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W - Partie 1 : Matériaux polymeres biosourcés / biodégradables
= Contexte, définitions, enjeux

» Les agropolymeres

s Les biopolymeres de synthese

= Partie 2 : les biocomposites, propriétés et applications
= Structure et propriétés des fibres végétales
= Procédés de transformations des fibres et des biocomposites
= Propriétés et applications des biocomposites
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~ What s 2 composite material?

Combination of a polymer matrix and a reinforcement
(particles, fibres)

[ Matrix }--[ Interface ]—--

» Shape the material » Ensure the load transfert  » Provide stiffness and
» Protect the particles / fibres from the matrix to the strength to the material
from chemicals and ageing reinforcement

©RC2C

Micro- or
nanoparticles

Short fibres Long fibres
4
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Applications of Glass fiber Reinforced Plastics (GRP) in 2015

Metal bicycle Composite bicycle

Substitution of traditional
materials
by composite materials

[ Main share of composite )
materials are reinforced
L by glass fibres )

A 4

Main share of
composite materials are
L based on thermosets )

y

> Main driver of growth is the weight gain on structures !!!

A Source: Witten, Composite Market report 2015, The European GRP market
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- - is weight important 2~

Economical reasons :
The price of materials is usually defined by the kilogram : kg/euros
Producing higher volume of materials at equivalent kg/euros

Performances and ecological reasons
Lighter structures consume less energy, especially in the case of moving objects

Carbon bicycle
(Source: Museeuw bikes)
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> A perfect combination between the low density of polymers

and the high stiffness and strength of reinforcing fibres
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_1 High demand for bio-based and biodegradable plastics (bioplastics) in various industrial sectors

1 Large and growing share of long-life bio-based products requiring (semi-)structural performance

= Home
= Automotive Global production capacities of bioplastics
= Sports and leisure —
= Electronic devices (shells) . 6,291
Textiles / apparel . 50% 5467
AR
5,000 \41208 4 2,735
8 2,659
g 4,000
3 46% ..
2 300 41% -~ ’

( 2422 \

- oy y

2217 " SO RS
1,137

/ \
2,000 \1 Z_ 92, 3108 3,556
3 s
1,000 ‘
1,050

1,652
B 1266
0 ‘
2021 2022 2023 2024 2025 2026 2027
@ Bio-based/non-biodegradable ¢ Biodegradable Forecast @ Total capacity

Source: European Bioplastics, nova-Institute (2022). More information: www.european-bioplastics.org/market and www.bio-based.eu/markets
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. Why are natural fibres reinforced composites,interestint g ?
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Needs for biobased and biodegradable reinforcements in bioplastics

Natural fibres (i.e. plant fibres) present several advantages to reinforce polymers:
Diversity of fibres and fillers as reinforcements in materials:

Miscanthus

Sisal Wood pulp

. : : Traditional Agro and Straws (wheat, rice, soy, and canola),
gstr‘]t?)];ﬂt?:ﬁiltj)toe(; Srizilé::]aun:ne' natural forestry woody biomass (willow), grasses
J ' ' i Miscanthus), stover (cor
wood (soft and hard) s Sustainable fesiues (Micaniluis), stover (com)
reinforcements
and fillers
Lignin, DDGS, biocarbon, Indiisteiat Recycled Carpet mats, wooden pellets,
pomace, bagasse, coir, co-products fibers/fillers cardboard sheets, carbon fibers

hull and husks

Grape pomace Bagasse Lignin Carpet Cardboard Carbon

Fig. 1. Fibers and fillers from renewable and sustainable resources.

Mohanty et al., Science 362, 536-542 (2018)
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- Why are natural,

= Needs for biobased and biodegradable reinforcements in bioplastics

= Natural fibres (i.e. plant fibres) present several advantages to reinforce polymers:
=« Renewable and available resource all over the world :

CHINA
101 KT - Kenaf
48 KT - Sisal

BANGLADESH
908 KT - Jute

w8 TANZANIA
d 28KT-Sisal

126 KT - Sisal
17 KT - Kenaf

SRILANKA
3 K7 - Coir

FRD ADEME (2011) Study on natural fibre sourcing for material uses in France

> Sustainable development of natural fibres must be based on the local valorisation of
agroresources to limit transportation (cost and energy consuming)
» Flax and Hemp are the most available fibres in Europe (85% of worldwide production) 12
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Needs for biobased and biodegradable reinforcements in bioplastics

Natural fibres (i.e. plant fibres) present several advantages to reinforce polymers:

= Various culture in France:

Surface area 124 136 ha/year
0.47% of UAA

Straw yield Surface fhaj {}
theoretically available Soha 1000025 000 ha
0-100 ha N 35 000 - 50 000 ha
4.8 tMB/ha 100-1000ha I 50000 - 100 000 ha Surface 19 253 ha/year

-:x:?:g::ﬂh N 100 000 - 500 000 ha 0'07 % Of U A A A
o i Straw yield —0ha
FRD-CODEM (2025) Market overview “Plant fibres . . 0-100ha
: - " theoretically available 100-1000 ha
for material use (excluding wood) L0005 000
7.1tMB/ha S 000 - 10000 ha

> Sustainable development of natural fibres must be based on the local valorisation of

agroresources to limit transportation (cost and energy consuming)
» Flax and Hemp are the most available fibres in Europe (85% of worldwide production)

g

10000 - 25000 ha
N 25 000 - 50 000 ha
N 50000 - 100 000 ha
I 100 000 - 500 000 ha

13
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Needs for biobased and biodegradable reinforcements in bioplastics

Natural fibres (i.e. plant fibres) present several advantages to reinforce polymers:
= Various culture in France: Production area

Production area

Surface 790 705 ha/year
3%of UAA
Biomass yields Surface {he) {}
. theoretically available —0ha 10000 25 000 ha
Surface 7.3 million ha/year 1.3 tMB/ha Tootoone  mmam 000000
28 7 of UAA 1000 - 5000 ha I 100000 - 500 000 ha
(] 5000 - 10000 ha . 500000 - 1000000 ha
Straw yield Surface (ha)
theoretically available Dota . 10000-25000ha %
0-100 ha N 25 000 - 50 000 ha
3.1 tMB/ha 100 - 1000 ha I 50 000 - 100 000 ha
1000 - 5000 ha I 100 000 - 500 000 ha
5000 - 10000 ha I 500 000 - 1 000 000 ha
. _ I 1000 000 ha et plus Surface 31,014 hajyear
FRD-CODEM (2025) Market overview “Plant fibres 0.1% of UAA
for material use (excluding wood)” Straw yield Surncn ]
theoretically available Soha 10,000 - 25 000 ha
1.5 tMB/ha 0-100ha I 25 000 - 50 000 ha

100-1000 ha 50 000 - 100 000 ha
1000 -5000 ha 100000 - 500 000 ha
5000- 10000 ha I 500000 - 1000 000 ha

> Sustainable development of natural fibres must be based on the local valorisation of
agroresources to limit transportation (cost and energy consuming)
» Flax and Hemp are the most available fibres in Europe (85% of worldwide production) 14
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= Needs for biobased and biodegradable reinforcements in bioplastics

= Natural fibres (i.e. plant fibres) present several advantages to reinforce polymers:

= Domestic plant fibres show a stable price level compared to crude oil and standard
thermoplastics and other petroleum based synthetic products

E-glass - l
Wood | [T
Sisal - [ |
Ramie ]
Kenaf - 1
Jute - 1]
Hemp I |
Flax [
Cotton - [ |
Coir - ]
Bamboo —
Abaca [ |
Afad [T
0 SUII] 1 DTDD 1 5IEID QDIEID 25I00 3000

Fibre price ($ton)

Fig. 3. Commercial prices of vegetal and E-glass fibres (2004-2014 data). These cost values come mainly from the FAO database [32] and are a
2004-2014 range. Price data for flax fibres were provided by Saneco |33] (evolution of scutched fibres market price between 2004 and 2014), [34],
bamboo [35] kenaf [35] wood [36] and hemp [37] fibre prices were obtained from literature. In addition, these vegetal fibre cost were compared
with e-glass fibre price [35].

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408 1 5
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Natural fibres: Botanical origin and'struct

Some examples:
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A. Anatomy of a tree trunk

Cellular composition of wood

ray cells

hardwoods
radial parenchyma

<

perforation plates

SOftWOOdS radial tracheids (some species)

radial parenchyma

\ various forms
\  of vessel

axial parenchyma

s _Ba, T ——

ISy 5

e
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~ Natural fibres
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A. Anatomy of a flax stem

/ Epidermis

Cortical parenchyma

Bourmaud, JJC 2019

Baley et al. Bioinsp & Biom, 2018
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Different plant cell structures and morphologies corresponding to different roles in Nature
- Supporting / structural tissues (e.g. bast fibres as flax, hemp, nettle...)

- or conduction tissues for sap (e.g. fibres from xylem in wood, phloem for kenaf)

Tension wood
gelatinous cell walls
(Laetia procera)

Within xylem——

Neetle
) (Urtica dioica)
Procambium
primary fibres Flax
Phloem of

(Linum usitatissimum L)
Plant fibres "V°°ty'ed°" R

Vascular cambium Jute
secondary fibres (Corchorus
Outsnde of xylem olitorus)  onaf (Hibicus

cannabinus) Hemp (Cannabis sativa)
— (secondary fibres)

Wood tracheids
Wood Libriform
Pi bii
(Picea abies) fibres (Alchornea
lojaensis)
‘ Hemp

(Cannabis sativa)
(primary fibres)

Perlphery of Sulma
vascular bundles

Bamboo Sisal (Agave
(Guada sisalana)
Mesocarp angustifolia) &
Coir D g Abaca
(Cocos nucifera)

%

(Musa textilis) v
—

Leaves of monocotyledon

Fig. 25. Classification of plant fibres

according to their
[60,97,153-155,158,309-312].

location in-planta. Plant cell wall cross-sections adapted from

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408
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B. Fibre length, thickness and cross sections

'@\ﬁ‘u

Fibre Length Width
*Ramie > 40-260mm  5-126pm » Single fibre versus fibre bundle
@ * Cotton > 10 -84 mm 12-38 uym H H H : H 1
i ol ki L S ot » Variations in dimension (length, width)
| ‘Hemp ©>  8-55mm  3-51um and aspect ratio
| *Abacd > 2-12mm  6-46ym » Variations in cross sections
« Jute (=4 1-6mm 5-30um
= Sisal > 0.5-8 mm 4 - 47 pm
(A) «Coir > 03-12mm  12-24pm
Fibre bundle ’ tengh - Width
*Hemp ©> 650-5000mm  25-500 um
(D «Jute > 150 -3600mm  25-200 pm
2=
g%ea +Abacd ©> 60-2500mm  10-1000 ym
*Ramie ©=> 800-2000mm  16-904 ym '
* Flax => 100-1500mm  40-620 um @@7
*Sisal >  40-1250 mm 9-460 pm A ( (B)
» Coir = 36 - 330 mm 50 - 460 ym A) Cross sections of Cross section of
(B) « Colton ©=> exists only as single fibre cation 7ibes aicoNibishinde

Source: Mussig & Hugues, JEC 2012, technical book

Gossypium hirsutum L.

A/

Cross section of
a hemp fibre bundle

Cannabis sativa L.

Cocos nucifera L.

(D)
Cross section of
a flax fibre bundle

Linum usitatissimum L.

21
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C. Cell structure : porosity / lumen

» Various percentage of porosity (lumen / total surface ratio)

AN ‘\
43) B\

° P‘ we o P‘ e
Flax
Bamboo Hemp
/q\ fﬁlll"
e /N ¢ )
15 ) oy oo 25.2__ 27.2
_ 31 6. : : 45 ‘
1.6 3 6.8 12.9 16.2 25.4 Porosity
Carauca Jute (%)

Fig. 6. Percentage of porosity (lumen/total surface ratio) for different plant fibres obtained from transversal observations [22,38,205 209],
adapted from [210].

Richely, E., et al. (2021). Progress in Materials Science, 100851. 22
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D. Cell wall structure : biochemical composition

» Elementary fibers formed by

Fiber bundles in flax stem PSS >- Bundles of elementary . o
fibers glued by a middle Severa ayezs and walls
lamellae rich in pectins, lignin e -

Middle lamella e
— — Secondary

T T™ 82 > cell wall

S1

i — ]
— Primary
- - cell wall

- - ‘4
. 4’
Primary wall (P) secondary walls (1. 52)

Cellulose microfibrils

Hemicelluloses

Pectins

Hemicelluloses

Proteins

Lignin
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Biochemical composition of selected natural fibres

Table 3
Biochemical composition of lignocellulosic fibres.
Cellulose (%) Hemicellulose (%) Lignin (%) Pectin (%) Fat and Wax (%) Reference

Musa textilis 60.8-68.0 17.5-21 5-15.1 =1 <1 [73,114,115]
(Abaca)

Stipa tenacissima 43.9-48.0 25.7-38.5 14.9-23 1 1-3 [47.48,98,116]
(Alfa)

Bambusoideae 36.1-54.6 11.4-16.6 20.5-28.5 =1 1-4 [117-119]
{Bamboo)

Cocos nucifera 32.0-43.4 0.3 40-45.8 3 0-6 [53,77]
(Coir)

Gossypium sp. 82.7-98.0 4.0-5.7 0.7 4 2-3 [100,120]
(Cotton)

Linum Usitatissimum L. (Flax) 60-85 14.0-20.6 1-3 1.8-15.0 1-6 [121-125]

Cannabis Sativa 55-90 12 2-5 3 1.7 [22.64,126-131]
(Hemp)

Corchorus capsularis 58.0-71.5 13.6-24.0 11.8-16 2 = 1 [103,132]
(Jute)

Ceiba pentandra 13-35 23-32 13-21 7-23 =1 [80,81]
(Kapok)

Hibiscus cannabinus 52.0-61.2 18.5-29.7 12.9-16.1 3-5 <1 [84-86]
(Kenaf)

Boehmeria nivea 61.8-76.2 5.3-16.7 0.6-9.1 0.3 =1 [133,134]
(Ramie)

Agave sisalana 52.8-65 19.3 11.1-13.5 10-14 = 1 [135,136]
(Sisal)

Wood (different species) 38-45 19-39 22-34 0.4-5 = 1 [137-139]

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408

24
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D. Cell wall structure : cellulose microfibrils orientation

Wart layer tertiary wall

Lumen \ -90% < 0.1 pm
To 500 1 -5 um »Various microfibrillar angle (MFA) depending of
cell layers and fibre types

Reversal

s2 wall
35-45°1-8um

§1 wall
50 -90° 0.3 pm

» Direct impact on mechanical properties

aaaaaaaa

oooooooo

o

g

f -3
N §
o

-

|

e

(%]

=

3

4%
7
{f
%
53

X
£
Y
%

=

LN EN

Spiral angle Cellulose content
Fiber [°1 [wt.-%]
Banana 11 65
=.
: " £8s, Coir 30-49 43
ng, =30-150 Lamina | (Y +@;,  Flax 10 o
i Hem 6 _
=0-6 Lamina p
ns' g i-es: Ju[e 8 61—?2
(L1/] —es Pineapple 8—14 81
g ? Sisal 10-25 6670
Y ies. Ramie 8 69-83

primary wall

Gassan et al. Journal of Materials Science 36 (2001) 3715-3720 25
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~_ Natural fibres; properties

A. Outstanding in-vivo mechanical properties (example of flax)

La tige de lin posséde un élancement exceptionnel

Hauteur 1000 mm

-
Diamétre 2/3 mm
Rapport d'uspeci: 1000 : 3 =333
0.0 1 ® Herbacées >
@ Liral prince @ e
-0.2 1 ® Lin Anane
0.4 - @ Lin Eden -
& Lin Aramis e
06 .
T -08-
(=)}
S 104
124
14
4 16 4
-1.8 4
_2 G T T L] ] T T 1
+ 34 32 30 28 26 .24 .22 20

LegD

Bourmaud, JJC 2019 Goudenhooft et al., ICP, 2018 27



Natural fibres:

A. Outstanding in-vivo mechanical properties (example of flax)

Plus performant que les arbres les plus hauts !

Hauteur 1000 mm
Diamétre 3 mm

Rapport d’aspect: 1000 : 3 = 333

Si le lin avait le
diamétre du Séquoia:

Il ferait environ 2 Km
de haut !

J’

diameétre de 6-8 meétres environ ’

Rapport d’aspect: 120 : 6 = 20 }

Bourmaud, JJC 2019

Séquoia Géant: 120 m pour un

28
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B. Mechanical properties of selected natural fibres

» Flax and hemp fibres show interesting specific properties as compared to glass fibres

Bast fibres: ® Flax Hemp @ Jute Seed fibres:  Cotton Oil palm ® Coir
Leaffibres:  Pineapple ® Sisal ® Banana Other fibres: ® Bamboo ® Wood pulp*
@) 1000 _ ® 1000

3

E-glass is at point (78.5, 1956) : |
5 e E-glass

oo

=

<
1

800 -

600 IEJeaf fibres

..........................

400 45

Tensile strength [MPa]

200 4 -

Specific tensile strength [MPa/gem

Seed fibres

0

0 20 40 60 80 0 10 20 30 40 50

Tensile stiffness [GPa]

Specific tensile stiffness [GPa/gem|

D.U. Shah/Materials and Design 62 (2014) 21-31 29
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B. Mechanical properties of selected natural fibres

« Good specific stiffness and strength compared to glass fibres and metals :

Longitudinal specific stiffness E/p (tensile)
140 .
— 120
; Sa{lple Force
g M
g
s 80 Flax / PP : '
- e/ Flexural test with
é & ! ——Glass / PP three-point loading
= \ = Carbon / PP
o
% 40 | ——Steel Longitudinal specific stiffness in bending E¥3/p (flexure)
& 20 | w Aluminium g 4,0
| -E 3,5
0 } } | } } | ! ! } { <
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% S 307
o
Fibre volume fraction & 25 ——Flax/ PP
E 2,0 e Glass / PP
-g 15 ——Carbon / PP
5 10 —Steel
.§ = Aluminium
& 05 - — ~ — ~
o
200 < . (.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Fibre volume fraction

Source: Verpoest, JEC 2012, technical book
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B. Mechanical properties of selected natural fibres

Mechanical properties of lignocellulosic fibres elements (elementary fibres or bundles).

Elementary fibre or Diameter (um) Young's Modulus Strength at break Strain at break Reference
bundle (GPa) {MPa) (%)

Musa textilis Bundle 179-230 17.1-18.4 755-798 8.8-6.2 [96,97]
{Abaca)

Stipa tenacissima Elementary and bundle 24.3 31.0-71.0 679-1480 2.4-2.8 [48,98]
(Alfa)

Bambusoideae Elementary 13.4 32.0-43.7 1200-1610 3.8-5.8 [49,50]
{Bamboo)

Cocos nucifera Bundle 100-460 3.39-17.3 131-343 3.7-447 [53,54,76,99]
(Coir)

Gossypium sp. Elementary No bundle 5.5-13.0 287-800 3-10 [57,100]
(Cotton)

Linum Usitatissimum L. Elementary 12.4-239 37.2-75.1 5951510 1.6-3.6 [21,23,59,60,101]
(Flax)

Cannabis Sativa Elementary,/Bundle 10.9-42.0 14.4-44.5 28B5-880 0.8-3.3 [22,66-71,102]
{Hemp)

Corchorus capsularis Bundle 60-110 10-31.2 114-629 1.5-1.8 [57,78,103,104]
(Jute)

Ceiba pentandra Elementary 236 1.7-4.0 45-93 1.2-4.0 [80,81]
(Kapok)

Hibiscus cannabinus Elementary 13.3 19 Q83 4.5 [105]
{Kenaf)

Boehmeria nivea Elementary 34-50 24.5-65 S60-900 1.2-2.5 [58,50,106]
{Ramie)

Agave sisalana Bundle 25-252 9.0-25.0 347-577 2.3-5.45 [70,91,107,108]
(Sisal)

Wood (different species) Elementary 15.5-22.6 15.4-27.5 553-1300 3-7 [109-113]

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408

31
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C. Origins of variations in mechanical properties

Mechanical behaviour related to

- Growing, harvesting and processing conditions

Further
processing

a“\\ ;z_u .
[2] /\ <= %;LZ& = {:@} =0 ﬁ% s Experimental factors...
- Measurement methods I@ Et - ]E

Croppmg Harvest Decortication

= % RH

AN

- Hygro/hydrothermal conditions

[1] Le Corolfer et al. 2013 32
[2] Industrial Applications of Natural Fibres. J. Miissig. 2010
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- Natural fibres: propertie G

D. Effect of relative humidity

X 30 ' e <3 Flax
£ 20 : = - < Cotton
o : $ W2
§ 10 Lo
= 0 < = -+ =< Polyester
o e e '
s =10 :
[@)] '
5 2 : "™ 3 Wool
S .30k : < Woo
-40 t N .
' < Viskose
= 50 L 1 2 1

40 50 606570 80 90 100
Relative humidity in % at 20 °C

» Fibre properties are greatly influence by
the relative humidity (RH)

» Depending of the fibres : variations in
modulus, strength and dimensions as a
function of RH

Source: Mussig & Hugues, JEC 2012, technical book

Properties

Absorption regain in %
at 65% relative humidity
and 20 °C

Transverse

swelling in %

Axial swelling in %

Volume swelling in %

Water retention in %

0.05-0.2

29.5

50-55

8.5-17

20-22

0.37

4h4-45

25=3%

39.5

30-45

11-2.8

34-44

45-50

33
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A. Different separation techniques for fibre bundles

Physical separation Chemical separation

{i@:} Mechanical separation A NaOH separation

Physical/chemical separation Microbiological separation

@ Steam explosion separation M Enzymatical separation
ﬂ {\/\j Ultrasonic separation

35

Source: Mussig & Hugues, JEC 2012, technical book



Décortication Séparation Affinage

Granulats a%
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Figure 4 — Processus générique d’extraction des fibres végétales [source FRD]

FRD ADEME (2011) Study on natural fibre sourcing for material uses in France
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Figure 6 — Proposition d’'une nouvelle sémantique des fibres végétales [source FRD]

FRD ADEME (2011) Study on natural fibre sourcing for material uses in France 37
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C. Case of flax : Main semi-products used in composite applications

Depending of the applications and composite processing the following natural fibre
semi-products are used :

] Non-woven Roving Woven fabrics
Short fibres fabrics ] ‘

-

Undirectional 0°
Cross-ply 0° / 90°
Biaxial -45° / 45°
Multiaxial

38



- Natu

- ——

— —

I’ﬁ'} Proces g ‘ 1 uses

T4

D. Relation reinforcement’s specificities / composite’s architecture

Sisal Kenaf Jute

Coir Abaca || Wood | | Hemp Ramie Flax

10 20 30 40 50
Fibre or bundle stiffness (GPa)

Coir Sisal Jute

Wood Kenaf Abaca Hemp Flax Ramie

20 100 500 1500 2000

Fibre or bundle aspect ratio

©RC2AC

Micro- or
Composite architecture nanoparticles

Short fibres Long fibres

>
g P
S
's..‘sq o

e

N o
FEEE

gt
Dl gt g e .
T -—
Tt ettt
SN

Biaxial Unidirectionnal

Injection

Fig. 36. Panorama of plant reinforcement’s mechanical or morphological specificities and composite’s architecture diversity.

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408 39



D. Relation reinforcements / processing / applications

Insulation Concrete Particle board  Injected parts Thermocompressed Continuous Textiles
parts fibres
composites
24
qé Fibres [dm]
()]
—
qg Fibres [cm]
c
—
Q ~
e Fibres [mm]
v
Aggregates
[mm-cm]
E Powders
9 [um]
—
L
Straw bales
A J

Fibreflax ~Hemp  Miscanthus Cereals Rapeseed Oilseed
straw Shaw Flax Current use

Possible use in the medium to long term

Degree of readiness for the use of plant fibres in materials in France (source: FRD-CODEM 2025/Steering Committee)

FRD-CODEM (2025) Panorama des marchés FV techniques matériaux (hors bois) en 40
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A. Main processing routes for biocomposites

Composite processing & manufacturing are highly conditionned by the type of matrix used:

= Thermoplastics (melting): polyethylene PE, polypropylene PP, biopolyesters (PLA, PBS, PHAs...)
» Thermosets (curing): epoxy, vynilesters, polyesters

‘“’ Materials § ﬁ Processes § H Products
Pellets :
irgi i Injecti
Virgin plastics —» Composite pellets rﬁflfjif;
Recycled plastics Extrusion
(from petroleum or i
renewable resources) compounding Profil
rofile
extrusion
Polymer - i
matrix Thepmioptastic “— Composite sheets forming ——
+
Fibres/Fillers

Thermoset
— Compression molding <——
—» Thermoforming <——/

Natural fibres

Pre-processing —— ' _
steps Vacuum-assisted resin

transfer molding

Recycled fillers

Industrial co-products...
(woven, non-woven,
chopped/long/short
fibers, particulate or
their hybrids)

“— Pultrusion

Fig. 4. Biocomposite product examples: From raw materials to manufacturing. Mohanty et al, Science 362, 536-542 (2018)
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A. Short fibre compounds

1. Mixing matrix and fibres

»
o
w3
i, 9
Fe

- Matrix
iy e

2. Shaping of the compound

Source: Ecotechnilin

L R
DR T SO s AP B L

Source: AFT plasturgie 3
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B. Commingled fabrics and thermoplastic prepregs

Polypropylene  filament

Staple fibres (commingled
tap * B wrapper

natural fibres and

polypropylene fibres) . .
Staple fibres (commingled

natural fibres and
polypropylene fibres)

‘_i'}’_;:l(J - (Source: Dehondt Groupe)

with-powder

Zhang and Miao, Composites Science and Technology 70 (2010) 130-135

1. Staking of the prepregs fabrics 2. Thermocompression

Upper plate of .

mould Teflon layer

Lower plate of
mould

l
¢ Biocomposite
@

]

44
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C. Thermoplastic prepregs

> Possibility to obtain complex shapes by thermoforming

Press (in two modes)

Finished
Part

L

Clamping Pressing

Bamboo / PLA (Nurul Fazitaa, Materials, 2016)

Source: Chaudari Thermoplastics : introduction, classification,Processing & applications
Nurul Fazitaa, Materials, 2016 45



————

Thermoplastlcs blocomp05|tes ~

D. Emerging process : 3D printing of continuous flax / thermoplastic yarns

Z,7 CORIOLIS

——

Appuyez sur | Echap | pour quitter le mode plein écran

3D and 4D printing of continuous flax fibre Biocomposites (Le Duigou, UBS Lorient, France)

46


https://www.youtube.com/watch?v=PvGQ_5oCBi8
https://www.youtube.com/watch?v=PvGQ_5oCBi8
https://www.youtube.com/watch?v=eEuz3Vq38vA
https://www.youtube.com/watch?v=eEuz3Vq38vA
https://www.youtube.com/watch?v=eEuz3Vq38vA
https://www.youtube.com/watch?v=eEuz3Vq38vA
https://www.youtube.com/watch?v=eEuz3Vq38vA
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A. Dry fabrics

Roller Hand lay-up

Hatteras Yachts

Fabric
Form
= Impregnation of dry fabrics with thermosets Infusion
resin by hand lay-up or infusion
Resin inlet Plastic BST
= Particularly adapted for big parts (boats) g S /e e

= Other processes |
« RTM (resin transfert moulding) AB

« SMC & BMC (sheet & bulk moulding Relnforcerment
compound) Resine  1PMC  Tankfor excess Vacuum

hardener resin (r/es"é-ue tank) pump

Source: Ziegmann, Elsabbagh, JEC 2012, technical book | 47
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B. Thermosets prepregs

1. Staking of the prepregs fabrics Thermocompression

Upper plate of l l Teflon layer
mould

Biocomposite
Autoclaving

acuus

Lower plate of
mould

=

Source: Ziegmann, Elsabbagh, JEC 2012, technical book 48
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C. Roving

.. Pultrusion
Thermosetting resin Hot die Profile

\ /0O
X 4 Jfome

\ . Profile drawer
Natural fibre roving

» Continuous process for pultruded profiles, containers

Fibre filament Filament winding

/ O e
/‘V

Resin bath

Source: Ziegmann, Elsabbagh, JEC 2012, technical book 49
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> Destructuration and/or densification

C&CI) oecs-  MAGAZNE-  COLLECTIONS~  VIDEDS JOBS  Q

Chemistry in Pictures: Elastic wood

by Manny 1. Fox Morone
SEPTEMBER 11, 2020

Credit: Lianohing Hu's research sroun

3D images (X-ray tomography) showing a typical cellular architecture of
a beech wood sample before (upper micrograph) and after (lower
micrograph) standard compression molding. (source 3SR lab)

nature View ll Nature Re

Explore our content v Journal information v Subscribe

nature > news > article

NEWS - 07 FEBRUARY 2018

Crushed wood is stronger than steel

Compressing the material and removing some of its polymers can increase its
strength tenfold.

Mark Zastrow

RELATED ARTICLES

Turningwoodintorub

SUBJECTS

Ballistic test of Super Wood - YouTube 50


https://cen.acs.org/materials/biomaterials/Chemistry-Pictures-Elastic-wood/98/web/2020/09?utm_source=Newsletter&utm_medium=Newsletter&utm_campaign=CEN
https://www.nature.com/articles/d41586-018-01600-6
https://www.youtube.com/watch?v=LVbczXDFe1Q
https://www.youtube.com/watch?v=LVbczXDFe1Q
https://www.youtube.com/watch?v=LVbczXDFe1Q

— —

L V.

s "’ .' aYe ‘ ~ i A‘l_ B ’ \
— Alternative routes : r odification of \ od structure

e ——

> Modification / Functionalization: transparent wood !

(MMA: methyl metacrylate)

Light
| M Engi d d for :
Delignficatiog Mﬂ ﬂ ﬂ% _ton_ ﬂ ﬂ ﬂ% : n%%z%ggige‘;;a/ lg;;magement,
' X by I I- Wil i = Water treatment,

= Batteries,
Deliginified wood cell Transparent wood cell

Cell wall
Lumen
Middle lamella

= Lightweight structural materials

Original wood cell

He, S et al. (2023). Engineered Wood: Sustainable
Technologies and Applications. Annual Review of
Materials Research, 53.

Reject heat

\ 7

4y

Diffused light

Adv. Optical Mater. 2018, G, 1800059 51
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Main influencing parameters ?

(Matrix properties) .-~~~ Fibre orientation
Fibre type and /" Mechanical performance _
properties of composites . Porosity

2 ' Fibre content

Fibre length

o | Fibre/matrix interface

Fibre properties B

impregnation
and packing

Relative humidity

53

Source: adapted from Lilholt & Madsen, JEC 2012, technical book
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B. Case study : various wood species and processing

COLLECTED BRANCHES OF DIFFERENT TREE SPECIES IN AGROFORESTRY SITES

Young poplar Oak

FRACTIONATION AND CALIBRATION:
WOOD FRACTIONS AT DIFFERENT GRANULOMETRY

N\

250 — 500 pm
500 — 1000 pm
1000 — 2000 pm

295+06 25507
Hemicellulose (%) 421+06 43.7%07
Lignin (Klason) (%) 285+0.6 26.0%0.3
Extractives (%) 1.76 2,99

Cellulose (%)

Chestnut

Old poplar

\

[

A
382+06 287+16 261+03 49.7%0.0
391£06 422+16 455:03 29.7%0.0
269+11 200%£01 271%1.0 27.40.
229 1.76 3.02 1.99

Walnut

Commercial Reference :
Spruce for WPCs

TWIN-SCREW EXTRUSION

PP 65%,, / PP-g-MA

5%,, / wood fillers 30%,,

ADEME

Agence de 'Environnement
et de la Maitrise de |'Energie
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Chestnut

Young’s modulus (MPa)
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Blocomp05|tes properties

e S T A S5 Y

B. Case study : various wood species and processing

3600

3400

3200

3000

2800

2600

2400

2200

2000

250 — 500 pm 500 — 1000 pm 1000 — 2000 pm

©Spruce 200-500pm .
Commercial

spruce reference

\

Walnut 250-500pm
Walnut 500-1000pm
® Walnut 1000-2000um
Chestnut 250-500pm
Chestnut 500-1000pm
® Chestnut 1000-2000um

Old poplar 250-500um

Chestnut
Old poplar 500-1000um
® Old poplar 1000-2000um "
Young poplar 250-500um Walnut :
Young poplar 500-1000pm '_J.
@ Young poplar 1000-2000pm L &
Oak 250-500um Oak l

® Oak 500-1000pm

@ Oak 1000-2000um

26 27 28 29 30 31 32 33 34 35
Tensile strength (MPa)

Young’s modulus (MPa)

3600

3400

3200

3000

2800

2600

2400

2200

2000

25

Old poplar

'
——

L
f Y{ung poplar

o —

—

36 37 38 39 40

© Spruce 200-500pm
Walnut 250-500um
Walnut 500-1000um

® Walnut 1000-2000um
Chestnut 250-500um
Chestnut 500-1000um

® Chestnut 1000-2000um
Old poplar 250-500um
Old poplar 500-1000pm

© Old poplar 1000-2000pm

Young poplar 250-500um

Young poplar 500-1000um

® Young poplar 1000-2000um

QOak 250-500um
@ Oak 500-1000um

© Oak 1000-2000um

26 27 28

Commercial
spruce reference

\

1000 — 2000 pm

T
H

500 — 1000 pm

t

—y

§
—9- 1
—% #_‘._l 250 — 500 pm

—o—

29 30 31 32 33 34 35
Tensile strength (MPa)

36 37 38 39 40

> Results: Microstructure and resulting mechanical
behaviour of the composites are highly species

and granulometry dependant,

variation in stiffness and strength !

up to 40%
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A. Effect of fibre properties : different sorghum genotypes

“Biosorg” project (2014-2017)
L. Soccalingame, N. Le Moigne, S. Corn, D. Pot

» Study of various sorghum genotypes / phenotypes
> Identify the sorghum biological traits contributing to the

performances of sorghum biocomposites

Biochemical composition of sorghum genotypes

100% ~ W others ‘ Ci ra d ;//j

c
S 80% - MINES
3 ) Ales
g_ W %mineral
60% -
S
= s Parco JNIVERSITA
Q | W median %sugars @ ’ Tecnologico 3 2o U
£ 40% eug [} Padanc. [ ) | BrsEANG
9 CATTOLICA
8 20% - B median %hemicellulose
@
0% - ‘ s o i
g & - B median %lignin ZIE
Yoo & o 6" O 8
AR S
\o® < W median %cellulose
o

56
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A. Effect of fibre properties : different sorghum genotypes

“Biosorg” project (2014-2017)
L. Soccalingame, N. Le Moigne, S. Corn, D. Pot

> Significant effect of sorghum genotypes / properties on composite physical properties

Colouring of sorghum biocomposites

PE / PE-g-MA / Sorghum A N Mechanical properties of sorghum biocomposites
N %
685/15/30 & A
" ,5,3’ ,é,"’ 1400 Large range of stiffness
N — - - T 1500 ] related to genotypes
1400 -+
y=10.101x + 454.78
- 1200 - RZ=0.4416 | 74
o
£ 1000
S | ®
g 80 I -~
£ 600 | — — Relationship between
o 200 composite stiffness and
| : H D& $ S @& @
sorghum fibre stiffness ' & ¥ & & &
200 e FF PSS
| | \ | | &7 N \x;oo Qe ég\
0 10 20 30 40 50 N

E fibres (GPa)
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Conclusions on the effects of fibre properties and dimensions

Species, genotypes, internodes...

(Composition and structure)

Outcomes :
» More virtuous cultivation routes

» Promote biodiversity

» Preserving ecosystems

Mechanical properties

(modulus and strength)

=4 =

Processing

(Fragmentation mechanisms and
» fibres/fragments dimensions)

58
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Main influencing parameters ?

(Matrix properties) .-~~~ Fibre orientation
Fibre type and /" Mechanical performance _
properties of composites . Porosity

2 ' Fibre content

Fibre length

o | Fibre/matrix interface

Fibre properties B

impregnation
and packing

Relative humidity

59

Source: adapted from Lilholt & Madsen, JEC 2012, technical book
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C. Porosity : definitions

> Different types of porosity : from micro- to macro-porosities
= Intrinsic porosity : lumen
» Interface porosity : poor fibre / matrix interface
= Impregnation porosity : high viscosity matrix and poor wettability

Matrix porosity : degassing
Matrix porosity @l

l\o

Flax yarns

Interface
porosity

Impregnation
porosity pac)

Madsen et al., 2007, Composites Science and Technology, 67

60



C. Porosity : relation with fibre volume fraction and packing

2-D randomly oriented flax fibre/PP composites
1.0
08
Matrix
c
]
E 06 -
=
E
5 041
(=]
> Fibres
0.2
Porosity
0.0 r . . T .
0.0 0.2 04 0.6 08 1.0
Fibre weight fraction

If Vf > packing ability of fibres :

» Increasing porosity
= Decreased stiffness of composites

Source: Lilholt & Madsen, JEC 2012, technical book

Composite stiffness (GPa)

Cross-sections of unidirectional hemp yarn/PET composites

V; < packing ability of hemp yarn V; > packing ability of hemp yarn

Hemp yarn

2-D randomly oriented flax fibre/PP composites

0.0

02 0.4 08 0.8 1.0

Fibre weight fraction 6 1
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C. Porosity : role of processing temperature and pressure

» Case study on thermocompression of flax/PP commingled fabrics

Temparatura [*C] =--
8 B
Applied Pressure [Bars] ---

2
Press Platen Displacement [mm] ---

oD k. 25 i i i i i
il 5 10 15 20 25
Tirme [mir)

Fig. 1. (a) Fast induction-heated compression moulding press, (b) Close view of flax/PP commingled fabric, (c) 8 plics fabric layup and (d) Manufactured composite
laminate,

Composites Part A 124 (2019) 105493

62
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C. Porosity : role of processing temperature and pressure

Composites Part A 124 (2019) 105493

Fig. 7. Microstructure in cross-sections of flax/PP composites as observed by SEM for: 190C_10m_40b (a, b, ¢); and 240C_5m_40b (d, ¢, f) laminates,
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C. Porosity : role of processing temperature and pressure

» Effect on mechanical properties : large decrease of strength related to time / T°C exposure

a
40

Pressure (bar)
8 &

nN
o

20
190

10 4

Time (min)

190

200

200

210

Temperature (°C)

210

220

220
Temperature (°C)

230

230

240

Modulus (MPa)

8495
8640
8785

240

Modulus (MPa)

Pressure (bar)

Time (min)

40

35

25

b
Strength (MPa)

210 220
Temperature (°C)

200 230

230

190 200 210 220

Temperature (°C)

240

Fig. 11. (a, b) Effect of temperature and pressure and (¢, d) effect of temperature and consolidation time on median modulus and strength of flax/PP biocomposites.
(For interpretation of the references to colour in this figure legend. the reader is referred to the web version of this article.)

Composites Part A 124 (2019) 105493
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Main influencing parameters ?

(Matrix properties) -~~~ Fibre orientation
Fibre type and /" Mechanical performance _
properties of composites . Porosity

Fibre content

Fibre length

Fibre/matrix interface

Fibre packing properties

ability

Relative humidity

65

Source: adapted from Lilholt & Madsen, JEC 2012, technical book
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D. Role of the interface

N4

| I T O I I
matrix L
. ==
- —] - [P
natural fiber . = SEE=EAN Interphase zone
> Mechanical, —— L~ !
Chemical, Coupling agent 1a10pm
A Thermal
o environment — % .
= — —— Reactivity
7 —— —
———  Fibre =——— = Topography
R t Bergeret, Krawczak 2006
Herrera-Franco, Drzal 1991

matrix Better interfacial adhesion will:

» Ensure the load transfer from matrix to fibers
0 TS | ey 0.0 » Protect the composite towards ageing (humidity)

66

Le Moigne et al. / Industrial Crops and Products 52 (2014)
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D. Interface : modification strategies

> Interaction fibre / matrice Interfacial adhesion governed by :

Roughness

Surface tension

Physico-chemical
interactions

Specific surface

67
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D. e.g. silane treatment on PLA / flax composite

m In-situ tensile test
) 0.1 mm/min
S
g »Adhesive interfacial failure: debonding of the
9 fibres and clean break of the matrix
8 1500 ‘
..? Force (N) F |
c 0
2 1250 II) |
O SI—\\/\
/ \\ r | 0/\7
1000 e C|)
8 750 PLA/ 20% Flax alkaline +silane
- 500
2 7\
1) J PLA / 20% Flax non-treated \
a 250 14
; -* Sae—— SOV N
O Elongation (mm)
: D T T T 1
e 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
I
© » Cohesive interfacial failure : tearing of the matrix
Le Moigne et al. / Industrial Crops and Products 52 (2014) gnd breaking of the fibres bonded to the matrix
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D. Effect of various treatments on biocomposites performances

» Limited effect of fibre & matrix treatments on modulus and strength

100% Variation in # Polyolefins / short natural fibre composites
modulus % W Biopolyesters / short natural fibre composites
80% | /. Epoxy / long natural fibre composites
* ) UPR / long natural fibre composites
60% . A
% @
|..--A. .......... o et vt e S e <
miA * ﬁ A » * i
s i * e 5 * 4
20%; s r
© i 'A. % A oo 2ot Variation in
O A M ¢ & g.m ¢ R 4 ¢ strength %
t L 9”2 * i '—‘-'4.—. 4 : = . )
-40% o -20% i\ P 20% * 40%; 60% 80%
20%" el B o o
*
'40% - A S
A
-60% 4
*
*
-80% -

Fig. 3.8 Ashby plot—variation in modulus versus variation in strength of natural fibre reinforced
composites consecutive to pre-treatments and/or functionalization of natural fibres.
Non-exhaustive set of data taken from literature for polyolefins and biopolyesters/short fibre
composites (tensile properties) and epoxy and unsaturated polyester (UPR) resins/long fibre
composites (flexural or tensile properties) 69



D. Towards hybrid and hierarchical interphases

» What can be learned from Nature ?
» Hierarchical organization with nanoscale structuration at the interphase greatly enhance strength
and toughness of biological systems : limiting stress concentration and crack propagation

Whole bone Osteonal microstructure Lamellae Extrafibrillar matrix Fibril
~ 100's mm ~100's um = 1um =100 nm ~10%5nm

moment

Figure 1. Hierarchical structure of human cortical bone with the presence of hydroxyapatite mineral nanocrystals (reprinted
with permission from Zimmermann et al., 2016 [40]).

(a) (b) 12
100 | Brittie minersd
0
Prismatic layer— é {
- oo
Nacre 3 40
20
‘4 00005 0006 00075 001
Strain
Mineral -
tablets (e}

Process zone

Crack deflection and
crack bridging

Polymers 2021, 13, 804. https://doi.org/10.3390/polym 13050804 /70
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D. Towards hybrid and hierarchical interphases

Figure 5. SEM images of hierarchical synthetic fibres (a) aligned ZnO nanowires coated and grown on aramid fibres
(functionalized with carboxylic acid groups); (b) Si-nanoclays (nanoclays functionalized with APTES) grafted on N-CF
(carbon fibre modified with GTMAC); (¢) CN'Ts grown on oxidized IM7 carbon fibres using CVD method; (d) graphene
nanosheets deposited on carbon fibre at a content of 1 wt% (reprinted with permission from Ehlert and Sodano 2009 [56],
Zabihi et al., 2017 [50], Qian et al., 2010 [57] and Chen et al., 2015 [21]).

Polymers 2021, 13, 804. https://doi.org/10.3390/polym13050804 /1
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D. Towards hybrid and hierarchical interphases

Composites: Part A 43 (2012) 20652074 fib
e

Contents lists available at SciVerse ScienceDirect

Composites: Part A

ettt i
VA £
A e ] : =
ELSEVIER journal homepage: www . elsevier.com/locate/compositesa - O IR Ll o - ‘ 5
Bt ")
e
\

Short sisal fibre reinforced bacterial cellulose polylactide nanocomposites
using hairy sisal fibres as reinforcement
Koon-Yang Lee, Puja Bharadia, Jonny . Blaker, Alexander Bismarck* Resu Its:

Potymer and Compasite Engi (PaCE) Group, of Chermical Engi Imperial College London, South Kensington Campus, London SW7 2AZ, UK
2 Specific surface area of sisal fibres with “hairy” BC
Sample BET surface area (m* g ")
Goal: *
“Hairy” or “"Dense” Bacterial Cellulose (BC) DENS s 077103
HNSF fibres 045 = (L03

coated sisal fibres (slurry dipping process)
2 Tensile, flexural and visco-elastic properties of
PLLA nanocomposites over neat PLLA

235

PLLA-sisai-BC
PLLA-DCMS-BC
PLLA-HFNS-BC

2ar

4 =90

72

L) ? . . ]
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Temperature [C)
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Main influencing parameters ?

(Matrix properties) O i

Fibre type and
properties

!

of composites

Fibre length

Fibre packing /
ability

Relative humidity

Source: adapted from Lilholt & Madsen, JEC 2012, technical book

. Fibre orientation

/" Mechanical performance

Porosity

Fibre content

Fibre/matrix interface
properties B

73
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E. Effect of relative humidity

» Moisture can cause swelling and loss of mechanical performances (plasticization,
lower strength, local stress) and must be taken into account and predicted...

" ( N (

!

NS

Nk

7
.

(a) (b) (©)

= |ocal damages due to fibre swelling
» Cracks and interfacial decohesion

= Synergistic degradation due to coupled
creep and immersion

Regazzi et al. (2016) Industrial Crops and Products, 84, 358-365
Regazzi et al. (2016) Polymer Degradation and Stability, 130, 300-306.

(d)

o g ga gk
o b B o

o
o0

Elastic modulus [GPa]
W
o

il
NCTNN

0 25 50 75 100 125
Time [h] /4



- Biocomposites properties

—————— -_— -

E. Effect of relative humidity

» Moisture can cause loss of mechanical performances (plasticization, lower
strength) and must be taken into account and predicted...

» But it can also be an advantage !

Kirigami

Le Duigou, Castro (2018) JEC Composites conference
Le Duigou, A., et al. (2017) Smart Materials and Structures, l

26(12), 1250009.

De kergariou et al. Adv. Funct. Mater.(2023) 33

https://bionics-group.com/research/ / !
https://www.youtube.com/@antoineleduigou2841 ]

- — —————.



https://www.youtube.com/watch?v=X9jYOTdz5Gs
https://bionics-group.com/research/
https://bionics-group.com/research/
https://bionics-group.com/research/
https://www.youtube.com/@antoineleduigou2841
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Biocomposites versus other engineering materials

» High tensile performances can be reached with biocomposites if the selection and

manufacturing of natural fibres and their composites are controlled

KL e R e e 7 e S R T e
: 3 Titanium a"oys : Sta"“ess steel
Magnesnum alloys !
300+
QuaS| -isotropic :
& I Glass/epoxy composnte
gzso-‘- ;
ﬁ’ Polyamides :
o : '
2 | :
2200 o
- Wood ‘
8 | °\° , Aluminium alloys
£ o0l Multiaxial PFRPs : | oo I—
=l : Low alloy steel
9 .‘ . .
® .
g S i Tungsten alloyel T [ M L 0 e
g — v o Medlu carbon steg
:: g S ’,—\\ :
_y R \-
0. ArA y g v éuca glass/
: Copper alloys ; :
ol o —— . Castiron, grey Nickel alloysBamboo — Low carbon steel
T SRS ARl aaasas saeiee o it et st asatats A

Shah, Materials & design, 2014 Tensnle modulus / Density [GPa/gcm-3)
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Concludlng remarks
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How to improve biocomposites performances ?

Natural fibres
growth & processing

= Choice of plant fibres

= Growing and extraction conditions

= Quality of semi-products (short fibres,
roving, fabrics)

Biocomposites

Biocomposites processing & design

durability

= Decreased water absorption in fibres
= Protective coatings on biocomposites

= Controlled fibre orientation
= Increased aspect ratio (L/d)

= Increased fibre volume fraction
= Decreased porosity

Fibre / matrix
interface

= Matrix impregnation during processing
= Mechanical interlocking
= Physico-chemical interactions

77



Bio-based and biodegradable polymers
From bioplastics to biocomposites
Natural fibre structure, properties & processing
Biocomposites processing & properties

Market & applications
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a: Market and af licatiol ,by\s@ran b

Application fields of wood-plastic composites in
Europe in 2012

- == == ey

'ﬁ Decking =~ \

Auto interior partg ¢
~ Qg nereres
M Siding and Fencing
I Technical applications
2% M Furniture

I Consumer goods

Use of Wood and Natural Fibres for Composites in
all production processes

7%
W Wood

Cotton

(@] &‘Instﬂuleeu | asta enzn-COMposites Consulting | 2014

Flax
M Kenaf
M Hemp

[ Others
(mainly Jute, Coir, Sisal and Abaca)

Worldwide production in 2015 : 3.8
million tons

Total volume 80,000 tonnes

ﬂ 25%
® -Instituteeu| , o, ooz “Composites Consulting | 2014

ﬁ
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Automotlve g p_lg:atlonSQ» |

NF compounds portfolio and innovation extract

g 2011 2014 2016 2013

lightweight 1AFH o | @ NAFY

N—~R

NAFY NAFY

N

——i

(4%:

65 -100% biobased
compound

NAFILean with Recycled matrix J

PP-Hemp compound

]
’

! G o — —— — — — — —

/

NEXT GENERATION with
new architecture

Stiffer NAFILean grade

NAFII.(A-:;:;\;fgdr\:\é;I’by injection Fo RVIA
‘Faurecia
L. Dufrancatel 5me colloque Fibres Naturelles et Polyméres, Troyes, 19 Septembre 2019 80




. Automotive applications- —

, M_-l—

NAFILean family on the road

LAND ROVER VELAR (GRAND EVOQUE)

Premium vehicle
SOP 2017

2.05kg fveh:Top rolls + Trims
685g weight saved (25%)

71% CO; reduction*®

NTERNAL & PARTNERS

PEUGEOT 308

5,2kg fveh: IP structure
500g weight saved (11%]
56% CO; reduction®

High volume production
SOP 2021

RENAULT CLIO

New Renault Clio
SOP 2019

IP Structural Duct

IP instrument panel

IP Upper

314

3,8kg fveh: IP Upper + structure + IP
Instrument panel

743g weight saved (16%)
31% CO, reduction*

8 08/10/2024

NISSAN ARIYA

2kg /veh: CC structure
250g weight saved (11%)

56% CO; reduction®

Premium vehicle
SOP 2021

~ORVIA b4

‘faurecia 81
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Thermoplastic FIBRIPLAST

Reinforcement NATURAL FIBRE/PP (NFPP) OR GLASS/PP (GFPP) NONWOVENS FOR USE IN
Materials THERMOCOMPRESSION

AREAL WEIGHTS FROM 300 T0 2400 6/M?

FIBRES: FLAX, HEMP, KENAF, JUTE, GLASS,
PP, PET, PA...

MAIN ADVANTAGES :
v" LIGHTWEIGHT
v" ACOUSTIC
v
v

GOOD MECHANICAL PROPERTIES

ONE-SHOT PROCESS TO FORM THE
FINISHED PART

5éme colloque Fibres Naturelles et Polyméres, Troyes, 19 Septembre 2019 82
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Automotive.c

Applications Headllnars
in

Instrument panels
Automotive |

Rear parcel Shelves

Door trims

Trunk trims

5éme colloque Fibres Naturelles et Polyméres, Troyes, 19 Septembre 2019 83
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UNE REALITE DE MARCHE

a | 7
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5éme colloque Fibres Naturelles et Polymeéres, Troyes, 19 Septembre 2019 84
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MOTORSPORTS

& SUPERCARS MASS TRANSPORTATION

VALUE PROPOSITION
CO02 neutral reinforcement fibres Up to 85% lower CO2 footprint Up to 50% weight reduction Lightweight component design
Natural liveliness and excellent Improved safety Up to 70% plastic reduction Viable end-of-life solutions
vibration damping Up to 60% lower CO, footprint Meet Fire Smoke and Toxicity (FST)

Multiple design options requirements
PRODUCTS
ampliTex™ ampliTex™ ampliTex™ ampliTex™-FR

powerRibs™ ampliTex™-PP powerRibs™
powerRibs™-PP powerRibs™-PP

__ Bcomp'

7¢me colloque Fibres Naturelles et Polyméres, Troyes, Septembre 2025
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. New developments
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— RTM/Vacuum infusion

Mixing head | Mould

E |l‘rc sure
e Prefo Q\
Pump Pump

injection
RmnD Hardener

@TDL Technique/Egide

CELC @PowerRibs Bcomp
| - Blectric GT :
@lincore-Depestele — Multiplast process
Pathé Clichy Paris

5eme colloque Fibres Naturelles et Polyméres, Troyes, 19 Septembre 2019 86
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New developments
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ROLAND
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We Explore

(1]

y
Anaée Droubay

30@o0t 2022 « 3 minutes de lecture
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New developments il

el ‘_- ‘\“

 — 7 ultt?llbg B B

ibﬁl’COl’é’ s e North-West Europe
europe : Seleeamm e s -

SR

Innovative Structural
TU/e /Desxgn Rijk Blok t
- 9
s

6me colloque fibres "
naturelles et polyméres

P a Septembre 2022

|“l“lh

$|||||“||llh‘ Z 4,

‘r :

3
Dr Martijn Veltkamp, responsable conception des structures, FiberC- i ki 4

6eme colloque Fibres Naturelles et Polyméres, Troyes, 15 Septembre 2021 88
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Pour ce projet, les brise-soleil en composite lin-verre biosourcés offrent une solution vertueuse qui respecte

les normes énergétiques


https://www.brise-soleil-csi-marseille.temca.fr/

- L ey~ 7
gl | /520N
cM ’//!f;é??fe

\l
\

° el e /r. ’ RS \ b 7/’ }v“f \.‘\: AT
livMatS Pavilion X0 S T
7 Ay, /1% Z. T k

N

o NN
Pk S

i
7 LRAK

7

livMatS Pavilion | Institute for Computational Design and
Construction | University of Stuttgart (uni-stuttgart.de



https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://www.icd.uni-stuttgart.de/projects/livMatS-Pavilion/
https://vimeo.com/576404217

, Current market.in France by sector and

fibre type

Taux
d’incorporation
en fibres
végétales (%)

Volume produits
en France
(tonne/an)

Typologie de matériaux Type de fibres et renforts

Isolants souples | Fibre [cm], isolant

>90 7200
Isolants
Isolants de -
remplissage Bottes 400 4600
Bétons EIe, morFiers, Granulat 20350 40000
blocs/parpaings
Panneaux de Panneaux de e N
particules particules allégés | Granuigt 90295 30000
Piéces pla§ttques Fibre [mm], 20330 5650
injectées Compound
Pieces
Compaitss thermocompressées r':;';:;:: de 50 300024000
po a base de non-tissés ‘ age ‘
. Non-tissé, ruban, §
ﬁg:)::ig:ttisuis unidirectionnel, 30350 +7 000"
multiaxial...

FRD (2020) Panorama des marchés FV techniques matériaux (hors bois) en France 91
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- Evolution at horizon 2030 inFrance

Période Isolants biosourcés Bétons biosourcés Composites biosourcés

5000t* 4100t* 9500t

(@252%7) (015%*%) (nrs 7} > Growing tonnage and market share
125 000 t 140 000 t 29000t
(9%**) (0,7 8*%) (5,7 %*%)
I p—— 1008001 > Significant growth rate of 5 to 20% depending
a16 2%* ,1411,5 3%%) - -
(Baes e kol on the applications
200 000 3 500 000 t 250 000 & 750 000 t 140 000 3 250 00O t
(na27%*4) (14 3,1 %%%) (19 & 35 %*%)

+10%/an

Stable
+15a20% fan
Stable

+5a10 % par an

FRD (2020) Panorama des marchés FV techniques matériaux (hors bois) en France 92
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=  FRD (2020) “Mémento 2020 Panorama des marchés fibres végétales techniques matériaux (hors bois) en France”,

https://www.f-r-d.fr/etudes/m%C3%A9mento-2020/

7

= JEC technical book (Editions 2012, 2014, 2018 ) "Flax and Hemp fibres: a natural solution for the composite industry”,

https://www.jeccomposites.com/product/flax-hemp-fiber-composites-a-market-reality-the-biobased-solutions-for-the-industry/

= Berzin et al. (2017) "Composites polymers et fibres lignocellulosiques : propriétés, transformation et caractérisation”,

https://www.lavoisier.fr/livre/industries-chimiques/composites-polymeres-a-base-de-fibres-lignocellulosiques/berzin/descriptif-9782746247772

* Bourmaud A, Beaugrand J, Shah D. U., Placet V & Baley C (2018) 7owards the design of high-performance plant fibre

composites. Progress in Materials Science, 97, 347-408. /:ips.//www.sciencedirect. com/science/article/pi/S0079642518300653

* Le Moigne et al. (2018) Surface and interfaces in natural fibre reinforced composites. Springerbriefs in molecular science.

https://link.springer.com/book/10.1007%2F978-3-319-71410-3

= Mussig, J. (2010). Industrial applications of natural fibres: structure, properties and technical applications. John Wiley &

Sons. https://onlinelibrary.wiley.com/doi/book/10.1002/9780470660324 93
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- Biocomposites properties
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Main influencing parameters ?

(Matrix properties) .-~~~ Fibre orientation
Fibre type and /" Mechanical performance _
properties of composites . Porosity

2 ' Fibre content

Fibre length

o | Fibre/matrix interface

Fibre properties B

impregnation
and packing

Relative humidity

95

Source: adapted from Lilholt & Madsen, JEC 2012, technical book
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A. Effect of fibre properties : epoxy based biocomposites with various fibres

© ©
o
4 s
: :
° S
£ %
v L
2 2
3 £
> [

5000 100 - o ° 4

@
0 T T T - 50 T T T T
20 30 40 50 60 70 20 30 40 50 60 70
Fibre volume fraction (%) Fibre volume fraction (%)

Fig. 37. Young’s Modulus (a) and strength at break (b) of unidirectional composites made of epoxy and flax [260], hemp [507], jute [508,509],
kenaf [510] and coir [511] fibres.

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408 9 6
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A. Effect of fibre properties : PP based biocomposites with various fibres

Fibre Young's Modulus Composite Young's Modulus
(GPa)
~~Bamboo
— T Availability Lignin content e~ I
=—Flax
I
Hemp
b=

—-—Jute
=i ]
——Wood Cost Fibre aspect ratio

p——t

Fibre diameter 0 ! 4 g

Fig. 38. Main plant fibre properties and associated injected PP composites [99,503,512,513].

A. Bourmaud et al.  Progress in Materials Science 97 (2018) 347-408 97
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- Biocomposites properties

R ——

Main influencing parameters ?

(Matrix properties) .-~ ""=~__ Fibre orientation
i » , Flax yarns
Fibre type and /" Mechanical performance *\ _
properties ' of composites . Porosity

o
Fibre length At / Fibre content porosity

o | Fibre/matrix interface

Fibre packing properties  WERV

ability

Relative humidity

98

Source: adapted from Lilholt & Madsen, JEC 2012, technical book
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- Biocomposites properties

B. Effect of fibre length / aspect ratio on mechanical properties

> Critical fibre length L_ = minimum length for the fibres to be loaded up to their failure within the
composite  ox

7 D/ 8F=md 1} 8x Matrix = Kelly-Tyson model I de
e B that defines L, : =5
F .—% Fibre j d ¢ 21

» When L > Lc, mechanical properties of short fibre reinforced composites are greatly enhanced and
can be similar to long fibres reinforced composites

200

FL knead | | | Lc compounds L. for PP/flax o | for PP/GF
11 H . ’é — — ==
160 | |FL gxtrusion P 'ﬁ? o 7//‘ /
g 11 ,-"'"_ ______________ 0.8 // 4
< 1201 || 06 / , /lmpact strength
g ,f 20 vol% ' /Young'’s /
S . eI 04 2 Modulus
3 2 | e | | f/Stren th /
@ | v 40 vol% 0.2 g -
£ 404----czzzzz | 20 vori 0.0 — d=10pm
o | ]
ﬁﬁ_’# Lc NMT | FL NMT 0.1 1 10 100
0 r r 1 . .
0.01 0.1 1 10 100 Fibre length in mm

fibre length [mm] » Influence of fibre length on composite material characteristics

. B F P (Burkle et. al. , 2003) — changed representation, = L i . ‘
HI. Bosetalf Composires: Part A 37 (2006 ) 15911604 3T Gited in Missig et. al. 2005) Jérg Miissig | Biocomposites & Natural Fibres / 2008/2
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E. Effect of fibre orientation : from Unidirectional to 3D fabrics

B

Reinforcement

ub 0311
» From anisotropic to quasi-isotropic properties
Cross-ply 0/90 0.061
S
(o))
g
4
Plain woven, crimp 1.5% 0.023 » |
Quasi-isotropic 0/45/-45/90 0.283 Quasi-isotropic laminate
|7 0" Z 7 277
Tri-axial braid 0/60/-60, s Matrix
trimp braiding yarns 1% : - - - 3 T —
0° 15° 30° 45° 60° 75° 90°
N ——o < ([
Knitted jersey g-g 27 0301 Orientation between fibre and main force
v 26(Ehrenstein, 1986, S. 80 .- adapted presentation) Jorg Missig / Biocomposites & Natural Fibres / 2008/2009

Source: Baets & Lomov, JEC 2012, technical book 100
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D. Effect of fibre volume fraction : case of UD composites

\

> Several micro-mechanical model can be used to predict the stiffness
and strength of biocomposites (short or long fibres)

o° /
» Most of them consider a perfect interphase o
0° o /
i o e
» Case of UD composites : 0° |
+ /
EC = Ef Vf + Em Vm / ]
Unidirectional
80 7
g 04 Glass/polyester G. = O Vf + o m Vm
e composite
§ 4000 -
® Cellulosglpolyester s
= composite = 3000 - Glass/polyester
g = composite
k2 &
= £ 2000 -
0 2 Cellulose/polyester
: : : : : 3 composite
0.00 0.20 0.40 0.60 0.80 1.00 E- 1000 -
Fibre volume fraction 3

0.00 0.20 0.40 0.60 0.80 1.00
Fibre volume fraction

Source: Lilholt & Madsen, JEC 2012, technical book 101
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