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Composite materials

Matrjx (polymer)

Oriented fibres
‘Unidirectional composites (UD)

‘Thermoset, thermoplastic

‘High mechanical performance
*Anisotropy

Aerospace, sport, pressure vessels...

Matrix (polymer)

Short fibres

‘Random distribution of
-Short fibres (< 3mm)

‘Mainly thermoplastic matrices

Isotropy
Injection moulding

‘Mechanics, microtechnology,
automotive...

Matrix (polymer)

Particles

‘Particles (1-400um), silica, clay...
*Thermoset and thermoplastic
‘Improvement of properties,
‘hardness, dim. stability
‘Reduction of price

Injection moulding, casting...

‘Mechanics, microtechnology,
dentistry....
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Why Use Composites?

- Advanced design requirements

- eg, CTE ~ 0, reduced weight allowances with the same requirements on
stiffness and strength

- Improved specific stiffness, specific strength, fa’rlgue
resistance, impact resistance
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Aramid Fibers,
Carbon Fibers
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- Corrosion/environmental resistance g | .
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- Tailorable mechanical and physical 3T 1
properties L I - ]
 Integrated manufacturing - can Stone”  Bronze ~ Cast ron Aluminum
manufacture large parts with fewer W0 1300 160 170 1500 1900 2000
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Specific strength as a function of time
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M.F. Ashby, Materials Selection for Mechanical design, Pergamon Press
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The beauty of fibers...

1- Size effect: for brittle materials,
probability of defect is reduced when
volume is reduced

2- Flexibility:
Bending stiffness: B=EI= Em d*/64

3- Shape factor L/d large-> anisotropy,
even in the fiber itself
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Figure 1

Diameter of various fibers with a flexibility equal to that
of a 25um diameter nvlon fiber. Given a sufficiently small
diameter, it is possible to produce, in principle, an equally
flexible fiber from a polvmer. a metal, or a ceramic.
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Disadvantages of Composites

Increased capabilities in some areas (strength, stiffness) may result in
degraded performance in other areas (in-service temperatures, moisture, etc)

High cost for fabrication ($650-$900/kg, finished)
- Note: this is not always true!

Increased difficulty in mN@ NvE‘rer'iza‘rion, design and analysis
- Lack of general expertise in composites

Repair of in-service parts is neither simple or cheap

Recycling or reuse of parts is uncommon and expensive
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Matrices and reinforcements

For T < 300 C For T < 700 C For T < 1000 C
v . . . . .
Q) Polymer matrices Metallic matrices Ceramic matrices
O
< Epoxy Aluminum Carbon
"6 Polyesters Magnesium Concrete
= PP PA, Titanium Ceramic
PET, PEEK... )
4'\: J
v Organic fibres Metallic reinforcement Mineral reinforcement
Q
_:d Aramide Steel Glass
— Polyethylene Boron Carbon
1 Polyesters Molybdenum SiC...
Cotton, ... Tungsten

“’
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Fibres

Fibres Advantages Limits
+++ cost
++ ratio mecha. performance / cost --- ageing in presence of water
++ specifique strength --- resistance to acid and bases
Glass ++ dielectric properties -- density
++ high temperature resistance -- modulus
++ low thermal conductivity and dilatation
++++ mechanical properties . .
. s . --- impact resistance
+++ chemical inertia .
. -- wear resistance
++ density Ivani . hen i tact
Carbon ++ high temperature resistance 77 galvanic corrosion when in confac
. .. with metals
++ low thermal expansion coefficient .
. - high cost
++ good thermal conductivity
+Hts im.pac'r resistance - cost
++ tension strength hini
low densit --- machining
Aramid oW oo -- compression strength
++ low thermal dilatation
(Kevlar®) . . -- water uptake
++ resistance to fatigue and wear . .
. . -- adhesion to matrices
++ chemical resistance .
- degradation at 400°C
++++ impact resistance @ =@@==0Z000D0@ |----- melting temperature at 150°
Polyethylene | +++ low density ---- adhesion to matrices
(Dyneema®) | +++ cheminal resistance - machnining

++ tension strength

I
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		Fibres

		Advantages

		Limits 



		Glass

		+++ cost


++ ratio mecha. performance / cost


++ specifique strength


++ dielectric properties


++ high temperature resistance 


++ low thermal conductivity and dilatation




		--- ageing in presence of water


--- resistance to acid and bases


-- density


-- modulus






		Carbon

		++++ mechanical properties


+++ chemical inertia


++ density


++ high temperature resistance


++ low thermal expansion coefficient


++ good thermal conductivity




		--- impact resistance


-- wear resistance


-- galvanic corrosion when in contact with metals


- high cost






		Aramid


(Kevlar®)

		++++ impact resistance


++ tension strength


++ low density


++ low thermal dilatation


++ resistance to fatigue and wear


++ chemical resistance




		--- cost


--- machining


-- compression strength


-- water uptake


-- adhesion to matrices


- degradation at 400oC



		Polyethylene


(Dyneema®)

		++++ impact resistance


+++ low density


+++ cheminal resistance


++ tension strength

		----- melting temperature at 150°


---- adhesion to matrices


- machnining









Fibre cost?

Swiss-Composite.ch/ Global tools, : on line stores

In CHF/kg, bobbins In CHF/m?, fabrics
Glass : 5-15 3-10 for 100 a 200g/m?
Kevlar: ~100 ~ 30
Carbon (HTS): 1k : 800 30 to 100

3k : 274

6k : 147 -

12k : 100 \\\\R\\QX&\\

24k : 122

6 O k 8 O des fibres de verre des fibres de carbone aramides
.
L]

Basalt: 10-15 w

fibre mixte / hybride Préimprégné de carbone Peel ply




Glass fibres

- Several grades possible, most
common is E-glass

- Fibers are very sensitive to
scratches, the sizing (ensimage) is
crucial to protect the fiber and
ensure adhesion to the matrix.

I
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Aramid fibers

i 5
N N NI
o N 1
J H
Structure chimique du PA 6.6
0o 0
+c—( ) —C—N—I | —N+
Structure chimique du Kevlar®
Kevlar® is an aromatic PA discovered in 1972 by DuPont
It is highly crystalline and does not melt below 500° C
() )
|| e |
+Cc—7——C—N— " —N+- Nomex® differ from Kevlar® because meta-phenylen groups
—‘ _ ]|-I ) ’7]& n are instead of para-phenylen

Structure chimique du Nomex®
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Carbon fibers

—HCH— Gl
C=N

Chemical structure of PAN

C fibers are obtained by pyrolysis of a precursor polymer (PAN:polyacrylonitrile)

of Advanced Composites


https://www.compositesworld.com/articles/the-making-of-carbon-fiber
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CF manufacturing line

Diagram from Harper International
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Natural fibers
Flax, hemp, Abaca sisal, jute, ...

! :h

Forest

Tree [0.5x5m]

)~

. Fibre [w: 20-40pm. I: 2-4mm] e
Araldite: flax/carbon
epoxy

Vs
~ . CellWall

Artengo: Museeuw: flax/carbon

flax(5%)/carbon epoxy epoxy
e
=P
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Natural fibres

Fibre Density(g/em3) Young's Tensile Failure strain
Modulus strength (%) Advantages
(6FPa) (MPa) .

Synthetic: Low density

E-glass 2.56 76 2000 2.6 High specific properties

HS carbon  |1.75 230 3400 3.4 Stiffness and damping, hybrid composites

Aramid 1.45 130 3000 2.3

Boron 2.6 400 4000 1 Renewable resource with production

Natural : requiring low CO, emissions

Flax 1.5 50-7 0 500-90 0 13-3.3 _ _

Hemp 1.48 30-6 0 310-750 2-4 Wor'ker'-fr'lendly processing aTmosphere

Jute 1.4 20-55 200-450 2-3 Good thermal and acoustic insulating

Sisal 1.45 9-22 80-840 3-14 ties

cotton 15 6-10 300-600 68 propertie

Biodegradability

Current limitations
Decreasing variability
Poor moisture resistance
Poor thermal resistance
Low durability
Lack of fibre-matrix adhesion
Continuous technical fibres

_LF —p=

= |
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		Fibre

		Density(g/cm3)

		Young's Modulus


(GPa)

		Tensile strength (MPa)

		Failure strain (%)



		Synthetic:

		

		

		

		



		E-glass

		2.56

		76

		2000

		2.6



		HS carbon

		1.75

		230

		3400

		3.4



		Aramid

		1.45

		130

		3000

		2.3



		Boron

		2.6

		400

		4000

		1



		Natural:

		

		

		

		



		Flax

		1.5

		50-70

		500-900

		1.3-3.3



		Hemp

		1.48

		30-60

		310-750

		2-4



		Jute

		1.4

		20-55

		200-450

		2-3



		Sisal

		1.45

		9-22

		80-840

		3-14



		cotton

		1.5

		6-10

		300-600

		6-8






Other fibers...

UHMN-PE -
(Ultra High Molecular Weight PE) Exotic Fibers
Spectra® | melting point Zylon® [PBO (poly(p-phenylene-2,6-
Dyneema ®} at 150° € benzobisoxazole))]
Vectran® [LCP (Liquid Crystal Polymer)]
Mhd other fibers ?
Carbon
Metallic | _ » Basalt (basaltex)
Boron )
Glass fibers Silica Ceramic Aramid
Quartzel® Nextel® 312 Kevlar® 49
Fiber FP Kevlar ® 149 ?
Fiber PAD 166 Twaron ®
Nomex ©

%l
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Fibre Type
&
Initial producer

Repceat Unit in the Macromolecule

Maximum
Elastic
Modulus
(GPa)

Melting pt.
or dccomp.
temp. °C |

Polyamide 6
[Nylon 6]
I.G.Farben

Polyamide 6/6

[Nylon 6.6]

Du Pont

—ENH—CHZ-—CHZ —CHl——CHI~CHz~—CO—:1l;-
&

_Em!_ CH,— CH,— CH,— CH,— CH,— CH,~ NHC0—CH,—CH,— cn,..cx{,_co}
n

~5

230

260

Polyethylene
terephthalate
[Polyester]
IC1

{u—cu—©—co—-o—cm-c&g|—

n

~15

260

Poly(m-
phenylenediami
ne-
isophthalamide)
Nomex
Du Pont

NH—CO

17

400

Poly-
paraphenylene/3
A4-diphenylether
terephthalamide

[Technora]

Teijin

A O Qs Oy e O

70

500

Poly(p-
phenylene
terephthalamide)
[Kevlar]

Du Pont

_ [HN@—NH—CO—@—CO] —_—

135

550

Poly(p-
phenylene
benzobisoxgazol
e)

PBO
[Zylon]
Toyobo

HOXA 0+

280

650

Poly{2,6-
dimidazo
[4.5-b:4°.5-¢]
pyridinylene-1,4
(2,5-dihydroxy)
phenylene}
(PIPD) M5
AKZO

330

650 |

Synthetic fibers

Or Aavancea Lomposires
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Fiber selection criteria

Product requirements:
- compromise stiffness/mass/cost
- failure strain
- use temperature
- impact resistance, compression, shear resistance...
- resistance to chemicals, UV, corrosion
- electrical and thermal conductivity
- thermal expansion coefficient of the part
- compatibility with the polymer matrix
- choice of the processing method
- assembly issues with other materials

=PrL



Reinforcement potential

Glass Aramid  Steel Carbon
Material
o E Modulus (Gpa) 400
Particles Short fibres Long discontinuous fibres Continuous fibres
Shape ~ .
1 spect ratio L/d .
Random Knit Woven ub
0o Orientation 1
Configuration

Laboratory fo h I : L
of Advuncyed Composites




Some data on environmental impact

Main fibers, ressources needed and CO2 footprint for
producing 1kg of fibers

198594 Production of fibers Production of fibers
600 -Resources- _CO, footprint-
29.5
30
500
19.7

400 350 2 2 | B
9 | S 14.4
= 300 3
= O 10

2 4.5
v .
200 . = 1.6 0.9 0.9
0 - | — —
100
& 2 L o > 2 + Q
14-36 10.8-36 10.8-36 o X ¢ o g N NG &
o S N o »° N <
123 8.9 Cb( ‘0& O\N\ (?v_g [ S Q@
0 \a L
Carbon Glass Recycled Recycled Jute Flax (ﬁb

carbon glass

Sources: Ecoinvent database; JEC observer 2021: Current trends in the global composite industry 2020-
2050; Niels de Beus, Michael Carus, Martha Barth. 2019: Carbon footprint and sustainability of different
natural fibres for biocomposite and insulation material, Teijin website, Dyneema website

New data for carbon in 2022: https://www.carbonfiber.gr.jp/english/tech/Ici.html

I
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Roles of a matrix

*Transfer and distribution of stresses between fibres
(mechanical properties, adhesion, damage and failure
mechanisms...)

Interface with environment, surface performance
(temperature, humidity, acids, UV....)

Influence processing (shrinkage, low viscosity...)

I
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Polymer types

Thermoplastic Thermoset Elastomer

Long chains, linear or entangled, Tridimensional network Chemical reaction
Weak interaction between chains Forms by chemical reaction during vulcanisation
Melts, reversibly Irreversible, cannot melt Few bonds,
irreversible
Amorphous _ :
morp Semicristalline

(transparents)  (opaques) New: vitrimers

Tridimensional network with covalent
adaptable bonds

Forms by chemical reaction

/7 Bonds can dissociate and reassociate
above a certain femperature

I

—LPA e
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Polymer matrices

Thermosets Thermoplastics
" liquid at room temperature + rapid processing by increasing temperature
Y + ease to process (EP, UP) v+ Processing techniques of thermoplastics are
S + curing between 5° and 180° C (EP) =L used with short fibres
§ + cost "g + resistance to humidity
f(’ + range of formulation 3
+ good adhesion to fibres <
+ resistance to temperature variation
_ - volatiles, toxicity, allergy o Offer\ not r:esistan‘r to high temperature
£ - resistance to humidity £ - Molding s{wmkage
§ - impact resistance § - Bad chemical resistance (amorphous)

Adhesion to fibres

- tailoring of chemical resistance
Creep

I
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Thermoset matrices

Example of an epoxy resin, with an anhydride
hardener and an amine accelerator.

Diglycidyl ether of bisphenol A - DGEBA

OH
9 cH, T &, £
H2c—04—042,—o—042— —0—42—00—0-12—CH—C}-|2
CH, UH,
Methyl-hexhydrophtalic anhydride - MHHPA Benzyldimethylamine - BDMA
,0 LHy
o4 C—N_
\
Hacg:[ 0 H, 'CH
C

. ‘
)

"

Laboratory for Processing
of Advance d Composites
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Chemical reaction

Irdtiation

0
Oy 0 & 3
Q_&_N\c-g p: Hzc/—\CH—CHZ—o—m OR H,CEIQ;o -------- - (NHQ+ R_g_o)
0

Propagation 0
= /————-\ P, H,C

c
I Y c=0
H—E—O—S—CH—CH;O—W + H:.OCE o — +
2 C

D :
R o

0 R—C—0-C—CH—-CH;0—R1
C=0

. 6 Co 0
F‘—g'o'ﬁ—éH—C’t‘o—m + H,C-CH-CHfO—R1 —= n-—c—o-a—é:n—a—cr—g— 0—R1
2

2

H,C

Termination

Several terminations could be envisioned such as the formation of an ammomium ion or a transfer reaction as
suggested by Steinmarn [15].

I
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Exothermicity
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Viscosity change
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Tg, glass transition temperature, evolves with conversion

Glass transition tfemperature [*C]

200

150

100

50

Tg change with conversion

To=(kxA1-(1-k)x))*193-40

value emor

k| 0657373| D.O0O18187

Chisg 11191 NA

H ] 089233 NA

¥
g F
-.-'.Ff,f
50 L 1 1
0.2 04 06 08

MNnvoreinn

IPAC
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Thermoset transformation

Practical issues:
- storage in separate containers, mix when processing,
or store the mix at low temperature

- at gel point, viscosity rises sharply :
limit for flow, impregnation time limited.

- demoulding when the part has reached Tg

- possibility to process in several steps ( B-stage, cure, post-cure)
as long as the reaction is not complete.

- exothermicity: problem for thick parts, limitation of heating ramps,
risk of blowing up the mixed resin.

- Polymerisation shrinkage ( 5 to 10%)
- Dangerous reactive products: styrene, amines, ...and volatiles!

et =PrL




T fusion

Semi-products

Temperature
>

voids
CONSOLIDATION

FUSION SOLIDIFICATIO

heating

cooling

= Pressure
Icycle

Heating
time

Cooling time

Impregnation time

| Demoulding

Thermoplastic matrices

econtact
e Autohesion between plies

eImpregnation

eEvacuation of air

CRISTALLISATION

Composite

Example of commingled yarns
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Semi-crystalline and amorphous resins
Semi-crystalline C et ex@

e Some areas amorphous and

-
others are closely packed in a

crystal lattice TC1320, PEKK ® @ @
. . TC1225, LMPAEK ® @ @
e % crystallinity based on the TC1200, PEEK® ® @
% & Tomi, Be t TC1100, PPS
type of the polymer and the g B
ngineering Thermoplastics
cooling rate utilized in forming ¢ e Tcazs s, Pc = ===
that part @ TC950, PMMA* E ‘ =
_ )
e both Tg and melt temperature g—
. . . TC960, PP @ o
Tm, a point at which the St PEAES O e T
: —
crystalline structure breaks
down.
® UDTape @® Woven Prepreg @ Laminate * Laminate Parts
Amorphous — o

e Tg, but does not form
crystalline structure

e Reduced solvent resistance

_PAc ~ EPFL
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Thermoplastic processing

Practical processing issues :
- No chemistry problem, except degradation.

- Possibility to heat and reheat several times, for post-

forming, shaping, welding... 5 R
- Process temperatures generally above Tmor Tg (so .
above service temperature)

i
i Pressure measurement
i

- Higher melt viscosities: changes vs. shear rate, S T P
temperature and molecular weight 20 f'°WZJT£E redtie
b : 0| M =20sec
: ' o .>30sec

Specific volume, (cm3/g)

— T( preheat)

- Impregnation: lamination, powder, solvant, commingling . | 1% @ .
- |||||||||||||||||||||||

0 100 200
Laminate centre temperature, (°C)

- Crystallisation shrinkage (up to 30%l!), PVT behaviour

T =PrL



Some data on environmental impact

Main matrices, ressources needed and CO2 footprint

for 1kg of polymer

Polymer production
- Resources-

MJ/kg

e & 23 e & R >
< & & F F e T & S
Q ) < & \¢
N o & X
T & ® Y &
Q® O ‘7\

300
200
120110 106 102
100 87 81 80
52
, |
& 4"

kg CO2 eq/kg

25

20

15

10

Polymer production
-CO, footprint-

||
¢ O
A\\ o o
\4?6‘ ?'é o\*& Q,Q ‘é& ‘(;o"’
DK\ ? Y .@*('
3 Q° )
Q

Sources: Ecoinvent database; Ashby, Materials and sustainable development
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Figure 3. Composites production in Europe by type of application
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Constituents/Process/Markets

Main innovations in 2019 — Volume ~11,7 Mt
— Value' ~-86 BS / 73 BE

Mext generation cars will drive market growth
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Thermosets are the main resin used for composite materials
(Breakdown by resin type)
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Constituents/Process/Markets

Overview of the global composites’ material market in 20190
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Conclusions

Baseline data on the main constituents for composites for
those who never had any intro to composite courses.

Further info can be found in reference books on composites,
or the encyclopedia of composites.
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