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Overview
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1. Make a good match
with untreated fibre:
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Polyvinylidene fluoride
(PVDF)

liquid

(1+cosf, )=
Pusd{ 15 2T, ) 2. Treat the surface to

Molecular kinetic theory 2(\/ — \/ — \/ )
Yei¥s TAVei¥s tVuls et a good match:
Technical fibre ~100 — 300 pm )S('I;aér%r;%?ele&ig; e
p Py Streaming Potential Chitosan layer, Silanes
(V)
Topography e .
e, SCEREEEEEEO 3. Make an entire bio-
Liquia T 5 PaPc degradable composite:

Effect of liquid absorption| Fusrr

and perimeter variation Gluten, PLA
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Interface Characterization
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Equilibrium contact
angle (sound vibration)

Micromechanical test: Pull-out test

FiuN)

Nano fibril ~1 — 10 nm

Flexural test: 3 point bending test

Profilometer
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Introduction : Bamboo Fibres
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Bamboo specie:
Guadua angustifolia

Culms:

Average height: 20-30m

Average diameter: 10-13cm

Culm internodes are about 20 cm long

Rapid growth: 21 cm daily growth in height

Higher productivity: it reaches its maximum height (15 - 30 m) in
the first six months of growth

PACIFIC OCEAN

Mechanical and Physical Properties:
Strength: ~800 MPa
Stiffness: ~40 GPa

Density: 1.44 g/cm3 e -,m == f
#i
GOAL: Understanding the interfacial bonding of bamboo ap 28, otentia it o ' \
fibre composites R Vet it ot cover -l ;k ’
Existing forest cover with no records 8
of Guadua angustifolia - |
Objectives: www.guaduabamboo.com

. study the fibre’s surface and structure
. study the wetting behavior of bamboo fibres and matrices
. study the mechanical properties of the interface
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Introduction: Theory
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Interfacial interactions:

¢ Physical adhesion: controlled by wettability, surface energy/surface tension of fibre and matrix
® Chemical bonding: chemical reaction at the interface
® Mechanical interlocking: fibre’s surface roughness

Young’s equation

)/sv :7/sl+7/lvcose

Expresses the balance of forces per unit length of
three phase contact line.

Wilhelmy method (tensiometer)

Aicro bal F (UN) Amerf i
Wilhelmy equation Determination of fibre
T perimeter using Hexane

R
F
__ K _
vapour = / C%%g@ = F [Jreasured - g
/h i\ ! gﬁ/lv measured Y
F is the measured force,

liquid P is the fibre perimeter,
71 the liquid surface tension
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Introduction: Contact Angle and Natural Fibres

LEBLISHINNN IHINOHLYH

In natural fibres, the wetting measurements are obscured by non-equilibrium phenomena:

® Roughness and chemical heterogeneity of fibre’s surface. 100 1

e Surface topography.

e Liquid sorption/diffusion

Contact Angle (*)
(]
(=]

e Swelling of the fibre by the liquid.

e Diffusion of extractives from fibre’s surface to liquid.

. Advancing dynamic contact angle versus fibre position
Bamboo Flbres for water on bamboo fibres

* Damage produced by the extraction process.

AccV SpotMagn Det WD Exp p—{ 100um
100kv 30 200x SE 2331
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Structure of Bamboo Fibre

LEBLISHINNN IHINOHLYH

Technical fibre ~100 — 300 pm Elementary fibre ~10 — 20 ym Nano fibril 1 - 10 nm

=== Hemicellulose

Chemical Composition:
(Technical fibre)

Cellulose: ~60%
Lignin: ~40%
Hemicelluloses:

Cellulose and lignin ?
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Surface Chemical Composition: XPS <
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= 30 C = {CH)
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Ezc; 80
£ ] R
515__ Eg?o_
] S 803
10 =
":50_
5_: _ 'E 40
E——e= = /\VA N - £ 20
360 ESIJE o 2!92 255 Eéd 2810 20
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]

T L B s e e e B A B
300 296 292 288 284 280
1 Binding Energy (aV)

%10
o XPS spectra bamboo fibre surface
L 160 —
é 'IZD—-
g 80 h : o N i Binding energy (eV)
1
) 0/C
o (%) (%) (%) (%) 284.8 286.3 287.6 289.0
Cl(%) C2(%) C3(%) C4(%)
294 292 290 288 286 24 282 743+15 229403 1.8+07 0.6+04 0.31+0.02 58.0+3.1 28.8+23 7.6+13 5.6+04
Binding Encrgy (V)
Cellulose - XPS study of living tree, TheoreticaL_Qw'lignin: 0.32
Andrei Shchukarev J
[qomposite

({laterials

8 World Bamboo Congress — April 2012 g roup



Surface Chemical Composition: Autoclave Treatment
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Tg: 90-180 °C Lignin i 160 6
\ 8 140 b
= 120 / \\ -
- 4 =
3085 nm | g 100 \ 2 ~
B a0 3 £ 620
E 80 [ \ — g T
# a0 -'F/ \ =
20 4 - 1
) i} i}
0:00 0:40 1:20 2:00 2:40 3:20
t "/ Time .//
0nm ] . - = Temperature = = =Pressure - 0 nm
Before
RMS roughness of 481 nm Autoclave After VS e s GO i
- O/CvsCl/C
Measured Lignin / /
80 17
70 4 ° X Non-autoclave treated bamboo
C1/C ratios versus O/C ratios for chemical groups 0 - " © Autoclave treated bamboo
at the surface of bamboo fibres, autoclave 0 | Xﬁ‘% ® Theoretical Cellulose
. b . . < ATh ical milled wood Ligni
treated bamboo fibres, lignin from Granit, and S ] coreticaymiled wood Henin
) .. L ® Protobind 1000 Granit Lignin
theoretical values for cellulose and lignin S 3 |
according to Shchukarev 20 | Lignin =il
ellulose
10 A /
0 T T T T ‘ 1
0.0 0.2 04 0.6 0.8 1.0
o/c
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Surface Chemical Composition: Autoclave Treatment
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= T W]
= s %
E E a4
& S
2|:| u
20
10 1
g - - - - 0 . . . . . . .
0 2 4 6 8 1 1.2 1.4 16 13 2 2.2 24
Position {mm) Position {mm)
Non -autoclave Treated Fibres (1.5mm/min) . Autoclave Treated Fibres (1.5Smm/min)
Fibre Contact Angle Contact Angle (°)  Variation Fibre Contact Angle Contact Angle (°) Variation
No ©) Second % No ©) Second %
First Measurement First Measurement
Measurement Measurement
1 72.6+7.2 95.1£7.6 23.7 11 674+1.1 66.1 £2.3 1.9
2 97.0£8.2 84.2+3.8 153 12 693 £1.7 67.3+£22 2.9
3 98.0+4.3 81.5+74 20.2 13 66.3+2.2 65.6+1.4 1.1
4 101.0£2.1 105.0 £3.7 3.8 14 71.8+3.4 67.1 £2.7 6.5
5 72.8+9.1 92.3+6.6 21.1 15 689+1.3 66.0£1.9 4.2
6 833+24 72.0+£3.8 15.7 16 68.8£2.3 66.4 £3.8 3.5
f/ 98.6 £6.7 80.0£4.3 23.0 17 67.6+3.4 68.0£1.7 0.6
8 999+7.1 89.0£9.1 12.2 18 69.8 £3.8 693+24 0.7
9 84.6 £ 8.6 86.0 2.7 1.6 19 702 +4.1 689+44 1.9
10 68.7+4.3 100.0 £3.8 313 20 67.9+2.1 69.1 £1.2 1.8
Average 87.7+14.7 88.5+10.4 Average 68.8£3.2 67.1+2.3
[qomposite
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Perimeter and absorption evaluation

5
T
o
C
m
=
m
=
=
=
b
@
-
o
5

F
m
C
—
11|
<

Wilhelmy equation Typical cross section of a technical bamboo fibre

Determination of fibre perimeter
using Hexane

F measured - p y

Fibre Methods 4 -
. Wetting Analysis Image Analysis Relative
Fibre No (im) y & (im) ¥ Error (%) % ; ]
1 1022 +24 1030 + 38 g
Non-autoclave 2 1032 +30 1108 +£42
Treated 3 1087 + 38 1122 +71 2 1
Bamboo 4 998 + 18 1005 + 54
D) 1124 + 25 1201 £ 78 1 -
1 1042 £29 1095 + 35 n
Autoclave 2 887 + 23 949 + 36 g
Treated 3 1205 £ 26 1199 +25 0 T T 1
Bamboo 4 1083 +22 1159 £28 -15 -5 5 15
5 1033 +34 1077 + 63

Perimeter evaluation of technical bamboo fibres, based on SEM images and

)5

on wetting measurements in hexane. 0 = arccos| —rewured | _ arecosl —

pY Ap
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Perimeter and absorption evaluation
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Non -autoclave Treated Fibres Autoclave Treated Fibres
Fibre Absorbed Water Wetting Force Fibre Absorbed Water Wetting Force
No (mN) (mN) % No (mN) (mN) %
1 4.22 27.8+2.8 15.2 1 1.51 244+1.8 6.2
2 1.40 112£1.2 12.5 2 2.15 30.2+3.1 7.1
3 0.60 71114 8.4 3 1.88 319+2.1 5.9
4 4.55 309 1.7 14.7 4 1.20 250+1.7 4.8
5 4.46 27.0£3.6 16.5 5 2.26 313+£1.6 7.2
6 1.37 89+1.1 154 6 1.86 274+2.38 6.8
7 4.63 30.3+43 153 7 1.76 303+1.3 5.8
8 1.93 13.7+0.7 /LéLJ\ 8 1.33 26.1+2.1 /.5.]\
Average Q 14.0 ) Average Q 6.1)
14 % 6 %

Measured values of water absorption (in force units) for non-autoclave treated
and autoclave treated bamboo fibres.

4 -
!
B
F 5
0= arccos(MJ = arccos(D x AF )
2
n 1 T
g
0 L] L] 1
0 5 10 15
Force Variation (%)
[qomposite
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Effect of roughness and waviness

LEBLISHINNN IHINOHLYH
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Schemes of different wetting regimes
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Contact Angle (*)
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0

Adv
position for water on bamboo fibres

The radius of curvature of the fibre surface is
constantly changing o |

osition (1): smooth fibre 20 1

osition (2): fibre with ° ? oostonmy

urface irregularities.

Altered PET === Bamboo

=== Smooth PET

and altered PET fibres, and a typical autoclave
treated bamboo fibre

F measured

C.A. Fuentes et al., Wetting behaviour and surface properties of
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Wetting kinetics — Molecular Kinetic Theory (MKT)

LEBLISHINNN IHINOHLYH

LENVER

Ko: Equilibrium displacement frequency

A : average length of each molecular displacement
k : Boltzmann constant

T : absolute temperature

M. Vega, D. Seveno, T. a2
Blake %ﬁangmiirfe 2807) Yy =25Q/01§L]sr} ! %ifggsﬁgo— < 88§ éﬂ
LT2KT

Fiber Liquid

120 :
110 4 : ______JT___._——x 85.1o +1.2 82.50
. P A=1.16 nm A=1.10 nm
z _—
T wi/ TD Blake
£ oy
8
SG o
- K, (x106 A 0, R2
¥ Bamboo o 20 o) 0O
. 0.059+0.005 0.826+0.010 60.3+2.3 0.90
0 100 200 300 400 500
Velocity mm/min
[qomposite
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Surface Energy Components Theory
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Surface energy of a solid can be described in acid, base and Lifshitz-van der Waals components

yo,(1+c0s8, ) =2y y2 + \[yi.7s +7i.7%)

_\/%TW\/E\/;_ \/%TW | 7,(14+cos6))
In matrix notation Ax=b A=y il x=|47s b=5 7,(1+cos6,)

W\/E\/E \/E 7;(1+cos8,)

Acid

Strong Interaction
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Surface Energy Components Theory

g
I
o
C
m
=
m
=
=
m
b
@
5
o
S

F
m
C
—
11|
<

100

Molecular Kinetic Theory (MKT)

Ko: Equilibrium displacement frequency

A : average length of each molecular displacement
k : Boltzmann constant

T : absolute temperature

_ A
v&%@%&@’%%ﬁ@;ﬁ%ﬁ H

g

g

Contact Angle (°)

&

20

20

0 50 100 150 200

Velocity [mm/min)

Physical characteristics of test liquids Surface free energy components of used liquids
- p 1 y Y mIm?) YV (mIm?) ¥y (mImd) Y (mI/md)
Test liquid
(g/em3) (mPa/s) (mN/m) Water 72.8 2625 48.50 11.16
Evieilrzlromethane ;28 ;(8’ ;32 Diiodomethane 50.8 50.80 0.00 0.00
Ethylene glycol 1.11 16.1 47.7 gthylefl elglillc(il ;‘gg Sl 0.97 >1.60
Benzyl alcohol 1.04 8.0 39.0 enzy’ axcono . N - -

[qomposite
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Surface Energy Components Theory
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N\
K, (x10% ). (nm) 0,09 R’ . -
Water 0.0592 0,005 0.826 £ 0.010 /60.30 + 2.‘3\ 0.90 Material 4" (mJ/m’) ¢ (mJ/m?) ™ (md/m’) y"(mI/m’)  y(md/m’)

Diiodomethane ~ 0.069+0.003  2422£0.021 | 47941.1| 096 EEEE) Bamboo 38.82+0.76 3544=006 3.37+0.57 028+0.06 10.13+125

Ethylene glycol  1.618+0.205 0.603 +0.004 \ 42.8+0.8/ 0.99 T ? 26.2 4 4 11.1
Benzyl alcohol  0.118+0.080 2.158+0.018 \28.0+1.5 0.98 Wate 72.80 625 ek 8.50 16

]
I

X-ray photoelectron spectroscopy (XPS) :Em- P
|
Binding energy (eV) %50“': c-o. f |
C 0 N Si o/c 284.8 286.3 287.6 289.0 g4 |l
(%) (%) (%) (%) Cl (%) C2 (%) C3 (%) C4 (%) 4 ';L '-
(C-C) (C-0) (C=0) (0-C=0) e |
74294154 22.86+025 175071 0.63+043 0314002 58.0243.07 28.8042.34 7.63+131 5594041 YA

and C-0—C linkages of extractives.
C3: C=0 groups in lignin and extractives, C4: CH;CO groups of hemicelluloses, HOOC
O—-C—-0 linkages in cellulose and groups of hemicelluloses, COO and COOH
hemicelluloses. groups of extractives.

C1: C—Clinkages of lignin, hemicelluloses ~ €C2: OH groups of cellulose, hemicelluloses, !
and extractives. lignin and extractives, OCH groups of lignin, ! ‘

[qomposite
({laterials
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Surface Treatment: Chitosan Layer

LEBLISHINNN IHINOHLYH

2 approaches to improve interface compatibility

) ) Advantages:
1. Make a good match with untreated fibre: -Recyclable (injection moulding)
- _ -Fibres don’t need treatment
Polyvinylidene fluoride (PVDF) -Provides protection against UV rays
2. Treat the surface to get a good match: Advantages:
) -Protection against biodegradation
Chitosan Iayer -Treatment is environmentally friendly
-Use of common matrices
-Recyclable
Acid base interactions . 4 M-~ 0 : ,
between the fibre and A0 D pm— I ehetmlies) lpeimeling
the chitosan layer: iy y Pl _oH —cH betwegn chitosan and
LA a ) NS S 2 s MAPP;
hydrogen bondin 3 e N
yarog 9 R : e ::—OH N¢—cH-¢ covalent bonds &
B et S N ST % hydrogen bonding
A N
Crab exoeskeleton Maleated Polymer

omposite
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Adhesion Optimization

LEBLISHINNN IHINOHLYH

0
A
/\Etting
0, }

Equilibrium cosf,.. =05cosf_.. +05cos8,,.
<9 - gqu aay rec

deweEi_nE/

. . Material

Advancing, receding and Bamboo 60.3+2.3 428408 479 +1.1
equilibrium contact angles Chitosan 98.0+4.1 64158 67.3t4.2
of probe liquids on PP 86.0% 1.1 49.4+17 57.7+1.0
thermoplastic surfaces 82.8+0.7 65.3+0.9 61106

66.2+0.3 36.0+0.4 32.8+£0.3

.
Material

38.82 £0.76 35.44 £ 0.06 3.37+0.57 0.28 + 0.06 10.13 £ 1.25
Surface Energy Components
X 25.13+1.42 2439+1.38 0.74 % 0.44 0.53%0.26 0.26+0.18
(Acid-base approach)
_ : EE  oq:0x 29.90 +0.47 0.97 £0.20 0.12£0.05 1.97 4031
m 29.07 £0.37 28.52 +0.31 0.56 +0.20 0.02 £ 0.01 3.72+0.32
_ 34.64 +0.53 31.16 £ 0.47 3.48+0.23 0.93£0.10 3.26£0.23

omposite
aterials
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Adhesion Optimization

LEBLISHINNN IHINOHLYH
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Adhesion Optimization
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Bamboo as Substrate Chitosan Coated Bamboo as Substrate

20 85
70 75
(L]
80 -
55 -
- s
. 3 25 ms
| 15 A
5 -
-5
L -15

Chito Lo PP MAPP PVDF

Physical Adhesion: Predictions for PVDF-untreated bamboo are the best 1!l
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Conclusions
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Surface energy components and wetting parameters obtained from contact
angle measurements are useful and valuable tools for evaluating the
compatibility of natural fibres and matrices for making composites.

As predicted, PVDF-bamboo composites present the best combination of
wetting parameters, showing a high Wa, as well as a positive S value
helping to achieve a better wetting of the melted polymer on the bamboo
fibre. Chitosan treatment improves the mechanical properties of bamboo
composites.

Bamboo fibres’ surface represents a well defined system and so its wetting

behaviour can be studied and a meaningful interpretation of wetting data is
ensured.
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Thank you for your
attention
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