,.

E_V,+E (1-V,)

Ing. Blanka Tomkova, Ph.D.
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Q Limit models

Modul E

Q simplifying presumptions

Q are not exact for
real composites

Q Model design i
Q uniform distribution of fibres

€3 4th Lecture on Composites
A

Parallel

Modul
fiber
Ve

Q real fibres are more or less Matrix
randomly distributed

Q tension in fibres and matrices is equal
Q not in real material

Q idealized geometry
QO models do not imply real geometry

Ing. Blanka Tomkov3, Ph.D. Department of Material Engineering

ction
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f7: 4th Lecture on Composites Y

General mixing
Q General form of mixing rules
Q for any connection | Z | 8

Q P -—calculated parameter A |
of material (e.g. modulus E) "

©
N ... mixing parameter o |
= n=1 - !
5 |
parallel-connection 3 i
[ o .
Voight average g :
= :
= hn=-1 p |
7 :

e

series-connection
Reuss average

. ’ ' e
=> n =0 Logarithmic mixing g Fiber volume fraction V; 1
1 V,, Matrix volume fraction 0

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 9/18





(F: 4th Lecture on Composites \D

Logarithmic mixing rule

Q Itis usefull for e

SRS V1 |
Q electrical, magnetic or P* —pg — 1+ : 3 3 o
thermal properties : " .
Q permittivity of composites  |[PT® = 1 —> 0,n" <<n

Q Disadvantages B =1+tnlnP —>P" = Z PV,

0 same description of all |
composite properties I1+nlnP = Z(l +nlnP, ) V,

O same components, but
- z 7 z 7
Q different structural geometry 1+nlnP = \i T n\i lnPi

Q different distribution
. . InP = E V. InP,
Q Possible solution i

Q geometry models of real structures
Q complicated calculation - numerical models

e

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 10/18
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(F} 4" Lecture on Composites \A/

Tensile strength of composite
- continuous fibres o 4

Q Brittle fracture pressumption

Q Hook's law until deformation

Q Top limit of strength £

Q £ from Voight average
A Deformation in fibre axis direction

ofe s Fibers fracture
I

o=E-g,
0= & '[Vf K, +(1_Vf)'Em]
6. =6, (1-V,)+c,V,

Stress (0) »

Strain (&) >

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 11/18
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(F: 4" Lecture on Composites \l/

. . . L > :
Q Influence offlbre orlfentatlon qu ‘.) 2. } 4 S
and composite porosity G \ et .

V, ... porosity

f, ... factor of anisotropy

E =(V,-E,+(1-V,)-E,)-1-V, ] wY®
L = (Ef°fa)'E r e 300
s (l—Vf)~(Ef-fn)+Vf.Em]'(1—\ )

Q Bottom limit of strength

Tensile Strength (MPa)
g

g

Q fracture of weakest composite part

Q Efrom Reuss average °

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 12/18





(F: 4th Lecture on Composites \l}

Strength of composite — fibres fracture

Q Matrix G O

Q weaker

Q higher strain O, = O Vs + G, (1-Vs)

d 0, - stressin matrix

Q when fibres are
elongated to break

aQ Law V; " .

Q decreased strength

Gcu= Omu ( 1'Vf )

Q faster deformation
of fibres (o

0 \}min Vcrit Vf 1

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 13/18





Continuous fibres - strength of matrix

Q No adhesion is presumed
Q parameter of geometry k

Q linked to length |, diameter d,
and fiber orientation

k=2-1/d

Q e=¢,

4th Lecture on Composites

14

E
E. 1-V,/k

(o)

c a( 1+V,

s 1 1=-W [k

m

|

G = O'm(l + Vf)

Q deformation develops first in
unreinforced parts of matrix

Ing. Blanka Tomkov4, Ph.D.

V=1=V_+V,

S n-m-r
- e
V., = =

S a-b
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’\r E 4th Lecture on Composites @

Short fibres in polymer matrix

Q Randomly distributed particles in matrix
Q length L ﬁ:
Q particle diameter D

Q volume fraction of particles V; 527 N N ‘F»\'OOb\K =
: ‘ (d |’ AU _Ubraz ompozi ru

Q Strain of composites T s Wa - o>
Q linked to strain of matrix T, 3

T=T, -(1-V%)

Q General mechanical property Z

Q index of matrix m, index of particle f K — Zf /Zm —1
Q Z = modulus, tension, compression etc. 7 /Z + F
i m
1+F- K-V
Z = = Zm F — 2 2 "E
1-K-V, D

Ing. Blanka Tomkov3, Ph.D. Department of Material Engineering 15/18





7: 4th Lecture on Composites )

Modulus of short fibre reinforced composite — Halpin/Tsai

Q Parametr k E 1+k-A.V,
Q linked to length |, diameter d, R
Idhtf': ftt' Ez 1 AVI
and short fibres orientation
El /EZ — 1
k=2-1/d =
E /E, +k
Q fibres volume fraction V,,
and modulus E, A
Q matrix modulus E, E/Es
Q Short fibres defined as particles
k=11az1.5 A
Q For k=0 = Reuss average
Q For k — o = Voight average vV >
1

Ing. Blanka Tomkov4, Ph.D. Department of Material Engineering 16/18





4th Lecture on Composites

Short fibres reinforcement

G:

C

07 «— CED —> 7

I'*—l‘zc_“l

o

1/2

pr .Vf i 6m (1 _Vf) 0;

s Q Higher deformation of matrix
Q Fibre ends

Q shear tension T

Q Critical length of fibres
Q maximum tension for

parallel direction

Gf=

0

Ing. Blanka Tomkova, Ph.D.

—"‘@ )
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g"? 4th Lecture on Composites @

Randomly orlented flbres

Q Elimination of anisotropy

Q worse average properties
Q direction independend

E =K-E,-V,+E_-(1-V,)

K - factor of fibre efficiency

Q depends on fibre length
and ratio E; / E,,

E /E -1

E./E_+F
R
D

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 18/18






t3 5th Lecture on Composites

GLASS

CERAMIC

Textile Composites
Reinforcing fibres

POLYMERS,

AND OTHERS

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialti
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(F: 5™ Lecture on Composites \1/

Fiber reinforcements

Glass fibres
Ceramics fibres
Boron fibres
Basalt fibres
Carbon fibres
Polymer fibres
Metal fibres

Natural fibres
Q plant fibres

O 00000 D0C

Q protein fibres

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 2/27





€3 5th Lecture on Composites )
New 57

1. Glass fibres " Sl

Q All glass fibres contain silicate base

and particular complements

Q SiO, + complements

Q most frequent complements are: Ca, B, Fe, Al, Mg oxides etc.

Q glass fibres are classified according to complement composition

Q Manufacturing
Q fibres are drawn of melts of particular
oxides with small part of alcali metal oxides (Na,K)
Q the melt flows from platinum spinnerets (1 mm in
diameter) placed in the bottom of the bushing plate

QA required diameter of fibers

Q governed by the difference between the melt flow speed
and the speed of glass monofilaments drawing
Q winding speed may be a few thousand meters per minute

Q in the continuous filament process, after the fiber
is drawn, sizing is applied

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 3/27





€3 5th Lecture on Composites
A

Manufacturing of glass fibres

A Filling hopper of raw

glass material

Bushing plate with
if— platinum spinnerets
(1 mm in diameter)

Sizing

Doubling of monofilaments

&~ Bobbin

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt
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7: 5th Lecture on Composites

Basic types of glass fibres

J E-glass J AR -—glass
most frequent, cheapest alcali resistant
d S-—glass A Quartz glass

special engineering applications

d C-glass

corrosion proof

Composition of glass melts (percentage by weight)

thermal insulation, radomes,
electrotechnics etc.

Oxilde E-glass S-glass C-glass AR-glass |Quartz glass
51, 54-56 s fidd -6 64 08,0
A150; 12-16 5] 3-3 l
Cal 16-45 - 11-13 5
Iif= ] -5 10 A3
Ti o, 3
0, 13
B4k 2-10 - 4-
Ma, 0, K0 <08 20,3 a¥ 11 14

Ing. Blanka Tomkova, Ph.D.
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*f 5th Lecture on Composites QJ
' ' f glass fib
Basic properties of glass fibres

X E-glass E-glass S-glass C-glass AR-glass Quartz
Properties industrial theory glass
Diameter [um] 5-16 9-13 9-13 9-13 10-20 8-9
Density [g.cm3] 2,54 2,54 2,49 2,49 2.7 219
Tensile modulus [GPa] 73 72,5 85,5 69 75 69
Tensile strength [GPa] 2-4 az 3,5 az4,6 az3 az3,2 az 3,45
Strain [%] 1,8-3,2 4,8 55 4,8 4,4 5
CTE [um.m-1], 20°C 4,9 5 5,6 7,2 6,5 0,54
Softening Temp. [°C] 800 800 1056 750 730 1500
Working Temp. [°C] 450 500 875 550 500 1100
Dielectric constant 5 g
frequency 1MHz 59—-6,4 6 5—9,4 az6,9 az 8,1 3.9—3,9
Loss factor (tg &)
frequency 10 GHz 0,0038 0,0039 0,0068 0,0085 0,0051 0,0005

Ing. Blanka Tomkova, Ph.D.

Katedra textilnich materiala
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G Ia SS fi be r Monofilaments

products )
¥ Y
Untwisted sliver Twisted sliver
nx 204 nx 204

Cutted sliver J ¢

Twisted doubled slivers

Doubled slivers

tows, rovings yanis
Pultrusion
Winding ¢
) J h 4
Weaving Weaving
Woven fabrics Technical fabrics

of rovings

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 7/27
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2. Ceramic fibres

d Higher volume density comparing to glass or carbon fibres g, —

( atoms S
O average 3 g/cm3 for Al,O; fibres, 2,5 g/cm? SiC for fibres 5 N R L‘IN atoms

. . . A A b
J SiC continuous fibres LYY

O prepared from polymeric precursors or by CVD method fA ,,»k ,A ,)

@ low density, high temperature strength, ‘A,\*i*i*),

a resistance to oxidation and creep I "A« ,i ,i,

O AlO; continuous fibres A
f h A A A

@ polycrystalline ceramic fibers L - 69 9 I
d  manufactured usually by sol-gel process LA A ,1

O high melting temperature (>2000°C),
low thermal conductivity,

. >1 ——— Slhcon
chemical stability N I Carbide
d Si;N,fibres

O prepared from polymeric precursors

O high tensile strength (1000 MPa) and modulus (300 GPa),
light weight, good resistance to thermal shock and oxidation,
wear resistance,electrically non-conductive

O high-temperature structural applications up to 1500°C

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 8/27





Selected types of ceramic fibres,

5th Lecture on Composites

(K continuous fibres, D discontinuous fibres)

Composition Trade Mark
__ALO, (€) FP
Al,O,+B,0, +S10, (C) | Nextel 440, Nextel 480
S10, (C) Refrasil
Zr0O, + Si10, (C) Nextel Z-11

—__ALO,+ SiO, (D)

Saffil

Al,0,+B,0; +Si0, (D) Nextel 440
Al,O;+ SiO, (D) Fiberfrax
Al,O;+ SiO, (D) Innswool
ALO,+ SiO, (D) Cer-wool
ALO;+ S10, (D) Cerafiber

SiC (C) Nicalon
Si-Ti-C (C) Tyrano
SiC (D) Tokawhisker
SiC (D) Silar
SiC (D) Tateho
Si;N, (D) Tateho

Ing. Blanka Tomkova, Ph.D.

Katedra textilnich materiala
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5th Lecture on Composites @

3. Boron fibres

r Fayout cpool ®Br ung cten wire

Fine and complex crystalline structure

O crystallite size on the order of 2 nanometers
O nodular surface of the fiber

Manufacturing
K devaporation of fluid boron on fibrous substrate

¥ electro
top & bottom)

O CVD technology T
d the basic reaction, carried out at 1350°C, is as follows:

2BCl,(g) + 3H, (g) > 2 B (s) + 6HCI

[ quite expensive (least price is cca 300 S/kg)

Properties

O volume density 2,5 g/cm?3

O large diameter comparing to other fibres (up to 10?2 um)

O compressive strength (cca 6,9 GPa) higher than tensile strength:
O high tensile strength 3,45 GPa, high modulus 400 GPa

Application

O  high-performance composite structures for components under compressive
load, horizontal and vertical stabilizers

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ 10/27





5th Lecture on Composites @

4. Basalt flbres

 Basalt has a crystalline structure
O Varies due to the specific conditions during
the lava flow at each geographical location : Hite
Q Combines three silicate minerals Pl ¥ ok IR i
= plagioclase, pyroxene and olivine —
4 Manufacturing A\ANAAAAAAAAAN
[ continuous process similar to that used to make glass fibers
 Properties
O good thermal, electrical and sound insulation properties
O volume density 2600-2800 kg/m3, melting temperature14002C
O tensile strength 1.43+0.59 GPa, elastic modulus 82-110 GPa
O withstand wide temperature range
O from about -260/-200 to about 650/800°C
 unstressed (used as fire/heat barrier) basalt can
maintain integrity up to 1250°C
O  more stable in strong alkalis than glass, slightly less stable in strong acids
J Applications
O thermal and sound insulation/protection (e.g. basalt wool, engine insulation)
O structural plastics, automotive parts, concrete reinforcement (constructions)
O insulating plastics and frictional materials

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ 11/27





5th Lecture on Composites

Composition of glass and basalt fibres

Compound

w% 1n E-glass

w% 1n basalt

S10;

32-56

31.6-57.5

A1203

12-16

16.9-18.2

Ca0O

16-25

5.2-7.8

MgO

0-5

1.3-3.7

B,0;

5-10

NagO

0.8

2.5-6.4

K>,O

0.2-0.8

0.8-4.5

Fe,O

Ing. Blanka Tomkova, Ph.D.

<0.3

Katedra textilnich materiala
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(]
5. Carbon fibres
[ 93-95% pure carbon —_—

[ Narrow graphene sheets
[ chains bond side-to-side (ladder polymers)

-----

d  Wide range of mechanical properties while ol
the volume density is relatively low (1,8 - 2 g/cm?3) ks

d)

Carbon nanoe Carbon n anofiber Carbon fiber

1 1 1 1 1
—_———he o -l e e Afom Positions
1 4 _
1 10 10° ¢ 10 S 000) @150
Diameter (nm) p=120  (0,0,1/p) (1/5,2/3,17)
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Manufacturing of carbon fibres

Q Pyrolysis of polymeric precursors Presurser Carbon fibre (CF)
. . fibre (PF) Stabllisation  Carbonisation  Graphitisatian
(main part of carbon fibers) 04 herl_ a
Q Rayon W
Q PAN

200-350 ‘C <2000 'C 2000-3000 'C

A Coal tar pitch
Q CCVD process (combustion chemical vapor deposition)

d devaporation of hydrocarbon gas on fibrous substrate
(C, Si, kfemen SiO,)

Q Whiskers (d < 25um)

A grown in direct current arc under pressure
of approximately 9 MPa in argon at high temperatures

Q consist of one or more graphite sheets rolled up like
a scroll into a tight cylinder

A growth and perfection of crystals

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ 14/27
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PAN Pitch CNT Graphene

Cellulose

4

a. Oxidization
b. Pyrolysis and

graphitization

Carbon Fibers CNT fibers Graphene fibers

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 15/27





5th Lecture on Composites

PAN based carbon fibres

T300 | M40J ] TS00H Ti000G | M60J
fiber diameter [pm)] 7-8 7 5-6 5 4
volume density [g/cm’) 1,76 1,77 1,81 1,8 1,92
elastic[GPa]parallel to fiber axis| 23( 377 294 294 588
unodulus transverse to fiber uu__ | 40 21 —
tensile strength [ GPa) 3,53 4,41 5,49 5,3-6,8 4,21
elongation [ %] 1,5 1,2 1,9 2,0-2,5 0,7
coeff. of thermal [10° 1/K]
expansion axial -0.7 -0.5
transverse 10 7
thermal conductivity [W/mK | 85 | 70
percentage of carbon [§] 92-97 99

Ing. Blanka Tomkova, Ph.D.

Katedra textilnich materiala
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Pitch based carbon fibres

industrial j air industry |
K13710 | K13A10| KS352U | KI13C2U | HM/HT
Teijin
diameter [pm] 0| 10| 10 10 | Tfatfibres
volume density [gfem’) | 2,12 | 215 | 2,05 219 | 215
elastic|[GPa) axial 640 790 550 900 650
nodulus
tensile strenght [GPal| 2,6 | 26 | 36 | 3.8 | 5.85
slongation (¢) 042 | 036 | 065 | 04z |
coeff. of thermal
[10€1/K) “etar o | 09 | -15
transverse 10 6
thermal condoctivity P/mkl | 140 220 | 130 620 |
pescentege of cazbon [V] |m99 Iom99| sbove 99 Im 99 l |

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 17/27
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J Various carbon fibre cross-sections

d  Models of structural
arrangement of graphene sheets

O First line
d PAN based fibres
[ Second and third line
[ pitch based fibres

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 18/27
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F 5th Lecture on Composites \AJ

6. Polymer fibres

s‘ . Poriect crystal
."l‘

. Main advantage
 low volume density
[ high specific strength, and specific modulus
J low volume density and high tensile strength

[ Preparation of high modulus polymer fibres |

d from polymer solution &
d from LCP (,Liquid Crystal Polymer®) polymer melts g%
'l

A | € Wholly amorphous

Stiffness of Type of
Polymer asionolecand chaliel  aakkan Spinning Trade mark, company
: : Kevlar (Du Pont), Twaron|
aromatic pquamnde very stiff rod-l:l;: yotropic | spinning from |r 7 I(\I ol )
(aramid) macromole solution |\ 5mex (Du Pont)
UHMW flexible linear gel gel spinning Dyneema (DSM), Spectra
polyethylene macromolecules (Honeywell International)
e R . . Vectra (Hoechst)
liquid cirysttalllne st:ffaror':z:cm thermotropic | extrusion and [Xydar (Amoco)
copolyesters ey melt drawing |F1-anol (Sumitomo)

Ing. Blanka Tomkova, Ph.D.

Katedra textilnich materiald
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r 5th Lecture on Composites r A

Aromatic Polyamides (Aramids)

Kevlar by DuPont Nomex by DuPont Twaron by Teijin (Kevlar like structure)
P H = I_II 4—E E—N N1 HN NHOC CO
c{Chc - @ | @ | n

=1 = H H
) O
rechnoraby Teiin (MO w00 “”@“@””0‘3@00)%
Q Properties Q Applications
Q good resistance to abrasion, organic Q flame-resistant clothing,
solvents, and thermal degradation protective clothing and helmets
Q sensitive to ultraviolet radiation Q composite reinforcement
O sensitive to moisture and salts Q asbestos replacement, hot air
O  nonconductive filtration fabrics
Q  no melting point Q tireand mechanlcal rubber
. _ goods reinforcement
Q low flammability, good fabric

integrity at elevated temperatures 0 ropes and cables, etc.

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ 20/27





5th Lecture on Composites Y
Basic mechanical properties
comparison of selected aramids
to standard PA66 (Nylon)

strength [(MPal | FeditiS [GPa]| Elongation [8] |30/ [g/cxe]
HIM-50 3100 30 4. 1,39
Keviar 20 3600 30 4.0 1,44
Keviar 40 3600 130 2, 1,44
Kevlar 140 | 3400 146 2 1.47
Twaron 900 2300 iB 43 1,44
Twaron 930 3000 125 2 1,45
Notnes 700 173 226 14
P4 fif 000 5 13,5 1,14

Ing. Blanka Tomkova, Ph.D.

Katedra textilnich materiald
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UHMW polethylene fibres

J Ultra High Molecular Weight polyethylene
 average molecular weight in the 3.1 to 5.0 million range
d Dyneema by DSM company (since1985)
 Spectra by Honeywell International, Inc.

a Propertles W8
Orientation >95%

high abrasion and wear resistance d Application Crystallinity up to 85%

Q low coefficient of friction O ropes, nets, cordages

Q@ non-adherent surface O technical textiles

Q excellent chemical fatigue and impact O helmets, vests
resistance Q vehicle armor panels

Q good noise dampening properties [ medical deviced

Q  high performance at extremely low

temperatures (liquid nitrogen -259 °C)

Q Istarts to soften and lose its abrasion resistance
characteristics around 85°C

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ | | ” 2/27
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Basic mechanical properties
comparison of selected UHMW PE to standard fibres (PET, PA66)

Tensile strength [MPa] [ E-3SHC [GPa]| Elongation [8] Es‘ﬁ?y_[g/cr?]
Spectra 900 2585 117 3 0,97
Spectra 1000 3000 172 2,7 0,97
Dyneema 2700 87 3.3 0,97
PET 1100 14 13 1,3
PA 66 900 5 13,5 1,14

Polarized Light
Microscopy

Spectra 1000 Fiber

Ing. Blanka Tomkova, Ph.D.
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Aromatic Thermotropic Copolyesters - LCP polymers

[ One of the most interesting classes of polymeric materials  conentons Usuld G
J Aromatic copolyesters with a tightly ordered structure
J Preparation
O formed by melt extrusion of the LCP through fine diameter o
capillaries ’ :::%E:Tn: . Spinin

O the molecular domains are oriented parallel to the fiber axis
 high degree of orientation

d  Commercially available melt spun LCP fibers
O SUMIKASUPER LCP (Ekonol) by Orietation Very High

o
i & Chain Foldi With N
Sumitomo Chem. and Japan Exlan {“@_CHOE} in Folding ke
HBA HNA 0

O Vectran™ by Kuraray America, Inc.

i@ Vectran HT 1670/300 @ Kevlar KM2-600

Comparison of Properties of Various Engineering Materials

Material Density Tensile Specific Tenslle Specific i [T ’W

g/cn? Strength  Tenslle Strength Modulus _Moduius it i il

MPa  MPalglem? GPa  GPalg/cm? i i 3 1!
Vectrane 14 2840 2027 85 46 _i |
Steel 7.8 1000 131 200 24 il | : ||
Titanium 45 g5 207 10 2 | ! i I
Aluminum 2.8 460 168 89 24 “hlE W I -
Glass Fiber 2.5 1608 878 A0 28 — M —— e —— :1“ F—
Carbon Fiber 1.9 1572 824 379 200 i i I | -
: et oAt Il i
Boron Fiber 2.6 3055 1172 150 82 | . . . | ol
SIC Fiber 3.5 3450 86 383 110 Driedat  40°C 60°C 80°C
50°C for 2.5 days T ¢!
Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialQ > o - RORRERRLR 24/27
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7. Metallic fibres

d Steel, copper, bronze, and aluminum fibres

..

d Manufacturing
[ Continuous fine chips of wire

[ analogy to cutting operation

O in one delivery point of cutting device
are produced several fibres at once
O fibers are wound onto a bobbin

square cross-section
chemical and mechanical
properties depend

on basic material

d  Metaloplastic threads
d laminated
[  metallic foil is laminated by plastic layer
d  metal plated (metallized)
d plastic foil is sprayed by metal
[ Foils are cut into fibres with required diameter

OO

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 25/27
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8. Natural fibres as composite reinforcement

5th Lecture on Composites

 Natural plant fibres (hemp, jute, flax, cotton)

Fiber Volume density | Tensile strength |Tensile modulus Strain
[g/cm?] o [GPa] E [GPa] e [%]
hemp 1,52 0,46 70 1,7
jute 1,3 0,442 60 2,0
flax 1,52 0,84 100
cotton 1,52 0,2-0,8 27
. Natural mineral fibres (asbestos)

o

Tensile strength
Stress GPa {forcelunit arca)

Protein fibres (spider silk)

36 ’ Kosiar

o0 10

20 ) &

Steain (% oxtension of original longth)

Extensibility

Katedra textilnich materiala
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Q Plant fibres are mainly used mostly in POP

matrix

Q non-polar matrix is modified
by polar compound
Q increase of adhesion
Q e.g. maleinanhydride

Q Advantage of plant fibres

in thermoplastics

low cost reinforcement

recyclable materials

biodegradable

natural look of composite

surface

fibres are friendly to manufacturing

devices

Q minimum wear of mechanisms
(worms, fusible chambers and molds)

o000

O

Ing. Blanka Tomkova, Ph.D. Katedra textilnich materialt 27/27
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Matrices for Textile
Composites

FABRICATION
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(F> 6" Lecture on Textile Composites

Matrices for textile composites

Q Metallic

Q Polymeric Q Metal Matrix Composites (MMC)
O mostly used for textile composites, QO increasingly found in the automotive
mainly thermoplastics or thermoset industry
resins (will be described in detail) Q alumina alloys, castiron, magnesium,
Q combined with all kinds of reinforcing and others are used as a matrix
fibres (glass, carbon, aramid, ceramic, QO reinforced with ceramics (SiC, Al,Q,,
natural ones, and many others) Zr0,), carbon, or metal fibres

O composites known as FRP - Fiber Rein-(Q Ceramic
forced Polymers (or Plastics), used as 0

_ _ , _ Ceramic Matrix Composites (CMC)
structural parts in all kinds of industrial

Q in very high temperature environments

apllications
P _ QO reinforced with short fibres, or whiskers
Q Inorganic (SiC, BN, BC and others)
Q concrete, clays, plasters, etc. Q Cermets (min. 70% of ceramic)
O mainly used fof building constructions QO  metal reinforced ceramic or ceramic

reinforced metals (very hard)

Q tungsten-carbide (WC), titanium-carbid
(TiC), Al,O; in chromium, etc.)

Q reinforced with glass, cellulose, steel,
basalt, PP, and others

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 2/20





Q Thermosets
Q epoxy resins (EP)
@ unsaturated polyesters (UP)

6" Lecture on Textile Composites (Aj

Polymer matrices

A

- e

Q vinylesters (VE) {
Q phenolic resins (PF) :'
Q Thermoplastics
Q polypropylene (PP) F S
Q polyamides (PA), polyimides (Pl) iwg: =
O Most expensive polymer matrices A e 2
O Aromatic thermoplastics with high thermal resistivity [ . p
A Matrices for military applications (composite parts for l ‘
military aircrafts , sattellite components etc.) -

Ing. Blanka Tomkova, Ph.D.

Q Polyimides (Pl)

Q Research on composite properties under
dynamic load is currently run in the USA and France
Q Testing of composite parts for civil aircrafts
reaching supersonic speeds

Department of Material Engineering 3/20
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I h e r m O s e t s Orthophtalic unsaturated polyester resin
o 0 CH a a cH

I I | I I |
Hlo-¢. _C—0—CH—CH—0—C—CH=CH 0 CH—CHJOH
fg:n‘>
n

Q Chemical structure - resins, e.g.: S
v Isophthalic unsaturated polyester resin
EI epoxy reSinS H{O—{j‘ e T ll'—l-l—-":{—l'[{ _n_f'_ CH= fﬂ-—ll—ll—lcx:i—l"ﬂ}lll-]
| ®) n
D u nsatu ratEd po IyeSte 'S Vinyl ester resin based on bisphenol A
. CH O ) oM CH 031 0 CH
d VlnyleSterS milc_!:!_o{»nc_llm_m_o_{[j;-_:::_{:‘5!‘;_0 m_cx;_m_o_lrl_cl=m

A phenolic resins

Vinyl ester based on novolac epoxy resin
o F(::ﬂ_m_ -—

O Reactive groups are underlined

»

Cr— :1
N
.

A Curing = cross-linked polymer L

HO —CH H

L
|
S

Difunctional epoxy resin (DGEBA dnglyczdulether of bisphenol A)

I
“H -n H

) S |

0. CH JH CH a
2 p— ! — | | £
HC— r..HI-H 0 4O ¢ —((O)y— ocH cucH 4 0{{)- c— {O)-ocHHE — cH
' b\t -y b e

Tetrafunctlonal epoxy resin (TGDDM-tetraglycidil- dlamlnodlphenyl methane)

1& - CH 3 CH — CH— CH
0 TH={OY—C =N~ 0
" - o — ] \ 'y A -~ “
CH— CH—CH - u CH. — CH— CH
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Other types of thermosets

Q Bismaleimide (BMI) a polyimide (PI) O Thermoset polyetheramide (PEAR)

Q

Q

Ing. Blanka Tomkova, Ph.D.

BMI can be used in hot and wet Q
environment up to 232°C

Derived from bisoxazoline and
phenolic novolacs

Some Pl resins can be shortly exposed QO Great thermo-oxidizing stability
up to 370°C O Good tensile strength
Curing problems Q For high temperature application
Q Evaporation of volatile substances /H\/
0

and damp H,N ‘}ﬁ/\NHE
Q Difficult manipulation comparing . _

to epoxides or cyanester Q Poly(chinoxaline) (PPQ)
Special treatment and technology A new thermosets with high glass

Q elimination of voids and delamination

BMI and Pl are more wettable than
EP and VE

transition temperature (Tg=327°C)

Q ladder structure of macromolecule

I

CH—CH

\ca =

R1

Department of Material Engineering 5/20
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Thermoplastic matrices
Q Advantages Q Thermoplastics for common applications
Q non-limited storage time Q cheap polypropylene (PP)
Q good chemical resistance Q polyamides (PA), acryl-butadien-styrens (ABS)
Q non-wettable Q e.g. automotive industry
O good tenacity comparing Q Aromatic thermoplastics

to the thermosets

Q thermal resistance exceeds standard

(]

thermal processing of prepregs

Q@ moulding of compounds

(]

Q hot pressing of prepregs

(]

Q cooling of composite

Q

g
‘@4

2
v/
e
)§
4‘;"

thermoplastics
non-flammable

expensive

Q Selected types of aromatic thermoplastics

polyphenylensulfide (PPS),
polyetherimide (PEl),
polyamidoimide (PAl),
polyetherketone (PEEK)
thermoplastic polyimides (Pl)
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Overview of aromatic thermoplastics for composites

Ing. Blanka Tomkova, Ph.D.

Department of Material Engineering

Polymer Structural Unit Transition Polymer Structural Unit Transition
temperatures [°C] temperatures [°C]
PEEK (PEKK, PEK) ‘R_ N T.~140 PAI T,=277-289
©rc-@ 06 i :Q i
Polyarylether ketone Tu=334 = 380 ||| Polyamide imide Ch ) Toperating = 250°C
H T, = 360°C
B s ok T =190
-@.ﬁ-@&@-ff@-o- §A PPS _@ 3 T—20
Polysulfon C CH T g‘fﬂ-r
! A3 B
_— 0 Polyphenylene sulfide i
©500@C o Tem | 0
Polyphenylen sulfone 0 0 _0@ C— T
PESU v i “ | 1=280 320
-0y ﬁb@_o _ ngz 30 copolyesters -0~<0-0C
Polyether sulfone ()
PPA '?@/ﬁ? il 0 PI T~177 42370
; 0 Wv S i e
Polyphtal amide f]\k O N— A p—
Polyimides d
O Amorphous and
PEI 0 FH 2 T =715 semicrystalline
. [=4
ﬁ(@&@@a@;x@- % Toperating = 260 - 360°C
7. 7a | 1] operating
Polyether imide 0 L 0 T =370°C T,, = 520°C
operating
T = 510°C
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o

Outline of textile composite fabrication

Q BMC (bulk moulding compound)

Q molded mixture of short fibres and
thermosetting resins

Q SMC (sheet moulding compound)

Q preformed plate of pre-treated resin,
fibres, and additives prepared
for heat moulded compounds

Q TMC (thick moulding compound)

Q similar to SMC, higher thickness
of semi-product

Q

Q LPMC (low pressure moulding compound) -

Q mixture for low pressure moulding

Q IM (injection moulding)

Q mixture of thermoplastics and short fibres
(length from 10° to 10! mm) is injected
into moulding form

Ing. Blanka Tomkova, Ph.D.

Q

Department of Material Engineering

RTM (resin transfer moulding)

Q fibrous reinforcement is impregnated by low
viscous resin in two-parts form, sometimes
vacuated (VARTM)

SCRIMP (Seeman Composite Reaction Infusion
Moulding Process)

Q production of large scale composite
componenets

RRIM (reinforced reaction injection moulding)

Q injection of polyurethane resin mixed with
short fibres into metal form

SRIM (structural reaction injection moulding)

Q impregnation of continuous fibres
reinforcement by polyurethane resin in tow-
part form

GMT (glass mat reinforced thermoplastic)

Q production of thermoplastic plates reinforced
by glassy mats

8/20
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[ [ ]
Matrices and Production
Polymer matrices Price [$/kg] Technology Polymer matrices Price [$kg] Technology
Thermosets
. . 095-1,19 BMCaIM 2-29 RRIM,SRIM
Phenolic resms (PF) Prepregs + autoclave + pultrusion || Polyurethan resin (PU)
novolac, resol - type RIM
e [ | [
Unsaturated ™G
polyesters (UP) SCRIMP n-55 Pre fi ing of
Sk, . Cyanoester (CE) progs for moukdng o
Wet wanding, pultrusion prnted cirquit boards
?;::t:t’h:m:on Bismalemude (BMI) 40 -60 Prepregs + autoclave
2604 40 Spns-bm modlding - prepregy || 1 Remoset polyimide (PI) 70- 200 Prepregs + autoclave
Polyquino aline (PPQ) Prepregs + autoclave
Vinylesters (VE) RTM, SCRINP -t u:.d
Wet laying Thermoplastics
Wet winding, pultrasion e 2 M. GMT
0 0 ne
Epoxy resins (EP) Wet laying Po lyarndes WY,
difunctional epoxides ggg".‘m‘h’. ve Linear polyesters Prepregs
Multifunctional epoxy 40 Do+ aliclawm Polymer blends 35457 M, GMT
Aromatic ers 10-100 M, GNIT
oo i) Prepregs
Polyimide 100 Prepregs

Ing. Blanka Tomkova, Ph.D.

Department of Material Engineering
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Choice of matrix due to utility and processing properties

6" Lecture on Textile Composites

Q Requirements on costs, reliability and safety of composites

Q

Fire-resistance

Q cheap non-flammable matrices with phenolic resins

Q
Q

Q non-flammable aromatic thermoplastics

Q
Q
Q

composites for construction in public transport

composites for building constructions

very expensive
high-tech applications

aircraft constructions (composites for interiors)

Overview of utility and processing properties of polymer matrices

Utility properties Processing properties
Strength Resin viscosity
Elastic modulus Fiber wettability
Elongation Gelatination time
Toughness Storage life

Creep resistance

Response rate

Thermo-resistance

Gelatination time

Flammability

Volume of volatile component

Moisture absorption

Curing shrinkage

UV resistance

Sensitivity to component ratio

Dielectric properties

By-product of curing

Chemical resistance

Adhesion to mould surface

Ing. Blanka Tomkova, Ph.D.

Department of Material Engineering
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Q Storage ability of materials

A Thermoplastic prepregs - infinite time
Q@ compounds for heat moulding

Q thermoplastic plates reinforced
by continuous fibres

Q Recycling of composites

Q substitution of thermosets by termoplastics

O Thermoset matrix composite

Q recycling of expensive fibres (carbon or ceramics)

Q complex expensive technologies _
Retired Composite Products

O otherwise the waste is milled
and futher utilized as a filling
into non-constructive mixtures

QO Thermoplastic composites
Q matrix can be melted

Q car production, furniture, etc. cheap thermoplastics

reinforced by short glass fibres Recycled Products

Q components are mainly injection molded

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 11/20
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Q Chemical resistance

Q Thermosets

Q most of common applications

Q pipeworks, tanks, pressure vessels
Q Thermoplatics

Q expensive

Q for composites with special requirements
on chemical resitance combined with tenacity

Q Wettability of reinforcing fibres

Q Thermoplastic melts - high viscosity, pure wetting
Q special prepreg technologies, addition of solvents
Q emulsion impregnation of polymer particles

QO mixture of thermoplastics and short fibres

a

production of hybrid wovens containing mixture of reinforcing
fibres and thermoplastic fibres that are melted in composite
preparation and then bond to termoplastic matrix

Q Thermosets - mostly solved in low viscous liquids

QO Epoxy resins in 20° = curing is started after reinforcement
is impregnated by low viscous resin solution

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 12/20
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Hand Lay-Up of Large Scale Composite Parts

Q Resins are manually impregnated into fibres spreaded in open form
Q Fibres are in the form of woven, knitted, stitched or bonded fabrics

Q Often accomplished by rollers or brushes (increasing use of nip-roller
type impregnators) for forcing resin into the fabrics

Q Laminates are left to cure under standard atmospheric conditions
Q Sometimes post-curing in increased temperature is applied
Q In case of heat cured resins autoclaves are used

Dry reinforcement

Gel coat

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 13/20
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200 =
5 Hold 90 Y5 min
g
160 = =
= Cool down
[44] ' . d ‘ A= | |
5 (3 deg. C/min) I Zags |11
® 120 4 s
5 .
E Heat up , S "
= 80 (1-4 deg. C/min) __ Apply pressure 85 psi (588 kPa) ==
40 l
Appl inch 4 kP ‘
20 pply vacuum 22 inches (7 a) Hg mmumu.m_ |
1 1 1 1 3 1
1 2 3 4 5

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 14/20





(F 6" Lecture on Textile Composites 4§

Composite specimen preparation

&

GRAPHENE CARBON FROM GLASS BASALT CARBON
NANOPELLETS  ACRYLIC WASTE

& B

R

RE-MILLED
CARBISO FIBERS

& 60
Ly
LI
0
x
- » °
. . -

~ RESIN MIXING ™ + 200 at s ok

1ol room S At highes

; CO"TRQLQFV'W ‘: teerr e sl e terDe atut @

\_ CONTROLOFTIME :

———— EPOXY RESIN HARDENER TWO-STEP CURIN
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Preparation of UD reinforcement

Lo

b &
—— e A
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Prepreg laying

Vacuum curing in room temperature Cured laminate

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering

&
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v
4 5,
w“ %
o s
3, 0

<

Short fiber composites

Processing of
resin-filling mixture

Mold casting
of epoxy specimen

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 18/20
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Testing of composite properties

A cmncbitbat; o et maAARSS vy e

ROVING REINFORCED EPOXY COMPOSITE MECHANICAL ELECTRICAL

lmﬂtmuhl ko ]

NEAT EPOXY EPOXY+PARTICLES

. . THERMAL
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Testing of composite properties

ISO 14125

&

/ 3PB - Bending strength
ISO 179-1

o ih=—§

Impactstrength | 2 I S

Tensile strength

Ing. Blanka Tomkova, Ph.D. Department of Material Engineering 20/20
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Composite Layers Analysis
Fatigue Failure of Composite Laminates

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Composite laminates

Q Product made by bonding together two or more pre-impregnated layers
(prepregs) or laminas of material
Q Superimposed layers of resin-impregnated or resin coated fabrics /

or fibrous reinforcements bonded together, usually by heat and
pressure to form a single piece

&

A Composites of resins and fibers, which are not in distinct layers,
such as filament wound structures and spray-ups

Q Lamina (lamina) —

Q Asingle ply or layer in a laminate

S
£
E
=

o A/

Q Materials for high tech applications

§ n, Fiber's number ®

O The mechanical analysis of composite laminates is realized on various scale Ievels

| _ g ) 5
QO micromechanics _Mncromechamcs (N

Fibers Lamina Macromechanics
Q@ mechanics of orthotropic layer Ny —

Q@ macromechanics of laminate ‘Lamm_a:c_e
A laminate failure analysis

Matrlx

QO Reliable prediction of material properties

Q strongly dependent on geometry of composite structure

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 2/15





Materials

Data Base

Loads and Boundary Condilions

Joint Probabilty Densiy
5

Lead  Strength
STRUCTURAL
GLOBAL STRUCTURAL REUABILITY
ANALYSIS
DOMAIN
DECOMPOSITION
PROBABILISTIC
RISK ASSESSMENT
ITERATIVE
PROCEDURE
P
LAMINATE
T PROBABILISTIC THEORY
MICROMECHANICS
CONSTITUENTS
OF GOMPOSITE

Miadrix

Ing. Blanka Tomkova, Ph.D.
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Macromechanics of
a Lamina

Homogeneous Orthotropic

Layer > 7]

Micromechanics of
a Lamina

»f’ jc/)l‘

e

Macromechanics of a
Laminate

Analysis of Laminated

Beams and Plates

Laminate

Department of Textile Materials

H

Structural Element
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Composite layers geometry

Geometric characteristics of the structure are input parameters
for calculation of material properties, eg.: & £ F T auees
Q  volume fraction of fibres and matrix @ & :—;"—A
Q@ shape and distribution of reinforcement, etc. | .

&

Classification of fibrous composites by fiber length and volume distribution
Q unidirectional
Q short fibres reinforcement (aspect ratio < 100) .
Q long fibres reinforcement (aspect ratio > 100, continuous fibres) =
Q prepregs - pre-impregnated laminae
9 combination of mat, fabric, nonwoven material or roving with resin
9 usually cured to the B-stage, ready for molding

Q pultruded profiles (beams, rods, tubes etc.)

Q pultrusion - manufacturing process for producing continuous lengths of FRP
structural shapes (raw materials include a liquid resin mixture and reinforcing fibers)
Q process involves pulling these raw materials through

a heated steel forming die using a continuous pulling device —— Y
Q  multidirectional ' & = (([||[D>

Q  prepregs (pre-impregnated fibrous mats or wovens)

Q laminates (layers of laminae with various orientation of fibres,
woven or nonwoven layers with various orientation of fibres)

Department of Textile Materials 4/15
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FIBER ORIENTATION IN FIBER -~ . -~
REINFORCED COMPOSITES 5 ~7/ -

M m%:%
} = w0 :00. _1'. - 'v:“ P e "
| | ‘ R

AL

"' | B ¥ a,é
H“!'” ;‘;-{’a‘ ;
S mll ;%i i'ii‘; PR
P R O RS o
!\ 1. _'l' 'yp:: ‘w ‘ “w —\ .f i !, i ¥ * *'-'Av /
b CONTINUOUS DISCONTINUOUS  DISCONTINUOUS (1.0 ', yetiat et J
AND ALIGNED AND ALIGNED AND RANDOMLY i-‘m st by i
FIBERS FIBERS ORIENTED FIBERS e i
Fata LH. !"“!-'h"";‘;‘." $

oy

OR SHORT
FIBERS

(NS NDNAND

FABRIC

Manufacturing Process

of Prepreg Material
Resin Reactor Manufacturing Process
A & = DYgPe g O of Pultruded Profiles
T T T 3
O I’\/Ol’
Base material Dlpmng o |
{Reinforcement) ;
Paper Cotton Cloth,
Glass Cloth

Pulling up the mandre!

l Post:u:e

* Caterpiliar Pullers (shown) or

Prepreg Reciprocating Pullers
| =)
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o o . . Ll e
Q Intrinsic properties (input) M |cromech anics
Q Micromechanical geometry
Q Material properties of each constituent
Q Estimation
Q  Fiber-matrix interaction
Q  Effective material properties
Q  Micromechanical stress/strain state
Q Simulation of the properties 10.000 : T
Q  Analytical models L ; Comporites__| \
Q Application of the Finite Element £, .o CFRP o
Method (FEM) e e -
Q Combined models = wood products T
Calor: way - & 100 .
T E w0
A‘Pm_*/
.| CEramEcs Metals
16 q Rubbers and alloys
¥
| oo s | i
: i : : A P ; . : i 4 as 100 300 1,000 3,000 10,000 30,000
2 O ) 1 2 3 4 [ & 7 [ ‘—Uﬂ msm(kg/mg) "e.,’ DR
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Q Basic assumptions of the analytical model

Q Fibres
Q continuous, parallel, straight
Q infinitely long in direction of fiber axis
Q circularin cross section

Q Fibres and matrix
Q homogeneous, isotropic and linearly elastic
QA perfectly bonded at their interface

Q Application of FEM
Q single representative volume element (RVE)

(F 7th Lecture on Textile Composites

Q@ based on idealized fiber packing in composite lamina

T

x10° m
[

x10°m

B
Fiber

2 -

oLl | ! i 1 i :
0 2 N S 3 6 & _
-1 X-axis 10" m z-axis x10°m

o
N -

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials

Feece, F {N)

12

Fibres

— —

2

Elongation (mm)
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Mechanics of orthotropic layer
Q Elementary composite ply
Q Unidirectional (UD) long fibres reinforcement, In-plane elastic constants
Q@ Three mutually perpendicular planes of symmetry (x,y,z)
Q  Elastic constants in x-direction (parallel to composite 4 L\’:T.’:ﬂ'?%ﬁ r /,—’7*‘/‘

ply, transverse to fiber axis), and y-direction
(transverse to composite ply) are the same

T WHISKERS LONG

Q Layer of UD reinforced composite on swoaT -,
Q High fiber volume fraction V, w g7 i eloleror s
(0.6 - 0.8) i /f/ = ;5;3//
A Thickness of orthotropic AAE f*:::’“*‘ﬁ/

layers 0.1 - 0.14 mm

® Fibre (E = 46 GPa, Tensile = 610 Mpa)*
[:] Matrix (E = 2 GPa, Tensile = 50 Mpa)

Q Elastic properties

Q Elastic moduli E;and E;| R Outer

. 1 . o000 OGOOOOS
Q Poisson's ratio v,, (or v,,) Rttty bkl

Q Shear modulus Gy, $ o5 v o

Inner

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 8/15
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o

,::: o

Q Analytical estimation of elastic properties  1sacwso = 247 ... N

g

Q
Q

Derivation of simplified relations among
properties of composite components and
orthotropic layer constants

Neglection of stress on microscale level

Elastic properties of fibres and matrix
Q Fiber volume fraction V;

Q Estimation of fiber volume fraction

a

C 0O 0O O

= BN, B 1V, ]

Measurement of composite weight w
Measurement of fiber weight w;
Estimation of matrix weight w_,

Estimation of fiber volume density

Estimation of matrix volume density O,

9 i I
E . i E,

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials

o

S

{ fiber

V; -90%

composite

V; +50%

| V; - critical

matrix

-~

e [%)

Influence of Fiber volume fraction
on composite material properties

&= =

= =)
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Macromechanics of laminate

Q The global properties of a laminate
Q stiffness
Q strength

Q coefficients of thermal, and moisture
expansion

Q determined on the individual global
properties of laminae and the stacking sequence ! e

Q Laminate failure analysis ~ =

Q based on the ply stresses/strains

Q application of failure theories to each laminar

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Laminate fatigue failure

Q Fatigue is caused by repeated cycling of the load

Q Progressive damage due to fluctuating stresses
and strains on the material

Q Fatigue cracks initiate and propagate in regions
where the strain is most severe

Q The fatigue consists of variety of processes
Q Initiation of microcracks in matrix

. _ Orientation of reinforcement to load direction
Q Delamination parallel under 45° transverse

Q Fiber rupture

QA Change of direction in crack's propagation

Q Those processes are not local are in progress
diffusionally in whole composite volume

Q Variations in the stress ratios can

significantly affect fatigue life Tensile load
direction

|

Tensile Force
Frmax [N]

o —

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 11/15
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Analysis of composite under cyclic load

Q Experimental estimation of fatigue failure of composites

MPa

36000+
Sa06h] Glass/Epoxy L285
32000+

30000+

280001 DMA ANALYSIS
26000 FIBER/EPOXY COMPOSITE
24000 3PB MODE

22000

18000+ . ¢
SEM HV: 20.0 kV WD: 38.77 mm ‘ w VEGA3 TESCAN

180001 SEM MAG: 500 x Det: SE+BSE 200 pm
14000- Date(midly): 12117117 TUL Liberec

12000+
Glass/BioEpoxy LB2

10000+

8000- Hemp/BioEpoxy LB2 K

4000-
Hemp/Epoxy L285 i
2000 T

-

LR, S AN ST S S S S S S S S S S A S S L T v Y
60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 982 84 °C
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Cracks initiation

@ Main reason for crack development

3

difference in Poisson's ratios Length of fibers | [mm] (critical length /)

those of fibres v, and matrix v _

better fiber efficiency

poor fiber efficiency

afx)

-

shorter, thicker fiber
fiber length <155

Ve >V

longer, thinner fiber

initiation of radial tensile Xy
fiber length - 15—

strength on fiber-matrix
interface

T

delamination
Ve <V,

initiation of peripheral
tensile strength

development of matrix cracks g

/ delamination

elaminated fibre

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 13/15
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Prediction of fatigue failure

Q Assumption of increasing damage up to failure

d

C 0O 0O O

stress in material does not get over ultimate strength
development of critical size crack

number of cycles N, maximum stress in cycle o, .,
parameter of cycle asymmetry R

immediate value of damage D :
Damage influences

the elastic modulus

E = E,(1-cD)

c - material constant

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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&

y dD
N, = _
f(c, ,R.D) &
max ? 2 @
D 3
1 =
Q.
£
(1]
| =
£ | :
S, n ;
(log scale) G L S R K 2 E ~
T LCF (low cycle fatigue) 1 ; Yo [
B | :2Nt N o
HCF (high cycle fatigue) 10" e P M e s
l 10° 10’ 10° 10° 10* 10° 10° 10
- Reversals to failure, 2N,
'a' Finite life
e 4 ¥ L...l...l.. N N S Fatigue limit
| S ‘ S.=S'
b Infinite life
< ; Manson-Coffin calculation
- 10 10? 10* 10* 10° 106 107 10*
ob N
o C
— )
g - g4, = £.(2N)
& p f
- - =—-‘

Number of cycles N
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Industrial and advanced
composites
Strength calculation

PROPERTIES
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Polymer-matrix composite's design
and development

Q Composite products

A From skateboards to components of the space shuttle
QO Wide range of requirements on material properties
Q@ Multibillion dollar industry

Q The industry can be generally divided into two basic segments

Q Industrial composites

Q Advanced composites

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 2/27
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Industrial Composites

A Fiber reinforcement
Q Typically glass fibers

Q Utilization of various resin systems including polyester, epoxy, and other
specialty resins

@ Used in the production of a wide spectrum of industrial components and
consumer goods: boats, piping, auto bodies, and a variety of other parts
and components.

Advanced Composites

O Use of expensive, high-performance resin systems and high-strength,
high-stiffness fiber reinforcement

Q Major customers for advanced composites
QA The aerospace industry, including military and commercial aircraft of all types

Q Use by the sporting goods suppliers who sell high-performance equipment to
the golf, tennis, fishing, and archery markets

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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Military Aircraft

Composite Structures

EXHAUST FLAP
» Carbon Fiber/PMR-15

EJECTION

MAIN ENGINE FUEL PUMP
* Carbon Fiber/BMI

Ing. Blanka Tomkova, Ph.D.

WINGSKIN PANEL
* Carbon Fiber/8MI

MAIN LANDING GEAR

" Radel 8320 Themmoplastic

Department of Textile Materials

SEAT
poxy

HIGH BAND RADOME
* Astroquartz/Polyester
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Strength calculation

Q Design and construction of new composite component

Q Prediction of component response on various types of loads

Q Integration of various composite components in new devices 1c. \/
Q Basis of strength calculation ;d@&g
QA Prediction of stress-strain behavior of component with predefined constraint :
and load
@  Analytical solution —D
y j | Damage growth Global
Q particular solution of PDEs structural
(partial differential equations) fracture
Q appllca-ble t.o objects 2 Damage Load
possesing simple geometry S initiation t
@  Numerical solution _l_
, : 1144 — Displacement
Q objects possesing 1
general geometry p
Q estimation of displacements ’ Damage —*
and rotations in particular nodes i
Displacement

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 5/27
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&

Types of analyses

Q Static analysis Q Buckling analysis
Q@ computation of stress or strain Q safety analysis of long rods loaded
constants, etc. by bucling
Q system is loaded by static force Q Dynamic analysis
or moment ...
Q responce of components on
Q stationary load dynamic load
Q Modal analysis Q determines dynamic properties of
Q simulation of component’s the system
eigenfrequencies Q the frequencies at which
0  one of the frequencies at vibration naturally occurs
which an oscillatory system Q the modal shapes which the
can vibrate vibrating system assumes
Q basis for dynamic simulations Q Fatigue analysis

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 6/27
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&

Simulation of strength properties

Q Development of computing methodology
Q set of procedures which will be fulfilled to obtain reliable simulation results
Q Example of modelling process

Q Definition of input parameters
Q Creation of geometry model (bulk, surface or curve) representing the component
shape and size
Q  Definition of material properties (density, elastic modulus, Poisson's ratio,...)
Q  Definition of component constraint
Q  Definition of component loading

Q Selection of computing method
Q  Analysis of computing complexity of the model
Q  Setting of initial and boundary conditions
Q Implementation and verification of the model
Q Determination of model validity

Q Simulation of strength properties of selected component or whole system
Q  For proper definition of loading it is necessary to pay attention to system of units
used in simulation, and then properly explicate the simulation results

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials 7/27
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Stress-strain numerical simulation

Q Task —simulation of fiber-matrix elastic modulus
Q Calculation of effective elastic modulus using PDE Toolbox of MATLAB

Q Geometry of representative volume element (RVE)

Q Fiber volume fraction V; = 60%

Q Matrix volume fraction V_ = 40%
Q Parameters of composite components
Fibres Matrix
Material Carbon Unsaturated polyester g
. w
Elastic modulus [Pa] 50.10° ¥ 3400.100
Poisson% ratio [-] ¥ ¥ 0.3 0.3
Volume density [kg.m~] 1800 1340
’ Elastic modulus in direction transverse to fiber axis
’ ¥ Theoretical estirmation
=+ miost practical engineering materials have the value between 0.0 and 0.5 i 6 Lim

Ing. Blanka Tomkova, Ph.D. Department of Textile Materials
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) PDE Toolbox - [Untitled]

File Edit Options Draw Boundary PDE Mesh Solve Plot Window Help

=loi x|

] IOI @I > | a0 | PDElA &;l = %Ie\nlﬁenericScalar =l X 0D

Set formula: |

08

06

0.4+

0.2+

1.5

Info:  Click and drag at comer to create rectangle.

Exit
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&

) PDE Toolbox - [Untitled]
Edit [Options} Draw Boundary PDE Mesh Solve Plot Window  Help

New Chrl+n 23] s> | a0 I POE A &| — q@lo\lllﬁeneﬁc’.‘icalar ~]| * oo Y: 0.0

Open... Ctrl+0
2

Save GEH+-5
Save As... \
Print...
Chrl+\W
4
Unrdo Chrl+Z I Grid 1 L I
cut Chriex Grid Spacing. ..
Copy Chrl+C 20 ]
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Clear GErHR. SREE
Chrl+a Turn off Toolbar Help =
Zoom
0.4 Application Generic Scalar 7]
Generic System
Reftesh v Structural Mechanics, Plane Stress
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Heat Transfer
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Info:  Click and drag at comer to create rectangle. Exit
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8th Lecture on Textile Composites

) PDE Toolbox - [Untitled]

=10l x|

File Edit Options Draw Boundary PDE Mesh Solve Plot Window Help
] ol ‘? o0 | PDE " A &; = %I (D\ I | Structural Mech., Plane Stress ;_l X 00 Y. 00
: iy LY :
Draw Mode) % —_—
L Rectanglefsquar \ Plaot Solution Ctri+P Grid
- Plot : :
Rectangle/squarel{centered) - Parameters.. _ .ition — g"d Spacing...
: : = _ nap
E::f"sef ‘f":e g PDE Mode | { Solve POE Chri+E
f) l::)se,fclrc eicentered) Show Subdomain Labels = : Axes Limits. .,
Sen PDE Specification. .. kil i — AxesEqual T
Bourdary Mode Turn off Toolbar Help
0sl Specify Boundary Conditions. .. Refine Mesh Crk+M “Zoom 2]
Show Edge Labels —=Initialize Mesh Ctrl+I
et Bramais lahels Jigale Mesh Application Generic Scalar
Hndo Mesh Change Generic System
= ; S N, Refresh T P T sy
Display Triangle Quality Structural Mechanics, Plane Stress
Show Node Labels Structural Mechanics, Plane Strain
Show Triangle Labels Electrostatics
0.4 Magnetostatics M
AC Power Electromagnetics
Conductive Media DC
02+ Heat Transfer a2
Diffusion
0+ —
02+ —
0.4 - -
06 - —
08+ -
= | | | |
-1.5 -05 0 05 1 155
Info:  Click and drag at comer to create rectanale. Exi
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(FS 8th Lecture on Textile Composites

) PDE Toolbox - [Untitled]
File Edit Options Draw Boundary PDE Mesh Solve Plot Window Help

e | ¢ DrawMode =—| @ | @ | [Generic Scalar A1 x 290 Y: 386
D —  Rectanglefsquare I 'J
Set formula: Rectanglefsquare (centered)
Ellipse/circle
Ellipsefcircle (centered)
Polygon
Rotate...
[ Expor Geomelry Descripion, et Formul, Lobek..— | ‘ | | ’
B oo
Double click on
object area \
5t —
4 R The Object -
Dialog Window
opens
CH |
<) Object Dialog =10] x|
Object type: Rectangle
2+ Left: I 0 s
Botton: | 0
Width: |s
b= Height: [6 =
Name: I R1
0k oK I Cancel | 4]
| | | | | | |
0 1 2 3 4 5 B
Info:  Adjust size and/or position of selected object(s). and rename object if desired. Exit
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8th Lecture on Textile Composites

) PDE Toolbox - [Untitled] — E =10lx]
File Edit Options _Draw Boundary PDE Mesh Solve Plob Window Help
O] 3| Ol @ » | aaroe| A & = | | O [[Gerercscat = e
Set formular [R1+E1
Geometry of RVE
I I [ [ I I I [ I
2 oo
Sk o
4~ —
3 —
2+ oo
1+ a
ol 2
| | | | | | | | |
-2 -1 0 1 2 3 4 5 7
Info:  Draw and edit 2-D geometry by using the Draw and E dit menu options.

E xit
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) PDE Toolbox - [Untitled]

File Edit Options Draw Boundary PDE Mesh Solve Plot Window

| O | ,  Boundary Mode
D - —  Specify Boundary Conditions. ..
Set formula: Show Edge Labels

Show Subdomain Labels

8th Lecture on Textile Composites

Help

Ctrl+B

o\ |Slructural Mech., Plane Stress

Femoye Subdomain Border,

Remove All Subdomain Borders

——  Expott Decomposed Geormetry, Boundary Gonds...

= <) Boundary Condition

=101 %]

Boundary condition equation:

ncrarad{u)+q u=g+h™l; h*u=r

Double click on sele¢ted Concilion typs: Coefficient Value Desciiption
" LI d *) =
4r borderline / (e Neumar?nc i al I Surface tractions
opens Boundary Conglition / G DncE a2 . :
H |
Window for the borger | & Fived ql1, q12 I 0 I 0 Spring constants
A 921, q22 [0 [0 "
|
| h11, h12 [1 [0 Weights
iz, hez D 0
5L | |
il I i Displacements
l":_—' I ]
1 -
oK I Cancel I
0.} 2
| | | | | | | | | |
-2 -1 0 1 2 3 A (5] 7 g

Info:  Enter boundary condition for this segment.

E xit
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8th Lecture on Textile Composites Y

3
S
i

=T
File Edit Options Draw Eundary PDE Mesh Solve Plot Window Help
] | O ) E}. | a0 | PDE | A' &l = | %l ®\ lSlruclural Mech.. Plane Stress L] X 2071 ¥: 5968
Set formula: I R1+E1
| | | | | | | |
ol Border 2
g1 =0 MPa
pRI=TE
5r Boundary condition equation: rc*arad{uj+gu=g
Condition type: Coefficient WValue Description
41 ¢ Neumann gl |_1U’3 0 Surface tractions
" Dirichlet g2 |0 ’
Border 1 ‘@ 11, q12 Spri tant
Mixed qll.q 0 0 pring constants
g1 =-1MPa I l
3 q21, q22 [0 [0 .
o e l 1 I 0 Werahts
fi21, k22 I ] | 0
2 .
il I 0 Displacemerits
2 I ]
1=
oK | Cancel l
5 Border 3
g1 =0 MPa
| | | | | | | |
-2 -1 3 4 5 (5] 7 g
Info;  Enter boundary condition for this segment. Exit
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(F3 8th Lecture on Textile Composites
-) o Toolbow - funtitied) =1k
File Edit Options Draw Boundary PDE Mesh Solve Plot Window Help
PDE Mode — @ (:l X 3429 Y: 3.045
+ ) B R = Structural Mech., Plane Stress v
D @ 2 Show Subdomain Labels P | I —I
Set formular Fi+c PDE Specification...

Export PDE Coefficients. ..

-2 -1 0 1 2 3 4 5 6 7

Info:  Click on subdomains to select. Double-click to open PDE Specification dialog box.

Exit
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8th Lecture on Textile Composites

) PE Toolbox - [untited] Droespecncaion _ioix|
File Edit Options Draw Boundary PDE Mesh Solve Plot Window Help E . I > |
e —— quation: tructural mechanics, plane stress
O] O| @ » | oa|re| Al A = || OL[w=
Setbommula | F1eE] Tvpe of PDE: Coefficient Value Description
¢+ Eliptic E | 3400E6 Young's modulus
€ Paraholic nu l0'3 Paisson ratio
l l l T 1 —{ £ Hpeitolc A [00 Volume force, #-direction
¢ Eigenmodes Ky | 0.0 Volume force, y-direction
[y
tha | 1340 Density
oK l Cancel |
5
Double click on
selected area opens
‘" PDE Specification 1
window of the area
3+ =
_lo/x
E quation: Structural mechanics, plane stress
o)
Type of PDE: Coefficient Value Description
{+ Elliptic E | 50E9 Young's modulus
1+ 1 C Parabolic nu |0,3 Poisson ratio
' Huyperbolic K ID'D Yolume force, x-direction
¢ Eigenmodes Ky l 0.0 Yolume force, y-direction
0F tha | 1800 Density
| | | | | |
2 = . 1 2 4 oK I Cancel I
Info:  Click on subdomains to select. Double-click to open PDE Specification dialog box. Euit |
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8th Lecture on Textile Composites

_|ol x|
File E£dit Options Draw Boundary PDE Mesh Solve Plot Window Help
ol ¢ MeshMode @ Q Structural Mech., Plane Stress v X 1.006 ¥: 5304
I:l - ? — Initialize Mesh Ctrl+I I —l
Set formula:

I R1+E1 Refine Mesh Ctrl+M
Jiggle Mesh

lUnda Mesh Change
Display Triangle Quality
Show Node Labels

' Show Triangle Labels T T T T I I

Parameters..,
6 = / =
ExporEMest, .,
H e _
4 A
3 —
2 oo
1+ _
ol Bl
| | | | | | | | | |
-2 -1 0 1 2 3 4 5 B 7 g
Info:  Click and drag at perimeter to create ellipse.

Exit
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(FS 8th Lecture on Textile Composites )

G

) PDE Toolbox - [Untitled] G =10l x|
File E£dit Options Draw Boundary PDE Mesh Solve Plot Window Help
I:] O @ ? aa | ¢ Solve PDE Ctrl+E @ @\ |Structuial Mech., Plane Stress _'J ¥ 1.006 ¥: 5904
Set formula: I R T Parameters. .,
Expors Soluticn,

-2 -1 0 1 2 3 4 5 B 7 8

Info:  Click and drag at perimeter to create ellipse. Exit
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€3 8th Lecture on Textile Composites

undery POE Mesh Sobe Pt Wdow Hep

20 | PoE A = .@

Displacement in x - direction
(solution u}

Color: u

T T T T T T T T T T T
B =
=
15— &
e
C
O
3]
o 4r —
k=
P
-
£
pm 3F s
[
j=
o
a
B2 &)
N
(@]
Q
N
(€5 ] = ]
0 s
| | | I | ] | | | ! |

-2 -1 0 1 2 3 4 5 B 7 8
Size of specimen in x-direction [um]

Info:  Selecta m;plot;:ot; change mode to alter PDE, mesh, or boundaries.
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8th Lecture on Textile Composites

=loix
 Plottype: Property: User entry: Plot style:
7
" Color :
| < [FRTEET—————  ( [interpolated shad. i
4| T Contour
/| e ffwa = [praponion =l
4 I~ Deformed mesh 755} =l |
‘;‘g [™ Height (3-D plat) | displacement [u] El | © |continuous |
I~ it oo |
File  £dit Options Draw Boundary PDE Mesh Solve Plot  Window /.ﬁélp :
N Plot Solution ~ Ctrl+P B L - : o
l:]l | Ql @I > | a0 | B IE [~ Plotin «y giid Contour plot levels: [20 [ Plot solution automatically
L et EEEOTT | e Cobmers oo =]
Plot Dane Cancel
Load stress in x-direction
Color: sxx
T T T T T T T T T T
6| 2
5
£ 5F _
=
e
c
il
o 4r .y
£
2
)
£ 3+ .
c
QL
S
3
Q. 2 [ -
w
—
<)
8
oI y
ol i
| 1 | 1 1 | | 1 1 1
2 -1 1 2 3 4 5 6 7 8
Size of specimen in x-direction [Lum]
Info:  Select & new plot, or change mode to alter PDE, mesh, or boundaries. Esit
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8th Lecture on Textile Composites

) PDE Toolbox - [Untitled] _ E

File Cdf Options Draw Boundary PDE [Mesh)

&7 MeshMode
‘ Dl Initialize Mesh

Setfamy  Refvebesh SR C TN 00 _oix
| Jiggle Mesh (Export Solution. ...} SR——mC
Undb‘Me;h change v — Variable il |
Display Triangle Qualty. “i‘wu
Show Node Labels
Show Triangle Labels

ke EJQ\ | TStturaiMech. Plane Stiess =] x50 Y. 2124

cell L

Parameters.., { I

Variables are exported into MATLAB Workspace

Info:  Selecta new plot, or change mode to alter PDE, mesh, or boundaries.
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) MATLAB

File Edit View Web Window Help
[ | ¥OEn @ o o | & | 2 |Curferﬂ'Directory:|C:1matlabR12\work

8th Lecture on Textile Composites

[ 2 | <! I Commarid Windoes:
e =] | 7] I i f Stack:m >> pdetool
: ; >>
- Name Size : Sytes Class
' ans 1x8 16 char array
HHe 72 4032 double array
Hp 2x196 3136 double array > Mesh data
B« 4x350 11200 double arrayJ
HHu 392x1 3136 double array |
4! >I Launch Pad  \Workspace |
Command History
pdetool -~
=
4 I > I Command'-Histog |_current Directory_| |

Ready
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(F3 8th Lecture on Textile Composites
<) MATLAB _ i
File Edit Vew Web Window Help
D | & B2 @ < o« | 8| 2 | CurentDirectory: [ CiimatiabR1 2iwork R
2 Stack: IBase vl >> pdetool
L E ‘ m ’ % >>» [ux,uy]=pdegradip,t,u):
Name Size Bytes Class >>
kbd ans 1x8 16 char array Calculation of strains €, (ux), €, (uy)
e %72 |4032  |dowble array in individual node points
Hp 2x196  |3136 double array
He 4x350  |11200  |double array
@u 392x1 3136 double array
HHH 2% 350 5600 double array
HHuy 2x350  |5600 double array

3 Array Editor: ux

File Edit view Web Window Help

Numericformat:llongE vl | Size: |2 by {350

MNod Mo, 1 2

4 | J| Calc. strain 1] 3.038057936744542e-004, 2.884895625121089e-003] 2.668591083266766e-00
Calc. error 21 5.360329373959201e-005 -2.002926691480693e-003| 5.174085899300812e-00

L]

Ready

poek Results for calculated strain €, and calculated error
in node points Mo, 1, 2, and 3 respectively .

4| )| Command History | current Directory |

J|

L

Ready
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<) MATLAB

File Edit View ‘Web Window Help

D |l o

8th Lecture on Textile Composites

| 2 | currentDirectory: [ CmatiabR12iwork

=

\Workspacs

Command Window

el

=  Stack: |aase vl >> strain =mean{ux(l,:)) ) ) )
B @D _ Calculation of effective strain
Name Size Bytes Class strain =
@ans 1x8 16 char array 0.0013
HH strain 1x1 8 double array : . y
- %72 4032 |double array |||>>stress =10E6 Estimation of effective stress
HH wodulus 1x1 8 double array SR (see task)
@.st.ress Ix1l 8 douhle array
e 2x196 (3136 double array 10000000 NUMERICAL SOLUTION
%z ::2)53 ;izzo :zxi: :zzz > modulus = stress/strain - Calculation of effective
@ux 2x350 5600 double array modulus = eIaStlc modulus USlng
Fuy 2x350  |5600 double array i 7. T Hook’s law E=G/g
>>
«|» [ aunch Pag i I >» anmodulus=[50e9 * 3400e6]/[3400e6 * 0.6 + 50e9 * 0.4]
e Sokudulass Calculation of effective elastic modulus
pdetool 7.7132e+009 using rule of mixtures
[we,uy]=pdegradip, t,uj ; Reuss model (isostress)
strain =meaniux(l,:)) L E
stress =10E6 )
modulus = stress/strain Ei — L m
E.V,+E(1-V,)
> ANALYTICAL SOLUTION
4 | b | Command History I Current Directory I i | [

Ready
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Multiscale modeling of
textile composite

+ thermal conductivity in derecton
paraliel to tow axis
18} = e — 4
e
16 - .
¥
e 14
z
2
2 12
% Thermal conductivities in direction
2 paraliel to composite piate
.g 10} -
£ + PUCY
= 8 -
-+ PuC3
= T -~ T 6 thermal conductivity in direction
;"4 x 'éLK 2! ~ <3 e Wl Ll—‘ ] transverse o fow ax:s but parailal
| <0 . " j‘\ "\&"f f ’ 10 woven lemtc«.cmrem O e ;
. 4 L —— 4
e s el —
a7 -
0 | | 1)
CARBON COMPOSITE COMPOSITE
TOW UNIT CELL PLATE
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