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Introduction of Plant-based Natural Fibre Reinforced Polymer Composites

Classification of fibre materials and polymer matrix
Classification of polymer matrix based on thermal behavior EE
. | Inorganic Fibre
1imal ineral
u ThermoplaSUCS M Aﬁgeﬁ(}/
—> design flexibility, ease of moulding but high temperature | silk || wool | | Hair |
prOCQSSing (eg pO|yprOpy|ene> l Cellulose/Lignocellulose I %é%l(]ég‘gl:
= Thermosets (for civil engineering application) . . S b
. . - as eaf eed rui /ood Stalk rass/reeds
- Better mechanical properties and thermal stability, room ;I e _\P I|‘_ - Sofl E l_ E |
temperature processing (e.g. epoxy) e LKook = | Pliton L Rice | f Bantoo |
pglllln 1 \Igglo% _)I Wheat | _ﬂ Bagasse |
. gn . . = . -Hem aca Loofah Barle Corn
Classification of natural fibres based on origin = LRty |+ com |
_),E‘ =l Weed F Maize | | Sabai
= Plant-based natural fibres (e.g. flax) S on | Pl Rape
. . . Roselle ave ‘
=  Animal-based natural fibres (e.qg. silk) = Rye | P Esparto
—> Cancry

= Mineral-based natural fibres (e.qg. basalt
( g ) Jawaid and Abdul Khalil (2011) Carbonhydr. Polym. 86: 1-18
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Introduction of Plant-based Natural Fibre Reinforced Polymer Composites

Why are plant-based natural fibres?

= From renewable and agricultural waste resources = support of circular and bio-economy
= Potential to reduce GHG emissions (carbon neutral/low carbon impact)

= Often low toxicity and high bio-degradability

= Less resource-intensive production (water, energy, waste)

= Readily available worldwide

= Non-abrasive, lighter and cheap in comparison with glass fibres or other synthetic fibres

= Specific tensile properties are comparable to those of glass fibres

\
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Introduction of Plant-based Natural Fibre Reinforced Polymer Composites

Why are flax fibres?
I
Fibre type Relative density (g/cm?) Tensile strength (MPa) Elastic modulus (GPa) Specific modulus (GPa x cm?/[g) Elongation at failure (%)
Abaca 1.5 400-980 6.2-20 9 1.0-10
Alfa 0.89 35 22 25 58
Bagasse 1.25 222290 17271 18 1.1
Bamboo 0.6-1.1 140800 11-32 25 25-37
Banana 1.35 500 12 9 1.5-9
Coir 1.15-1.46 95-230 2.8-6 4 15=514
Cotton 1.5-1.6 287800 5.5-12.6 6 3-10
Curaua 1.4 87-1150 11.8-96 39 1.3—-4.9
[__Flax 1.4-1.5 3432000 27.6-103 45 1.2—-3.3 |
Hemp 1.4-1.5 270-900 23.5-90 40 1-3.5
Henequen 1.2 430-570 10.1-16.3 11 3.7-59
Isora 1.2-1.3 500-600 - - 5-6
Jute 1.3-1.49 320-800 30 30 1-1.8
Kenaf 1.4 223-930 14.5-53 24 1.5-27
Piassava 1.4 134143 1.07-4.59 2 7.8-219
Palf 0.8-1.6 180-1627 1.44-82.5 35 1.6—-14.5
Ramie 1.0-1.55 400-1000 24 5-128 60 1.2-4.0
Sisal 1.33-1.5 363700 9.0-38 17 2.0-7.0
Aramid 1.4 30003150 B3-67 46.4 3337
Carbon 1.4 4000 200-240 157 1.4-18
[ E-glass 2.5 1000-3500 70-76 29 0.5 |
S-glass 25 45370 86 34.4 2.8
Yan et al. (2014) Composites Part B 56: 296-317
=
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Properties of Plant-based Flax Fibre, Yarn, Fabric and FRP Composites
Tensile properties of single flax fibre

Material: Single/technical flax fibres extracted from the yarn of uni-directional flax fabric

Stress |
(GPa) 1.8 S —
|
|
|
1.59 —q--- Tensile strength Young’'s modulus Strain to failure
| (MPa) (GPa) (%)

|
|

1.2 [ Average = SD C.o.V Average = SD C.0.V | Average = SD C.oV
|

ol B _i o 850 + 280 33% 55+ 9 16% 1.99 + 0.48 24%

i 1012 + 380 38% 62+ 19 31% 1.94 +0.42 22%

6 [~ 1020 + 530 52% 63 + 21 339% 2 +0.87 42%
|
|

- SR [ — . . . . . . .
= | Tensile properties of single flax fibres show high variation

|
|
|
3

Length of 20 mm tested @ strain rate 2 mm/min
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Properties of Plant-based Flax Fibre, Yarn, Fabric and FRP Composites
Tensile properties of single-strand flax yarn

Material: Twisted flax yarn extracted from unidirectional, non-crimp fabric
Yarn length of 250 mm

Stress 1000 ------ooo-- pREeRarrent SR L e Vo
(MPa) 1 Flax yarn under light microscope
" ~ Maximumstress (MPa)
- Average SD CoV (%)
599 78 13
)
Average SD CoV (%)
= 19.8 2.2 11
SD: Standard deviation
0
Strain (%) Doctoral work: S. Aldroubi
| =
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Tensile properties of flax fabric (unidirectional)

Material: Non-crimp unidirectional flax fabric
300gsm_ 105Tex > 30 yarns per cm width.
Free fabric length: 250 mm, Test speed: 1%/min and 10%/min

Stress
(MPa) b'rIII-E.‘E."I:I '[ES'[II'I“IJE.‘I'II:E_LEIEbUI'I'II'I'I
150 -
———1%%/min
— 1 0%%/min
GERE
=3 Strain rate (%/min) 1%/min (n =7) 10%/min (n=5)
E MoE (GPa) 9.4 +0.8 80+05
T, | CoV (%) 8.5 6.0
E ) Fmax (MPa) 211 £ 10 221 +7
& CoV (%) 4.6 3.2
Strain at Fmax (%) 2.6 +0.3 3.1+0.2
0- CoV (%) 13 5,9
0 1' 2 3 4 _
Strain (%) Strain (%) Doctoral work: S. Aldroubi
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Properties of Plant-based Flax Fibre, Yarn, Fabric and FRP Composites

Comparison of single fibre, yarn and fabric in tensile properties

Fibre: 1000 MPa and 60 GPa (CoV: 16%-52%)

Tensile strength

(MPa)

Average £ SD

850 £ 280
1012 £ 380
1020 + 530

C.o.V

33%
38%
52%

Young’'s modulus

(GPa)
Average = SD
55+ 9

62 £ 19
63 + 21

C.o.V

16%
31%
33%

Strain to failure

(%)
Average £ SD
1.99+£0.48

1.94 £ 0.42
2+0.87

Fabric: 210-220 MPa and 8.0-9.4 GPa (CoV: 3.2%-8.5%)

Strain rate (%/min)

MoE (GPa)
CoV (%)
Fmax (MPa)
CoV (%)
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1%/min (n =7)

10%/min (n=5)

C.o.V

24%
22%
42%

9.4+0.8 8.0+0.5
8.5 6.0

211+ 10 221 +7
4.6 3.2
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Yarn: 600 MPa and 20 GPa (CoV: 11%-13%)

Maximum stress (MPa)

Average SD CoV (%)
599 78 13
Modulus of Elasticity MoE (GPa)
Average SD CoV (%)
19.8 2.2 11

From fibre to yarn and to fabric, tensile
strength  and tensile  modulus reduce
remarkably

From fibre to yarn and to fabric, the variation
in tensile strength and modulus also reduce
remarkably
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Properties of Plant-based Flax Fibre, Yarn, Fabric and FRP Composites

Tensile properties of unidirectional flax fabric/epoxy composites

Stress ) _

(MPa) 1-layer FFRP 12.4 £ 0.9 (7.3%) 228 + 9 (4.0%) 2.08 £0.20 (9.6%)
300 - 2-layer FFRP 159+ 0.6 (3.7%) 278 £ 8 (2.9%) 2.13 + 0.06 (2.8%)
©
(2
2 (7
R
2
K /74
e 1004
)
=
. ——ILFFRP
— 2LFFRP
0 1 2 3 4
Stress (%) Strain (%) Doctoral work: S. Aldroubi
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Application of Flax FRP Composites in Construction

&0
5o | 4 layer FFRP-PC

(1) As confining material of concrete column

40 -

FFRP tube confinement CFRC core

30 - 2 layer FFRP-PC

© Fraunhofer WKI | Libo Yan o

Axial stress (MPa)

10

Qo . . . . .
0.000 0.005 0010 0015 0020 0025 0.030

Axial strain

Compressive stress-strain curves of plain concrete,
2 and 4-layer FFRP tube plain concrete

(a ; (b)

. R o Coir fibre bridging: reduce concrete cracks &
Plain concrete (PC) and CFRC cores after removed FFRP tubes modify failure concrete to be ductile

—
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Application of Flax FRP Composites in Construction

As confining materials of normal aggregate concrete

To simulate a bridge pier made of FFRP-CFRC column

a1

Seite 15

T

Shake table test of an FFRP-CFRC column
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60 Interlocked FFRP-CFRC column
—Factor 0.5
40 1| '5Tinteilocked —Factor 0.8

—Factor 1.0
20

-40 Time (s)

Imported earthquake ground motions
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Potential Application of Flax FRP Composites in Construction

As confining material of recycled aggregate concrete (RAC)

60 ' T ' T ' T ' T T T T T
50 | RC3F9-M |
<40 -
= RC3F6-M |
Recycled aggregate mix 2 30 |
2 [ RC3F3-M
< | ——— RC3F3-M
— RC3F6-M
10 — RC3F9-M| -
——RC3F0-M| -
300 200 100 000 100 200 300 400 Failure mode: (a) FFRP-RAC and (b)
i i (0 : crushed RAC core after removed FFRP
FFRP tubes: large (300 x 600), Axial Strain (%) Hoop Strain (%) tube
medium (150 x 300) and small (75 x FFRP-RAC with RAC strength of 32.8 MPa

150): unit of mm
© Fraunhofer WKI | Libo Yan

\

Seite 16 22.06.2022 © Fraunhofer WKI Intern % Fraunhofer

WKI



Potential Application of Flax FRP Composites in Construction

(2) As external strengthening material of reinforced concrete structures

—
Thnn @ 80n n /2¢Bmm /Cbﬁmm@ 150m m $nm @ 80m m closed StlI‘l‘UpS
[ "\ 2 T3 ] ZT g
] e
") N %
/;f;: \ZCBmm /;g:;
150m m
‘ A00m m G00n m B00m m ‘
-t - - -
100m m 100m m

Steel reinforced concrete (RC) beam

U-shaped FRP band /s F B0m 1
G0mm in width,700m m in ]Jelﬂgth)I 1 | 20m m 50m m
¢ ¢ l {2 () = -
=
Ly
= 1
o - , 7
FFRP sheet/s 1700m m length bv140m m width)
‘ - - 140m m
. 600m m __!__ 600m m __!__ 600m m -
100m m lﬂﬂm m
Flax FRP strengthened RC beam
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----- CB-1(2C8, 0 layers)
- CB-2(2C12, 0 layers)
1804 —FE-1(2C8, 4 layers)
—FB-2(2C8, G layers)
—FE-3(2C12, 4 layers)
1604| —FB-4{2C12 & layers)
—FE-5(2C8, 4 layers,pre-cracked)|
e FB-G(20C8, 6 Iayers pre-cracked))

RCw th 2x12mm rebar +4 Iaver FFRP

Deflection {mm)

Flexure load vs. deflection of RC beams, 4-layer FFRP-
strengthened RC and 6-layer FFRP-strengthened RC beams
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Potential Application of Flax FRP Composites in Construction

As external strengthening material of reinforced concrete structures

[Fe

FFRP rupture

In flax FRP-strengthend RC beams, no delamination of
FFRP plates from concrete was observed, showing a good
compatibility between RC and the FFRP, and full use of
FFRP strength and stiffness.

© Fraunhofer WKI | Libo Yan

—
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Potential Application of Flax FRP Composites in Construction

(3) As internal reinforcement of concrete — Textile reinforced mortar and recycled aggregate concrete

2000+

1500+

Epoxy coated flax yarn mesh: large and small 10007

mesh size

Load (N)

500+

Failure_mode

— Pull out
Rods breakage

© Fraunhofer WKI
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0.0 25 5.0 75 10.0

Displacement (mm)

Pull-out load vs. displacement curve of FFRP-
reinforced RAC

Intern

Mesh_size
— L

— 5
10-

Marmalized stress MPa

0 10 20
Deflection mm

Normalized stress-deflection curve (by
longitudinal fibre volume fraction) of FFRP
reinforced mortar
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Potential Application of Flax FRP Composites in Construction
As internal reinforcement of concrete — Textile reinforced mortar and recycled aggregate concrete

FlaXship at 16th German Concrete Canoe Competition (2017)

© iBMB-TU Braunschweig

isMpY A

TU BRAUNSCHWEIG

FlaXship developed by civil engineering students @ iBMB, TU Braunschweig

Materialprifanstalt
fur das Bauwesen

Institut fir Baustoffe,
Massivbau und Brandschutz
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Potential Application of Flax FRP Composites in Construction

(4) As external strengthening material of timber as hybrid timber system

(Flax layer) Debonding-1 5 I —————

R-LVL-FG

FRP rupture

Debonding near the mid-span

R-LVL-GG

s 11

Debondingvat‘ the edge

0 10 20 30 40 50 60 70
, Mid-span deflection (mm)
Laminated veneer lumber (LVL)

F: Flax FRP Load vs. deflection of pure LVL, FFRP-
G: Glass FRP reinforced LVL, GFRP-reinforced LVL
and flax and glass hybrid FRP-
Doctoral work: S.L. Huang reinforced LVL beams

—
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Potential Application of Flax FRP Composites in Construction

(5) As skin material with light core for sandwich structures

Extruded polystyrene (XPS)  Balsa wood core Flax fabric skin and wood core Resin infusion process

foam core Indentation failure: 4-layer FFRP
(top) and 2-layer GFRP (bottom)
skinned 80 mm XPS panel

© Fraunhofer WKI | Libo Yan

Pure core failure: vertical core break under the application point of the load. The crack
goes from the bottom until the top skin layer

\
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Challenge

Challenge of using plant-based natural FRP composites in construction

Hard to standardize natural fibres with stablized properties

Seit

Large variability in properties among various plant-based natural fibres

Fibre type Relative density (g/cm?) Tensile strength (MPa) Elastic modulus (GPa) Specific modulus (GPa = cm?/g) Elongation at failure (%)
Abaca 1.5 400980 6.2-20 9 1.0-10
Alfa 0.89 35 22 25 5.8
Bagasse 1.25 222290 17-27.1 18 1.1
Bamboo 0.6-1.1 140800 11-32 25 2.5-3.7
Banana 1.35 500 12 9 1.5-9
Coir 1.15-1.46 95-230 2.8-6 4 15-51.4
Cotton 1.5-1.6 287800 5.5-126 6 3-10
Curaua 1.4 87-1150 11.8-96 39 1.3-4.9
Flax 1.4-1.5 343-2000 27.6-103 45 1.2-33
Hemp 1.4-1.5 270-900 23.5-90 40 1-3.5
Henequen 1.2 430-570 10.1-16.3 11 3.7-59
Isora 1.2-1.3 500-600 - - 5—B
Jute 1.3-1.49 320-800 30 30 1-1.8
Kenaf 1.4 223-930 14.5-53 24 1.5-2.7
Piassava 1.4 134143 1.07-4.59 2 7.8-21.9
Palf 0.8-1.6 180-1627 1.44-82.5 35 1.6—-14.5
Ramie 1.0-1.55 400-1000 24.5-128 60 1.2-4.0
Sisal 1.33-1.5 363-700 9.0-38 17 2.0-7.0
Aramid 1.4 3000-3150 63-67 46.4 3.3-3.7
Carbon 1.4 4000 200-240 157 1.4-1.8
E-glass 25 10003500 70-76 29 0.5
S-glass 25 4570 86 34.4 2.8
—er
WKI

Yan et al. (2014) Composites Part B 56: 296-317



Challenge

Challenge of using plant-based natural FRP composites in construction

= Large variability in physical and mechanical properties of the same NF

Defect: Kink band

SEM of glass fibres

Flax fibres in a fibre bundle with different cross shapes

SEM of a flax fibre

SEM of cross-section of a glass fibre

Non-continuous diameters along a flax fibre

Doctoral work: S. Aldroubi

—
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Challenge

Challenge of using plant-based natural FRP composites in construction

Tensile strength (MPa)

= Lack of long-term durability database under aggressive environments

70°C+ water

460
440
420
400 -
380 -
360 -
340 - x

320 : 23%
300 H }

FFRP Ref. (20°C +£2°C, 60% +5%RH)

280 1
260

240 - =
220
200 - 1 Q |

180 -

36%

FRP_Ref 6weeks 12weeks 20 \weeks 20 weeks + wet

Change in tensile strength
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Tensile MoE (MPa)

26000 4
24000 1

220004 ..

20000 4

18000 4
16000 -
14000 4
12000 -
10000 4

8000 -

6000 -

4000

70°C+ water

FFRP Ref. (20°C +2°C, 60% +5%RH)

ANOVA: At 0.05 level

32%
40%

52%

FRP Ref

Intern

6weeks  12weeks 20 weeks 20 weeks + wet

Change in tensile modulus

Doctoral work: S. Aldroubi
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Outlook

Outlook of using plant-based natural FRP composites

= A great market potential in construction, automotive and sport

Bioverbundwerkstoffe — Markt

Faserverbundwerkstoffe — grobe Schéatzung des europaischen Markts

Peterek G (2022) FNR Seminar-Reihe.
Bioverbundwerkstoffe Chancen und
Herausforderungen, am 9. Feb. 2022

BGFK " CFK BNFK

“WJFNR

Fachagentur Nachwachsende Rohstoffe e. V. Bioverbundwerkstoffe - Chancen und Herausforderungen / 9. Februar 2022
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Outlook

For water sporting - stand-up paddleboard

Naturfaser-Biopolymer-
Hulle

Balsaholz-Kern = Z
| o '\“v‘w

; ) R Vi
Naturfaser-Biopolymer- 4 L
Hulle

© Fraunhofer WKI | Christoph Pohler
Doctoral work: C. Pohler
—
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Outlook

For automotive engineering — Bio-concept car

© Fraunhofer WKI | Christoph Habermann

At Fraunhofer WKI, a vehicle door with a
biogenic content of 85 percent is being
developed. For this, natural fibers, bio-
based resin/hardener mixtures and bio-
based paint systems are being utilized.

\
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Outlook

For automotive engineering - tubular structures for energy absorption
_ Fascia EPP absorber Flange Crushable absorber
(a)

Seat «———

e,

Foam cushion g«g

ok

&M percentile ?5

Upper braciat i %
Crush tube

! _‘&
L
——
@

Collar
Lower bracket Support structure H
Rail $I ’
i Reinforcement
i beam
(b)

Davoodi et al. (2008) Material and Design, 29(7):1447-1452

usage of energy absorber in
vehicle design

L

Frontal Rails /
Tubes

Huang & Wang (2010) International Journal of Crashworthiness, 15(6):625-634 6

4‘ .| Farlochan, et al. (2012).. Compos. B 43, 2198-2208.
I‘ Crush Occupant —
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Outlook

For automotive engineering - tubular structures for energy absorption © Fraunhofer WKI | Libo Yan

Load (kN)

(2) FERP-D86-N2),
without friggering

50
-------- FFRP-D64-N2 without triggering
20 | . —— FFRP-D64-N2 with triggering
¥

30
20
10

O T T T T . .

0 20 40 60 80 100 Deformed foam-filled and hollow flax FRP tube at failure load:
Displacement (mm) experimental and (b) simulation
=
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With the support of FNR (Nachwuch
01.12.2018 - 30.11.2023), our Junic
workes on other sustainable

_details, please

research-group.|

https://www.wki.fraunhofer.de/en/departmer bz file/ nt =
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Textile weave machine at Fraunhofer WKI
aufgrund eines Beschlusses

des Deutschen Bundestages
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https://www.wki.fraunhofer.de/en/departments/zeluba/profile/bmel-fnr-junior-research-group.html
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