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Thesis Title Influence of blending of Epoxy Resin with ENR and ENR/Silica
Nanocomposite on Properties of UAV Propeller Application

Author Mr. Nattapon Pithaksareetham
Major Program Rubber Technology

Academic Year 2018

ABSTRACT

The epoxidized natural rubber (ENR) was prepared via in situ epoxidation
reaction to contain 50 mol% epoxide groups (ENR 50). The fraction of ENR 50 in the blends was
0, 3, 5, 7, and 10 parts per hundred of epoxy resin (phe) relative to the epoxy resin. Also, the
silica nanoparticle contents of epoxy composite was tested for 0, 1, 2, 3, 4, and 5 phe. The results
show that, the mechanical properties such as tensile strength, tear strength and impact strength of
nanocomposite increased when ENR 50 was added at 3 phe, while hardness properties tend to be
increased when nanosilica content was loaded. Hardness and tensile strength, especially at 3 phe
of nanosilica exhibited highest in impact strength about 45 % higher than the original one. The
mechanical properties corelated well with morphological properties analyst by scanning electron
microscope (SEM). Thus, we were selected the appropriated ratio composition of nanocomposite
(3 phe ENR 50 blending with 3 phe nanosilica) to infusion molding, in the process of making the
blade. The result shown that, the best nanocomposite formula use in the blade building process,

and give the higher properties than the epoxy original one, by increase impact strength in 31%

Keywords: Nanocomposite, Nanosilica, Epoxidized natural rubber, UAV propeller blade
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\O/ | | \Df
H H

n
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A umeweﬂmwuﬂsgmﬂunfﬂtymﬂemmgﬂuwy 3JIﬂi\iﬁ’iN‘ﬂNlﬂmmﬂﬁﬂdgﬂﬂ 2.4

0
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0
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O
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. R . . . .
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2.11.2 Spray-up
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Rotating mandrel
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2.11.4 Resin Transfer Molding
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2.11.5 Infusion
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2.12.1 Fourier Transform Infrared Spectroscopy (FTIR)
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2.12.2 Proton Nuclear Magnetic Resonance (‘'H-NMR) Spectroscopy
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2.12.3 Scanning Electron Microscope (SEM)
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2.12.4 Thermogravimetric Analysis (TGA)
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3.2.3 ONTWAVDINONIWANDNONTITTUNANLII ENR 50
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Aa adg vAa A
msuilsUSuraens (ENR  50) ludwendissuielsullseautinaganaued
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ad A = a P A [ 1a J 9
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M13199 3.2 0AT1AIUNANVDIDNONFITFULAZE1 ENR 50

qas U31a (phe*)
Epoxy resin 100 100 100 100 100
ENR 50 0 3 5 7 10
Hardenner 35 35 35 35 35

WU8LYA:* phe (part per hundred of epoxy resin)

3.2.3.1 A5mMsnannouINaNdNoNHISBUN VLI ENR 50
as adg a Y] ) o Aa 9 =y
AMINANDNDNIFUNEI ENR 50 i1 Tagiinaismiin laainmawsenlu
d’ 3 Ad' Y= 9 d‘ U [ d‘ 1 1 wad‘ 9 Qs’
A13199 3.2 NHauauduaaun laany 1iieaniladeneladenanoauaian laansuau

£ o =
‘ﬂ)’\‘lﬂ\lﬂi$ﬂ’3uﬂﬁuﬁﬂ\‘lﬂﬁzﬂ‘ﬂ 3.2
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3.2.4 ONSNAVDINDNINANDNONTITBUNANLII ENR 50 Hazinlugam
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PINNTANHIONTNAVOIDNONHITFUNNANEI ENR 50 INOH19AT1@8IUNA
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qas U310 (phe)
Epoxy resin 100 100 100 100 100
ENR 50 3 3 3 3 3
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Hardenner 35 35 35 35 35
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3.2.5 NagoUaNUMATING

3.2.5.1 NAFAUANTAANNMUMUITIAG
Y =< g < [ Y
msnadouaNuAumuuseauiumsnageun Ui wesiag Taold
Y

a { < o d A Qy @ ]
%uﬂﬂﬁauﬁﬁl%}tﬂugﬂﬂmuaa%uﬂI MUNINTIIU ASTM D 638 vU10¥UAIBYIN 50 x 3

aamuAsT NIAVEINNA (Gauge length, L,) 40 Hadwas ANuni1e 10 daawas Taanu

j=9)

Y Qy @ ' A Yo dy A Y o a gy .
ﬂ’muazmmwuwawumamaLwahﬂmamwmﬂwummimu (Cross sectional area, AO)

@ < = a A 1 A = = a A o Y =
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3.2.5.2 NATBUENTANNUMUMUABNIANNA
Y
FUADINUANEULAY B M1UNIATIIU ASTM D 624 A8 110 Hawas
Y AaAa Aa A Y o <3 = A A 1T A = =
N9 25 Bamasazul 2.2 Jaamas 15aiui11umsns 50 NadwasaoIunuazil Load

cell 10 D latin@au

3.2.5.3 NATBUANTAANNATUMUUIINTZUND
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m‘mﬂﬁaumms?ﬁummmﬂizgmmﬂuuuu Izod MMUUIAT31U ASTM D
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9 o [ d‘ d' d‘ 1 [ 4

1 v ]
256 ‘;I?\‘lflﬁl’lﬂﬂuﬁ”lﬁiﬂlﬁ’w\‘lﬁﬂ@umﬁ@uﬂPﬂuiﬁﬁ’JN‘IJ”I@TWJ@QL?]?@Qﬁﬂﬁ’ﬂﬂ!ﬁﬂﬂi%uﬂﬂ

U q
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9 [ 9
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Y
a I o
NaNUIFUNUTIUgUAIY Hyw 45 oaem

3.2.5.4 NAABUANUAN NNV
<3 to o Aa
NATOUANULAININNIATTIU ASTM D 2240 FUNAAOUNANHULHIUTIU
Qy 1 9 a a 9 a A o 1 A 9
ANMUNUIVITUNUDENTI0Y 6 Uaamuas lasazna PUszuna 30 3119 dred1anlanaasy
o 1 o ] qgj 1 VoA 9 9 A 9
Uszim 5-6 A10619 uazna@I9d19az 4-5 98 1niueIuAIN lannuiilnnies Tagld

A A s S < A I
msm@jmmai (Durometer) {UUYDT @ (Shore D) Lﬂumsmmﬁ@ummzm
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3.2.5.5 NATOUANNHUIMUY

] 3 wAa 1 a I~ a 4
ANUHULUNYIT s uautammzvesasuaazsiataztulsuan
[ d! 1 a =1 [ I~ a o [l o
VoNAINIAvIas Tunilaniielsuag imiadlun laniudognuianmung

FAIMINIANUNUILUNVDITAY HAAIAITUNT 3.1

D=— (3.1)
{ ] [ a 1Y 1 4
Tagi D Ao ANUHUILINYETAY (A TansuaegnuIAiuas)
A [ a [}
M AB WINTIVUBIIAG (ﬂTafmJ)

A a % J
V o ‘]Jiil']@'l'iiﬁﬂ‘l]@ﬂ’m@ (QﬂUWﬂﬂLNﬁﬁ)

a ¢y
3.2.5.6 M3UAILTHiNIEY FTIR
a 4 I
A13IAIIZH FTIR %30 Fourier transform infrared spectra measurements 1Wu
a d Y 1 a d o
I‘]J5LLﬂiN?Lﬂi1$1’iﬁﬂ‘]&lﬂ!$ﬂ1\uﬂﬁﬂl®\1G]’J’E]‘(’JN ﬂ?i’)!ﬂi1$'ﬂﬂ1jﬂﬂi"]§5} Perkin-Elmer spectrometer
Spectrum Two FTIR Spectrometer (FTIR, Spectrum Two, Perkin-Elmer, USA) Tulvina UATR
A @ @ ' ad ~ a ac ~ a ad ~ a
Mev e UanaTy IR @108190NONHITFY dNONFITFUNANE1 ENR 50 LazdNonHIsF
o aa A a2 3 v A A = -1
WNe Y13 ENR 50 ﬂuuﬂucﬁammmwmu Tﬂammagamﬂqmmanﬂau 400 943 4000 cm
£ q Yo & o a 1 e S Yo £ 4
m‘l%mmumﬁmmu 32 aseaodnAsy ANAZIDYA 2 cm ﬂﬁu&ﬁﬁTMTiﬂi%ﬂWﬂ’)ﬂ!‘ﬁTWNﬂ

Tdnsmlvesiinaree e ldgudumsinal §asewdangili 3.4
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ENR 50 UagdNonFIsFuUNane1d ENR 50 HUu1TUEAN 10 TUNATOUANNAIUNIUIG
Ao w 1 ] 1 A Y] A Y
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a o 9/:3 o 3 a 4 I A o 3 a o
LLUUW?JWGI,GKGU‘L!T]JGLUW@ UAV WUBVDNUNLHADN Fanyus WLy UNUW

q

a A

g v v a a a 4 1
Usznuddiudaniielvna o117 60 wuAwas 0319 25 wuamas A lusuunuiiigls

Y v
Tusia Taeldinaiia Infusion Tunsaugy dsgia 3.5

a a s a @
51]1’] 35 LLUUWNWLWaﬂNﬁﬂiUWﬂ UAV

U



32

3.2.7 msvugfluaeimaeulinuduasemaiin Infusion
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3.2.8 nagevanvnvasneulnannvugfluiia vav
3.2.8.1 NA@dUANTANINITZUNN (Impact strength)

E4
a o

MInagouANUNULIINTzunnMeldusanuInszi Faluanuideiine Izod
Qy I~ 1 = 1 dy o o
impact strength ¥4I LN WIPVINBYATINAN F08UINNLINT UG V vina
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3.2.8.2 NATDUANLANITINAID (Flexural strength)
Y
A a a I
ATINVLIATUNATOY 127x12.5%3 HaAWAT AIUUIATIIU ASTM D 790 1i]u
MINATDUANUATUNMUADNITAAIBUAZUDAAANITANIOAIBIAT09 Universal Testing
. Aq Yo < a A 1 ~ . 1 a a
Machine 11400351157 1.2 Haawasaoui (Shimadzu 14 Autograph AG-1 5K) szimadeaa
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MFIAANVUVIVDIDNONTHITFUNLMTIATULTIAedU oIz NnaaounY
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1 { I [ I~ { ] I
an ldvzgnulaaiumanuudsdinisedlu Barcol
4 z 2 ~a o
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% Qal
NANUFUII
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8. 111115 Vacuum dWon@is3ud 1a5unsUsuge wazasldudedniuman 24 42 Tuq
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Aa o 9 o 9 ] v ad = a = = [
WaﬂGlUWﬂmmﬂﬂm"liﬂmmTﬂEJGlGﬁEJN ENR 50 WaNsINNUaNenssyuleumeununis
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Y
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YWITINBIMAYNAUA FTIR ngWT]Jill'lmGU@QWHE]W@ﬂhlc]fﬂﬂ'lﬂlﬂﬂuﬂ ]H-NMR !L’L’fﬂ\iﬂ\‘iﬁ

a d kY ana U! d
PartI: ]!ﬂﬁ13“r‘iiﬂiﬂ%ﬁNﬂli’)x‘ifﬂx‘iﬁiﬁﬂ‘]ﬂﬂﬁﬂi’)ﬂ 5119

a d aa I3 a
4.1 'J!ﬂ513‘Viiﬂ5QET%I'IQﬂl@@ﬂ1\1ﬁ‘§‘§3~l‘]ﬂﬂ®7‘lﬂﬂl’l°ﬂﬂiﬂﬂ!ﬂﬂuﬂ FTIR

a s o Y a A A q ya s
ﬂﬁ’JLﬂﬂZWﬁLﬂﬂﬁ‘iiﬂlﬁNﬂN ENR 50 aamauatnIeod FTIR LW’Oi"]f’JLﬂiW’H

[ 1a J = ~ o a v A
ﬁ?ﬁﬂi&lﬂ!%!ﬂWRﬂl@ﬂﬁMﬁﬂW@ﬂul“Bﬂ TaolSouMeuadnasuueee19E5UIA Llﬁﬂﬂﬂﬂgﬂﬂ 4.1

ENR 50

837 =C-II
873 -C-0-C-  (gisl, 4)

(epoxide)

NR

1660 C=C streching

/4 ~. 1375

2960 C-H streching of CH3

2924 C-II streching of CI12 838 =C-I

C-H bending :
1446 C-11 bending of CII3 (cisl, 4)

I ) I I I I I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

519 4.1 a1AaSU FTIR 499819 ENR 50 LAZ8TITUA

U

9110317 4.1 U819 ENR 50 9z1)5inguyanenledasadinmia 873 cm’

& o o ' o 1A T [ a
(Suchat et al., 2014) Fuiludwmiwoumsaulnunlidsnglusaaivvessasssumna
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! a o o 1 J { o ]

Tuvagnennsssunarzlinguaumsduveaiuseaniuen (C=C bending) NAWHUUAY
A o4 g [ A @ 9 . ' ]

AAU 838 cm FuduanyuzNasany AT U0 cis-1,4-polyisoprene !,mthW‘]Jﬂﬁ‘]JﬁﬂQ

o Ao ] -1 = Y Y a 4
paUMIAUNR MU 873 em” Tuenesssuand Jesamnsoagllan lnssadsvesnediesves

Ada 1 1 I . a Y] 9 anad a [

eNFITNNANNHUIBERUTU cis-1,4-polyisoprene (NANTAANY T TuanaAI8ITONONFIATY
a a ado 1w 1Ta g aac J
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9

MnevuluenassTumALaze1a ENR 50 (Pithaksareetham ef al., 2018) LAAIAIAITINN 4.1

d' =) ~ ] -
139N 4.1 ﬂﬁlﬂiﬂﬂmﬂﬂﬁlﬂﬂﬂﬂ%uﬂlﬂﬂ NR ag ENR 50

Wavenumber (cm’)

Functional
NR ENR 50
C=C-H 838 837
-CH,, -CH, 1446, 1375 1449, 1375
Cc=C 1660 1588
-CH,, -CH, 2960, 2910, 2858 2962, 2924, 2858
C-O0 - 873, 1251

a d a
4.2 MTUATILHIATI9319Y99819 ENR 50 Menatin 'H-NMR
1 A A ~ 1 a S A d? Y
HAN15NAREY H-NMR Hona15a131U7 4.2 wudmgowen leainaaulna
{ o ] X g 1 = o

Integration value NAWKUN 2.70 ppm ﬁuﬂummwyj Epoxy proton lANuaeananInuNa FTIR

a 1a o Y a 1 Y Ay Y o
sazmsnlSinanydnen lya lagldmaia HNMR aunsonldannmi lannnmsdiuim
dy Aq ¥ v . Y aa <
Wun1an51952 1319 Vinyl proton 1ag Epoxy proton Melulaseaiieenssssumasnen lad

a o 1 . . { & ) ] { a
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o [l a o 1 [ {
Tilsmouassdumiangowon la (COC-H) n30i30n91 Epoxy proton Insaa3 190aaeaagi

{ o ] . . 1w <3| o I A a {
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Auniaiuseg luTnsaad1uanve9e1953589A (C=C-H) ¥30158n11 Vinyl proton A0AAADY



37

@ awv @ { @ oaj a 1a J
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Sy J
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T T T
5 4 3 2 1 ppm
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ab,c,d,e

Different superscripts in a column indicate statistically significant differences at 95%
confidence by Duncan’s method. Mean+SD: mean and standard deviation based on triplicate
samples.
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0 33.41+03° 215.90 £0.89°  78.50+0.54"  13.45+0.88"
1 39.43 +0.47" 225.00 £ 1.68"  78.60+0.03"  13.02+0.82°
2 38.85+0.14° 230.33+1.57°  79.80 £ 0.83" 15.16 + 0.45°
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a,b,cde,

" Different superscripts indicate statistically significant differences at 95% confidence by

Duncan’s method. Mean + SD: mean and standard deviation based on triplicate samples
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Abstract

Composites were made from epoxy resin and epoxidized natural rubber (ENR).
The aim of this research was to improve the impact properties of propellers in unmanned aircraft
by mixing epoxidized natural rubber with epoxy resin. The ENR was prepared via in situ
epoxidation reaction to contain 50 mol % epoxide groups (ENR 50). The fraction of ENR in the
blends was from 0 to 10 parts per hundred (phr) relative to the epoxy resin. The results show that
the impact strength of epoxy resin can be improved by blending in ENR 50. The optimal ENR
content of the composite was 3 phr. Also the tensile strength, Young’s modulus and hardness
decreased with the amount of ENR. The impact strength was improved to 18+0.9 kJ/m” with 3
phr of ENR, which is the decisive property for propeller applications. The mechanical properties
were assessed relative to morphology from scanning electron microscope (SEM) micrographs. It
was confirmed that crazing and microcrack formations in the matrix were the main factors
affecting fracture toughness. Epoxy resin blends with ENR 50 were tested in propeller blades.
The appropriate ENR content of UAV propellers molded with carbon fiber was tested. It was
found that the impact strength of this composite can improve the propeller impact strength in

UAV applications.

Keywords — UAV Propeller blade, composite, ENR 50, Impact Strength
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1. Introduction

When the UAVs (Unmanned Aerial Vehicles) are in flight operation, debris can impact the fast-
moving propeller blades and disable the UAV. Therefore, improving ductility of the blade to
obtain better impact resistance is desired. An UAV has several components, and the blades are a
vulnerable key component usually made from composites, typically with epoxy resins. They may
crack particularly during landing impact. The materials used in the composite are carbon fiber,
epoxy resins and hardener [1-2]. Nowadays, epoxy resins are used extensively because of their
excellent properties such as high modulus, low creep, and reasonable elevated temperature
performance [3-4]. Materials that have been added to epoxy solids to improve toughness include
hard particulate materials, such as inorganic glass particles [5-7], as well as elastomers and
thermoplastics [8-10], such as polybutadiene and butadiene acrylonitrile rubbers [11].
Hypothesizing that the best combination would be liquid rubber [12] with epoxy resin, studied the
mechanical properties of blends of diglycidyl ether of bisphenol-A based epoxy resin and
hydroxyl terminated, internally epoxidized polybutadiene rubber. Epoxidized rubber was used in
order to achieve better bonding between the rubber particles and the epoxy matrix phase. When
blends of ENR and maleate nitrile rubber were studied, they had better compatibility with the
resin and improved the toughness and impact resistance of the cured resin substantially.
Chuayjuljit was studied the effects of ENRs on mechanical and thermal properties across varied
rubber contents in the blends [13]. Epoxy resins have been widely used as coatings and matrices
in carbon fiber reinforced composites for UAV propeller applications, and also in a wide range of
other applications. When cured with hardeners epoxy resins become highly crosslinked, leading
to some desirable properties such as high glass transition temperature, high modulus, and
undesirable brittleness with low resistance to crack initiation and propagation [14-15]. To
improve the fracture toughness of epoxies, adding a rubber phase to commercially available
acrylonitrile butadiene copolymers with various functional terminal groups has been well
documented [11]. It was found that high molecular weight hyper-branched polymers were
effective in improving fracture toughness. ENR rubber particles with a soft material, such as
polysiloxane, have been well studied for improving the fracture toughness of brittle epoxies [16].
Fiber reinforced composites are used in twin blade propellers because of their high strength, in

low temperature applications. This current work is mainly focused on using ENR in a composite
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blade propeller to reduce the risks of tear and breakdown, to improve the
performance of blades, and to reduce their deflection.

Natural rubber (NR) from hevea brasiliensis trees, composed primarily of cis-
1,4-polyisoprene, is an important renewable resource in Thailand, with excellent physical
properties. Natural rubber composites have excellent property profiles, combining high stiffness,
strength and toughness. NR has been studies to reinforce epoxy resins and other polymers [12,
17].

The objective of this research is to improve the critical mechanical properties of
epoxy resin composites for use in unmanned aircraft by mixing in epoxidized natural rubber. In
an epoxy resin blend the ENR can improve the impact strength essential to UAV propeller

applications.

2. Materials and Methods
2.1 Materials
- Epoxy resin

The resin used was a Bisphenol-type epoxy resin (Epicholrohydrin—bisphenol A:
Epotec YD 535 LV, number average molecular weight < 700) purchased from Aditya Birla
Chemical Industry Co., Ltd., in Thailand.
- Hardener

The curing agent polyamide resin (TH 7255) was supplied by Siam Chemical
Industry Co., Ltd. in Thailand.
- Rubber

The epoxidized natural rubber was synthesized from natural rubber latex
obtained from Muang Mai Guthrie Co. Ltd., in Thailand. The ENR was prepared via in situ
epoxidation reaction to contain 50 mol % epoxide groups (ENR 50). ENR 50 can confirm with
the 'H-NMR tool. ENR 50 latex is commonly used in this research due to its relatively good
properties.

- Composite preparation
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The composites were prepared from epoxy resin with ENR 50 contents of 0, 3,
5, 7, and 10 phr (parts per hundred parts of epoxy resin by weight). Polyamide resin (TH 7255)
was used as the curing agent.

The compositions of the experimental blends are shown in Table 1.

Table 1 Compositions of the experimental of epoxy resin with ENR 50 blends.

Epoxy resin (g) ENR 50 (g) Curing agent (g)
100 0 35
100 3 35
100 5 35
100 7 35
100 10 35

The component mixture was stirred at 50 rpm under room temperature (30 "C)
for 10 minutes to mix the epoxy resin with ENR 50. The substance that causes coagulation
(Polyamide resin hardener; TH 7255) was added while continuously stirring for 5 minutes at the
same stirrer speed. Specimens were prepared by casting the mixture in rubber molds, and formed
into dough-moulding compounds (DMC) for application. The UAV propeller composites were
prepared from epoxy resin blend with ENR 50 contents of 0, 3, and 7 phr. The carbon fiber was
cutting into the contour (50x50 cm) 13 samples, and the UAV propeller procedure using the
infusion resin transfer moulding technique. The TH 7255 curing agent polyamide resin was used.
However, the UAV propeller specimens were preparation following the ASTM D256 and ASTM
D760.

2.2 Composite properties

The composite properties tested were tensile strength according to ASTM D638,
tear resistance according to ASTM D264, impact strength according to ASTM D256, Flexural test
according to ASTM D790 and hardness (shore D) according to ASTM D2240, across the
composite samples

2.2.1. Impact strength
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The Izod impact strength of the cured un-notched epoxy resin and ENR 50 was
measured at room temperature according to ASTM D256. The specimen dimensions were 63.5
mm x 12.7 mm x 3.0 mm’. The impact strength is reported in kJ/m’.
2.2.2 Tensile properties
Tensile properties of the cured test specimens were determined according to ASTM D638 using
Lloyd LR10K Universal Testing Machine equipped with 10 kN load cell with the test speed of 50
mm/min. Type I specimen size was used and the gauge length was set at 50 mm.
2.2.3 Morphology

Samples for scanning electron microscopy (SEM) were coated with thin
gold/palladium layer and examined in a SEM (Cambridge Stereoscan 200). The SEM inspection

was focused to the vicinity of a razor notch, which reflects the uniform failure mode.

2.3 Statistical Analyses
The data were subjected to analysis of variance. The Different superscripts in a
column indicate statistically significant differences at 95% confidence by Duncan’s method.

Mean+SD: mean and standard deviation based on triplicate samples.

3. Results and Discussion

The content of epoxide groups in NR after in situ epoxidation was estimated by
Fourier transform infrared spectroscopy, verifying the 50 mol% content. The product is here
labeled ENR 50 according to its content of epoxide groups, and was blended with epoxy resin at
various ratios. The blends were successfully cured in silicone casting molds. The cured specimens

appeared brownish silvery-yellow in color.

Part 1: Optimizing ENR 50 content in epoxy resin blend

The key mechanical properties at various ENR 50 contents in the epoxy resin
were determined: impact strength, hardness, tensile strength, elongation at break and tear strength.

These are shown in Table 2 and in Figures 1.
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Table 2: The mechanical properties of the ENR 50 content in epoxy resin composites.

ENR 50 Tensile strength Hardness Tear strength Impact strength
(2) (MPa) (ShoreD) (N/mm) (kJ/m’)

0 25.78+1.46° 82.50+0.50° 187.89+1.09° 11.200.48"

3 36.41+1.65° 78.60+0.54 " 243.90+0.89"° 18.51+0.88"

5 26.88+1.69" 77.70+0.67" 196.101.21" 16.38+0.49"

7 27.1241.10° 77.60+0.65" 144.13%0.66 12.6440.65°

10 23.70+1.12° 75.20+0.57° 140.11+1.28¢ 10.95+0.88"

ab.c,d.e

Different superscripts in a column indicate statistically significant differences at 95% confidence by
Duncan’s method. Mean+SD: mean and standard deviation based on triplicate samples.

From Table 2, the ENR 50 content in the blend had significant effects. The
amount of ENR 50 in the blend was 0, 3, 5, 7, or 10 parts per hundred parts of epoxy resin (phr).
It was found that the impact strength of epoxy resin could be improved by blending in ENR 50,
and was maximal at 3 phr ENR 50 content. Tensile strength and hardness decreased steadily with
the amount of rubber, and also tear strength decreased with ENR 50 contents exceeding 3 phr. In
addition, hardness of the blends was mostly below those of the epoxy resin. When the ENR 50
content was from 3 to 10 phr, the impact strength decreased which corresponds to the value
tensile strength in Table 2. This is due to the increased rubber content resulting in large
aggregation, the reduction of the contact surface area between the ENR and the epoxy resin (EP)
was reduced, resulting in a decrease in the bond strength between the phases. The downward
trend follows. Moreover when the amount of rubber increased bubbles observed in the specimens
during curing, as water was not completely removed from the latex. This improves the adhesion
of ENR 50 with the polar component of epoxy. However, at 3 phr of ENR 50, the amount of
epoxide groups was not enough to improve interfacial compatibility, while the rigid
characteristics of these epoxide groups increased brittleness of the structure. As the amount of
epoxide increased, impact strength decreased. In addition to rigid characteristics of epoxide
groups that increased brittleness, longer reaction times may also have shortened the rubber
molecular chains and also hardness of the epoxy is reduced. It is seen that the elongation at break
and tear strength of epoxy resin /ENR 50 blends were similar to or better than those of epoxy

resin (Table 2). As the amount of rubber in the blends increased, the tear strength decreased. In
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terms of the mechanical properties, the epoxy resin with 3 phr ENR 50 was in general the superior
case, so this dosing was used in experiments that followed.

The tear resistance as a measure of tear properties is shown in Table 2. The
pattern with ENR content is very similar to that seen in tensile strength. The tear resistance was
increased then decreased with ENR 50 loading. Nevertheless, in Figure 3 it is also appreciated
that 3 phr of ENR 50 loading improved the tear resistance from the epoxy resin baseline. In this
indicates compatibility of the rubber with epoxy resin for this case. Through, higher ENR 50
additions exceeding 3 phr, the tear resistance decreased because of larger rubber domains. Then
the rubber domain is too weak at epoxide rubber contents that are excessive (>5, 7, and 10 phr).
The impact strength

Figure 2 shows the impact strength with the optimal ENR 50 content in the
epoxy resin blend. The ENR 50 in epoxy resin could improve the impact strength markedly. The
globular rubber nodules contributed to this toughening effect. However, the amount of ENR 50 at
3 phr in epoxy resin which the impact strength and tensile strength were increasing. This is due to
the small particle size (Figure 2). The contact surface area between the ENR 50 at 3 phr and the

EP increases and the adhesion between the rubber phase in EP the matrix is higher.
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Figure 1. The impact strength at various ENR 50 contents in epoxy resin.

Morphology
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The morphology of epoxy resin with ENR 50 (0, 3, or 7 phr) was observed from

SEM images (Figure 2).

EP,Ophr EP/ENRS0,3phr EP/ENRS0,7phr

Part 2: Properties and forming the UAV propeller blades
The key mechanical properties for UAV propeller blades were determined:

impact strength, hardness, and tear strength. These are shown in Table 3 and in Figure 3.

From Table 3, when carbon fibers are used to fill epoxy resin the stiffness is not
significantly affected. Since rubber is highly flexible in the composite propellers, it improves both

impact and flexural strengths from the original.

Table 3: The mechanical properties of composite for UAV propellers.

Impact strength Hardness
ENR 50 (g) s Flexural strength (%)
(kJ/m") (barcol)
0 136.17+3.22° 572.83+4.93" 94.53+0.57"
3 142.28+2.47" 586.03+4.04" 94.00+1.10"
7 140.70+4.10" 577.31+5.42" 92.00+2.00"

** Different superscripts within a column indicate statistically significant differences at 95%
confidence by Duncan’s method. Mean+SD: mean and standard deviation based on triplicate

samples.

Application to UAV propeller blades

The composites from epoxy resin with ENR 50 had improved impact strength,
required in UAV propeller blade applications. The blends were successfully cured in silicone
casting molds. The cured specimens appeared brownish yellow in color, as shown in Figure 5.

Blended resin specimens had more cloudy appearance than the baseline epoxy resin. The baseline



82

UAYV propeller blades are carbon fiber filled in epoxy resin, and the addition of 3 phr ENR 50 in
the composite was established. The impact strength was improved, up from 136.17+3.22,
142.2842.47, and 140.70+4.10 kJ /m’ respectively, by the added ENR 50. It was found that, the

impact strength of this composite can improve the propeller impact strength in UAV applications.

(@)

(b)

(©

|

Figure 3. Top view of UAV blades prepared from the experimental composites:

(a) pure epoxy resin; (b) Epoxy resin with 3 phr ENR 50; (¢) Epoxy resin with 7 phr ENR 50

4. Conclusion

ENR 50 at 0, 3, 5, 7, or 10 phr was mixed into epoxy resin in the presence of an
amine curing agent, and the mechanical and physical properties as well as the fracture surface
morphologies were investigated. It was found that the impact strength was enhanced by 3 phr
ENR 50 content; it was improved to 18+0.9 kJ/mz, this is due to the compatibility between the
rubber particles with the epoxy matrix and small particle size from Figure 2, the contact surface
area between the ENR 50 at 3 phr and the epoxy resin was increases. The addition of rubber
particles to the epoxy might act as an impact modifier to absorb the impact loading and cause the
effective stress concentration behavior, which is the key property desired in propeller
applications. Tensile strength and hardness decreased steadily with the rubber content. The
baseline UAV propeller blades are carbon fiber filled epoxy resin, and the addition of 3 phr ENR
50 in the composite was tested. The impact strength was improved, up from 136.17+£3.22,

142.2842.47, and 140.70+4.10 kJ/m’ respectively, by the added ENR 50.
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Abstract: Thailand is among the globally significant producers of natural rubber, with about 35%
in 2558 share of the global production. Modified natural rubbers contain 50 mol % epoxide
groups (ENR 50) The ENR 50 rubber blocks were dissolved in tetrahydrofuran (THF) solvent to
4% concentration while stirring for 48 hours at 30°C by way of LENR 50. The blend was
compared to the baseline epoxy resin mixed with LENR 50 solution in testing for wind turbine
propeller blades. The LENR 50 contents tested were 0 to 10 phr (parts per hundred parts of epoxy
resin). The resin blends were measured for mechanical properties and morphology. The results
showed 3 phr as the optimal LENR 50 content in the composites, giving the highest impact and
tensile strengths. The morphology was assessed from SEM micrographs and associated with the
mechanical properties. These resin composites have improved mechanical properties vital in wind

turbine propeller applications.
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1. Introduction
Thailand can produce electricity from multiple energy sources including natural
gas, coal (Lignite), crude oil, and others alternative energy (wind power, solar energy, water
power, etc.). The main sources of power release greenhouse effect, so it is necessary to accelerate
the search for cleaner energy sources [1]. Wind power is a clean form of renewable energy source
at interestingly, because it is a direct energy from nature, which is environmentally friendly. The
main component in wind turbines generating electricity is the wind turbine blade. The material
used to make wind turbine blades must be lightweight, strong and highly flexible. Generally, the
wind turbine blades are made from fiberglass with epoxy resin. Such composite works well at
elevated temperatures and is more capable of bending at high temperatures than polyester [2].
However, the epoxy resin composites are brittle and not resistant to ultraviolet light, and they
thermoset [3]. However, when using epoxy resins blended with fiber glass, it also fracturing and
brittleness emerge especially at high temperatures under high stresses. The wind turbine blade use
for generates electricity. The turbine blades also get corroded by the friction dust in the airflow.
For this reason, to improve the blades, composites have been made of epoxy resin mixed with
epoxidized natural rubber (ENR). When used with reinforcement fibers, this mix gives good
adhesion, reduces stress, low corrosion, low fracture tendency and is not fragile [4-5].Natural
rubber addition can improve epoxy resins. The use of liquid epoxidized natural rubber with 50
mole percent level of epoxidation (LENR 50) is a good choice for improving the impact
resistance of epoxy resin.in a solvent has been demonstrated to improve the mechanical properties
[6-8].The rubber serves as a toughening agent when dispersed in a matrix of epoxy to improve the
toughness of cured epoxy.
Therefore, the objective of this research was to use rubber solvents in improving the
mechanical properties on epoxy resin composites with LENR 50, for use in wind turbine

propellers.
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2. Materials& methods

2.1 The Bisphenol-type epoxy resin (Epicholrohydrin—bisphenol A: Epotec YD 535 LV),
the curing agent polyamide resin (TH 7255) were supplied from Neotech Composite Co., Ltd.,
Thailand.

2.2 LENR preparation: The epoxidized natural rubber block were cut into small pieces and
was dissolved to 4% concentration in tetrahydrofuran (THF) solvent, stirring for 48 hours at room
temperature. ENR 50 was obtained from Muang Mai Guthrie Co., Ltd. in Thailand, and THF
from Chemical Supplies and Laboratory Co., Ltd.

2.3 Composite preparation: The epoxy resin (100 phr) was mixed with various LENR 50
contents (0, 3, 5, 7, and 10 phr), and with the curing agent polyamide resin (TH 7253) (35 phr).
The mixture was stirred at 50 rpm under room temperature (30 °C) for 10 minutes to mix the
epoxy resin with LENR 50, then for 5 minutes with the polyamine hardener at the same stirrer
speed. Specimens were prepared by casting the mixture in rubber molds.

2.4 The mechanical properties measurement

-Izod impact strength of the cured epoxy resin with LENR 50 was measured at room
temperature according to ASTM D256. The specimen dimensions were 63.5 x 12.7 x 3.0 mm’.

- The hardness (shore D) was tested according to ASTM D2240. The specimens used
were referred to 8 specimen test interchangeably, shall be at least 6.0 mm in thickness.

2.5 Morphology: Samples for scanning electron microscopy (SEM) were coated with thin

gold/palladium layer before SEM imaging (Cambridge Stereos can 200).

3. Results and discussion
3.1 Preparation of LENR 50solution

The solvents shown in Table 1 were used LENR 50 solution preparation.
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Chemical Density Solubility parameter of Boiling
Component - o
structure (gem ) Solvent (MPa) point (°C)
Tetrahydrofuran CO 0.89 18.5 66
Toluene O 0.87 18.2 110.6
H
Chloroform oS 1.49 18.7 61.2
Cl
o
Acetone 0.79 19.7 56
H3C CH3
ol oS
Turpentine °$ ° 0.87 16.6 154-170
rC)
* Solubility parameter of ENR 50 : 18.2 (MPa)'”

Thedissolving ability of solvents

Fig.1 LENR 50dissolvingin five types of solvents

Fig. 1 shows the LENR 50 in five solvents after 12 hours at room temperature

(30 °C). It was found that chloroform, acetone, and there turpentine had poorer ability to dissolve

rubber than THF Both THF and toluene clearly provided homogeneous solutions. This might be

due to the chemical structures: oxiranrings in LENR 50 interacted with polar THF. THF was

selected for this study because of its low boiling point, so this solvent can be evaporated at room

temperature.


https://www.google.co.th/search?client=firefox-b&dcr=0&q=toluene+boiling+point&stick=H4sIAAAAAAAAAOPgE-LQz9U3MM82i9fSzU620k_OSM3NLC4pqoSwkhNz4pPzcwvyS_NSrJLyM3My89IVCvIz80oAdfizsTsAAAA&sa=X&ved=0ahUKEwiKkuaTusTWAhXIso8KHVryCdMQ6BMIvQEoADAU&biw=1366&bih=649
https://www.google.co.th/search?client=firefox-b&dcr=0&q=toluene+boiling+point&stick=H4sIAAAAAAAAAOPgE-LQz9U3MM82i9fSzU620k_OSM3NLC4pqoSwkhNz4pPzcwvyS_NSrJLyM3My89IVCvIz80oAdfizsTsAAAA&sa=X&ved=0ahUKEwiKkuaTusTWAhXIso8KHVryCdMQ6BMIvQEoADAU&biw=1366&bih=649
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3.2 Epoxy resin/LENR 50 composite

3.2.1The mechanical properties

The mechanical properties was measured the hardness and impact resistance of epoxy resin
blended with LENR 50 using 0, 3, 5, 7 and 10 phr of LENR 50.
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Fig2The impact strength at various LENR 50 contents in epoxy resin

In Fig.2 above represent the hardness and impact resistance of EP/LENR 50
films with 0, 3, 5, 7 and 10 phr of LENR 50 are shown. The specimen with 3 phr LENR 50
exhibited superior impact resistance properties. This composite had better dispersion and smaller
rubber particles than the other cases, as seen in Fig. 3. The rubber particles might act as impact
modifiers that absorb the impact loading. The dispersion of LENR 50 worsened with further
increased LENR 50 content. The high loading with LENR 50 tended to from large rubber
domains reducing interactions with the matrix phase and forming weak points in the EP matrix.
On the other hand, the hardness tended to decrease with LENR 50 loading. This is because
smoother surface of the specimen was obtained with larger amounts of flexible LENR 50.
3.4 Morphology

The morphology of epoxy resin with LENR 50 (0, 3, or 7 phr) from SEM images

(Fig.3)
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Epoxy resin

Fig.3SEM micrographs of epoxy resin with various LENR 50 contents (0, 3 or 7 phr)

Fig. 3 showing the morphologies of epoxy resin blended with 3 phr LENR 50
composites, and various amounts of 3 and 7 phr are controlled with the pure epoxy resin. The
interfacial interactions of epoxy resin blended are improved in the case of LENR 50. Scanning
electron microscope micrographs of the fracture surfaces suggest that the toughening of epoxy
resin composite was induced by the LENR 50 globular nodules attached to the epoxy matrix,
improving the impact strength from the rubber and epoxy resin interfacial interactions are
improved. SEM micrographs show that as the amount of epoxide groups increased, the interfacial
adhesion between rubber and epoxy resin improved. EP blended with LENR 50, was presumably
due to stronger interfacial bonding between the two as well as shorter rubber molecular chains.
Consequently, good distribution of small globular nodules was achieved, though, the rigidity of

epoxide groups caused low strain crystallization in the LENR 50.

3.5 Application to wind turbine propeller blades

The composites from epoxy resin with LENR 50 had improved impact strength,
required in wind turbine propeller blades. The blends were successfully cured in casting molds.
The cured specimens appeared brownish yellow in color (Fig.4). Resin blended specimens had
more cloudy appearance than the baseline epoxy resin. The baseline wind turbine propeller blades
have fiber filler in epoxy resin, and 3 phr LENR in the composite was tested. The impact strength
was improved up from 5+0.18, 8.5+0.46and 6.8+0.27k]J /m’ by added LENR at 0, 3and 7 phr,

respectively. These composites have improved mechanical properties vital in wind applications
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Stator

Fig.4Top view of the wind turbine propeller prepared for experimental testing

4. Conclusion

Liquid epoxidized natural rubber with 50 mole percent level of epoxidation
(LENR 50) is a good choice for improving the impact resistance of epoxy resin. Addition of
LENR 50 at 3 phr level gave optimum results for both bending and impact properties due to good
dispersion in the epoxy matrix,while loading levels 5, 7 and 10 phr gave worse dispersion and

poorer properties.
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ABSTRACT

The epoxidized natural rubber (ENR) was prepared via in sifu epoxidation
reaction to contain 50 mol % epoxide groups (ENR 50). The fraction of ENR in the blends was 2-
10 parts per hundred relative to the epoxy resin (phr). Also the silica nanoparticle content of
epoxy resin was tested for 1-5 % by weight. The results show that the impact strength of epoxy
resin can be improved by blending in ENR mixed with nanosilica, relative to the baseline Epoxy
and Epoxy resin mixed with epoxide. The optimal ENR 50 content of the composite was 3 phr.
Also the impact and tensile strength of the nanocomposite containing 3% nanosilica were
improved. In addition, the tear strength of the nanocomposite slightly decreased with the addition
of nanofillers. The mechanical properties were assessed relative to morphology from SEM
micrographs. In epoxy resin blends with ENR 50, nanosilica can improve the impact strength
required in UAV propeller applications.
KEYWORDS: unmanned aerial vehicles, propeller blade, eco-nanocomposites, epoxidized

natural rubber, nanosilica

1. INTRODUCTION
The high performance blades of unmanned aerial vehicles (UAV) are
increasingly made from carbon fiber reinforced polymers (CRFP). During flight operation, debris

can impact the fast moving blades and disable the UAV. Therefore, improving ductility of the
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blade to obtain better impact resistance is desirable, and this might be accomplished by changes in
design or manufacture of UAV technology. The UAV has several components, with the blades a
vulnerable key component usually made from composites, typically with epoxy resins. They may
crack particularly during landing impact. The materials used in the composite are carbon fiber,
epoxy resins, and hardener. The propellers can be made of a polymer that satisfies the mechanical
requirements. When nylon 6 hybrid polymer was added to the other raw materials, this improved
the mechanical properties in the propeller, reducing also the weight of the propeller due to high
strength per weight.[l] A composite material is a heterogeneous combination of two or more
materials differing in form or composition on a macro scale. The reinforcing material can be, for
example, carbon fibers or polymers, and is embedded in the other materials forming a continuous
matrix phase. The composite propeller blades perform better than wooden blades. To reduce
deflection, stiff blade materials can be used inside the composite propeller blades.”

Nowadays, epoxy resins are used extensively because of their excellent
properties, such as: high modulus, low creep, and reasonable elevated temperature performance.
However, they easily fail under impact force.”™ Materials that have been added to epoxy for

improve toughness include hard particulate materials such as inorganic glass particles,[s]

thermoplastics materials and elastomers materials,[6] butadiene acrylonitrile rubbers materials. [7]
This has given substantial toughness improvements without significantly affecting supplementary
important properties. As epoxies are viscous liquids, their handling and forming is relatively easy.
Therefore, the best combination would be the addition of a liquid rubber to the epoxy resin
according,[g] who studied the mechanical properties of blends of diglycidyl ether of bisphenol-A
based epoxy resin and hydroxyl terminated, internally epoxidized polybutadiene rubber.
Epoxidized natural rubber was used in order to achieve better bonding between the rubber
particles and the epoxy matrix.” When blends of ENR and maleates of nitrile rubber were
studied, these had better compatibility with the resin and improved the toughness and impact
resistance of the resin substantially.[m] The effects of ENR on mechanical and thermal properties
across varied rubber contents in the blends. Epoxy resins are used as the matrix in many polymer-
matrix composites.[”] They are used in fiber-reinforced polymer composites for various aerospace

applications, wind blades and among others. It is known that the tensile stress and yield stress of a

polymer are time dependent. Therefore, the fracture behavior and failure mechanisms of epoxy
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resin are contingent on the loading rate, which depends on the engineering application. Even less
work has been devoted to the fracture behavior and mechanisms of pure epoxy resin, which is
fundamental to understanding the reliability of epoxy resin-matrix composites.

The vulcanizates prepared with amine (hardener) products showed unexpected
deformation capacity. Tear strength and impact strength zone striations were present on fracture
surfaces in such epoxy rich composites. Problems can be caused by stresses in a composite
propeller even when, based on static analysis, they are within the allowable stress limits. The
main development targets for these composites are improved impact strength and reduced cost.
This current work is mainly focused on using natural rubber in a composite blade propeller to
reduce risks of tear and breakdown, to improve the performance of blades, and to reduce their
deflection.”

Epoxy resins have been widely used as coatings and matrices in carbon fiber
reinforced composites for UAV propeller applications, and also in a wide range of other
applications.[g] When cured with hardeners, epoxy resins are highly crosslinked, leading to some
desirable properties such as high glass transition temperature and high modulus; and to
undesirable brittleness with low resistance to crack initiation and propagation.m-m To improve
the fracture toughness of epoxies, adding a rubber phase, such as commercially available
butadiene-acrylonitrile copolymers with various functional terminal groups, has been well
documented.” The volume fraction of the toughening rubber phase varies from 5 to 20%.
However, the added rubber phase increases the viscosity of the epoxy resin mixture, and reduces
the crosslink density, modulus, and tensile strength dramatically.[lo] High performance
thermoplastic engineering polymers have also been used as toughening agents for aromatic epoxy
resins. It was found that higher molecular weight hyper-branched polymers were effective in
improving fracture toughness. ENR rubber particles with a soft material, such as polysiloxane,
have been well studied for the improvement of fracture toughness of brittle epoxies,m_]s] and the
glass transition temperature remained almost unchanged. Fiber reinforced composites are used in
twin blade propellers because of their high strength in low temperature applications. The fibers
must be oriented in the loading direction in the design of a composite propeller blade of fiber

. . . .9
reinforced plastics and epoxy resin materials.
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Natural rubber (NR) crop from Hevea brasiliensis trees, composed primarily of
cis-1,4-polyisoprene, is an important renewable resource in Thailand with excellent physical
properties. Natural rubber composites have excellent property profiles, combining high stiffness,
strength and toughness. Nanoparticles were applied in several studies to reinforce epoxy resins
and other polymers. Considerable research has been performed on the incorporation of low and
high aspect ratio nanofillers, and these have already demonstrated their ability to improve the
toughness of polymers.m Still, high material costs, complex processes and limitations in
production technology hamper production and application of these composites on a large
industrial scale. Specifically, there are still difficulties to disperse the nanoparticles
homogeneously in the matrix.

Filler has been widely used to create high-performance or high-function
materials over the last few decades. Silicon alkoxide and silica can be used in sol-gel processes to
synthesize organic/ inorganic composites.m'lg] Silica has also been successfully used to control
the theology of organic/inorganic hybrids, according to research focused on storage modulus,[lg]
shear thickening or thinning, thixotropy, and yield point.m] Additionally, silica particles can be
used to reinforce polymer matrices to reduce shrinkage on curing, and to decrease thermal
expansion coefficient.”"’ Furthermore, surface modified silica nanoparticles have been blended in
resins to improve fracture toughness,m] In general, the relatively high loadings of nanosilica have
reached up to 25 vol%.”"! Nanosilica particles formed in situ through sol-gel reactions showed
good dispersion and particle size distribution in an epoxy resin system.[24] There are also reports
on improved fracture toughness of epoxies by simultaneous addition of both hard nanosilica
particles and soft rubber phase. It was found the nanosilica particles and micro-sized rubber
particles showed synergies in improving the fracture toughness of the epoxy resins, when the
nanoparticle concentration was low. On using silica based nanoparticles with hard silica and soft
rubber as toughening agents for epoxy, low loading of such nanoparticles will not increase the
viscosity much, while the mechanical properties are enhanced significantly.

Colloidal nanosilica has extremely high specific surface, which makes it ideal
for a wide variety of applications in dispersions, coatings, ceramics, cosmetics, biosensors,

colorants and abrasion-resistant polymers. A large number of studies have dealt with colloidal
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silica (silica nanoparticles have diameters ranging from 7 to 22 nm) for a variety of purposes and

applications.[zs] However, a major challenge in working with colloidal silica is

the characterization of the suspension properties, particularly the nanoparticle concentration.
Numerous means have been used to directly or indirectly determine the size, shape, charge and/or
concentration of colloidal particles.

The objective of this research is to improve the critical mechanical properties of
eco-nanocomposite from epoxy resin blend with ENR 50 and nanosilica, for use in UAV
propeller applications. An eco-nanocomposite can provide improved impact strength required by
unmanned aircraft, together with benefits in economy and environmental friendliness from using

natural rubber crop as renewable material.

2. EXPERIMENTAL
2.1 Materials
Natural rubber (ENR 50)

The liquid epoxide natural rubber was synthesized from natural rubber latex,
obtained from Muang Mai Guthrie Co., Ltd. in Thailand. The ENR was prepared via in situ
epoxidation to 50 mol % epoxide content (ENR 50). The ENR 50 is commonly used in the
industry due to its relatively good properties.

Epoxy resin

The epoxy resin used was a Bisphenol-type epoxy resin (Epicholrohydrin—
bisphenol A: Epotec YD 535 LV, number average molecular weight less than 700 g/mol)
purchased from Aditya Birla Chemical Industry Co., Ltd., in Thailand.

Curing agent, Hardener (TH 7255)

The curing agent hardener (polyamine resin) was supplied by Siam Chemical

Industry Co., Ltd., in Thailand.
Carbon fiber
Composed of at least 90 percent carbon, the carbon fibers have diameters from

about 0.005 to 0.10 mm, and bulk density 1.7 (g/cmS), purchased from Neotech Composite Co.,
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Ltd., in Thailand. Carbon fibers have high abrasion resistant, tensile strength in the perpendicular

direction and impact resistance.

Filler (Nanosilica)

Nanoscale silica particles were synthesized and silica phase consists of surface-
modified SiO, nanospheres with a defined size of 20 nm suspended into the H,O with 40 wt%.
Weight average molecular weight (Mw) of the nanosilica was 60.08 g/mol and specific surface
area was 135 mz/g. The commercial product of Sigma-Aldrich (Nanopox E470, 40 wt% SiO,,

Bossofticl. Ltd).

2.2 Sample preparation
Epoxidized natural rubber (ENR)
Preparation and characterization of epoxidized natural rubber with about 50
mol% epoxidation was successfully prepared via in situ performic acid epoxidation from 60%
DRC (dry rubber content) concentrated natural rubber latex (HA: high ammonia preservative)
with, using 0.5 M hydrogen peroxide (H,0,), polyalcohol ethyleneoxide condensate (Terric 16A-
16) and 0.75 M reagent-grade formic acid (HCOOH). The reaction was allowed to proceed at
50°C for 8 hours.””
Eco-nanocomposite sample preparation for characterization
The composites were prepared with epoxy resin as the main material, with other
contents referred to its 100 phr (part per hundred of epoxy resin). In prior work an ENR 50
content of 3 phr was established, as this ratio provided superior properties.[g] The nanosilica
contents tested were 0, 1, 3 and up to 5 phr, for optimal content in the eco-nanocomposite.
Polyamine resin (TH 7255) was used as the curing agent.
The eco-nanocomposite compositions had epoxy resin (100 phr), ENR 50 (3
phr), polyamine resin (35 phr) and nanosilica contents up to 5 phr. The component mixture was
stirred at 50 rpm at room temperature (30°C) for 10 minutes to mix the epoxy resin with ENR 50

and nanosilica. The substance that causes coagulation polyamine resin was added while
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continuously stirring for 5 minutes at the same stirrer speed. Specimens were prepared by casting
the mixture in rubber molds and formed into dough-moulding compounds (DMC) for further use.
UAY propeller building

The mold UAV propeller sizes were had length 60 cm width 25 cm, and
thickness 4 cm was prepared from epoxy resin with ENR 50 and nanosilica. The component
mixture was stirred at 50 rpm at room temperature (30°C) for 10 minutes to mix the epoxy resin
with ENR 50 and nanosilica. The substance that causes coagulation polyamine resin (TH 7255)
was added while continuously stirring for 5 minutes at the same stirrer speed. Specimens were
prepared by casting the mixture in rubber molds and formed into dough-moulding compounds
(DMC) for application. The UAV propeller composites were prepared from epoxy resin blend
with ENR 50 at nanosilica contents of 1, 2, 3 and 4 phr and compared to baseline without
nanosilica. The carbon fiber composites were cut to test pieces (40x40 mm) for 13 trials and the
UAV propeller preparation used the infusion transfer moulding technique.[%] The polyamine resin
(TH 7255) curing agent polyamine resin was used.
2.3 Characterization

The characterization of eco-nanocomposite samples from epoxy resin blended
with ENR 50 and nanosilica with and without carbon fiber was done as follows.
2.3.1 Fourier transform infrared spectroscopy (FT-IR) analysis

Approximately 15 mg of composite sample was used for FT-IR analysis. Fourier
transform infrared spectra were recorded using a Vertex 70, (Bruker, Karlsruhe, Germany), which
was equipped with a germanium ATR crystal probe and allows direct recording of the spectra
from ENR composite samples without sample preparation. The recorded spectra were averages of
32 scans over the wave number range 4000-400 cm ' at4 cm resolution. A background scan of
the clean diamond was recorded before scanning the samples. The prepared ENR cases were
characterized for their mol % epoxidation calculated from equation 1, using the characteristic FT-

IR peaks in the spectra of epoxide groups (A, ) and the spectra of natural rubber structure (A

ENR NR)
[27]

(=C-H) .

Mol % epoxidation = [A_, /(A

ENR'

+ Ag)] x 100 (Eq. 1)

ENR

2.3.2 Nuclear magnetic resonance (NMR) analysis
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Approximately 50 mg of the ENR sample was dissolved in CDCI, and analyzed
for one-dimensional H-NMR at 400 MHz using a Bruker DPX 300 Fourier transform NMR
spectrometer operating at 300 MHz (Bruker, Rheinstetten, Germany). The protons of the double
bonds in the natural rubber structure (INR) were assessed. Therefore, the epoxide content was

obtained from the change in the bonding of the double bonds in the rubber with epoxide (I,\y).

The prepared ENR were characterized for their mol % epoxidation according to equation 2, using
the 'H-NMR characteristics.”""
Mol % epoxidation = [I,, /(I + L)1 % 100 (Eq.2)

2.4 Mechanical properties of eco-nanocoposite

The mechanical properties of eco-nanocoposites (blend of epoxy resin with ENR
50 and nanosilica) were determined. The impact strength was measured according to ASTM
D256, tensile strength according to ASTM D638, flexural strength according to ASTM D790,
tear strength according to ASTM D264 and hardness (shore D) according to ASTM D2240.
2.4.1 Impact strength

The Izod impact strength of the cured un-notched epoxy resin and eco-
nanocomposites with ENR and nanosilica was measured at room temperature according to ASTM
D256. The specimen dimensions were 63.5 mm x 12.7 mm x 3.0 mm’.
2.4.2 Tensile strength

The tensile test was performed according to ASTM D638. Testing machine
equipped with 10 kN load cell had extension speed of 50 mm/min. Type I specimens with 50 mm
x 3 mm in working and gauge lengths were used.
2.4.3 Flexural strength

This was determined per ASTM D790 for all samples with a recommended span
to depth ratio of 16 : 1. The size of the specimen was length 127 mm, width 12.5 mm, and
thickness 3 mm’. The flexural test was conducted on the same machine with feed rate of 1.2
mm/min.
2.4.4 Tear strength

The tear strength test was done according to ASTM D264. Testing machine was

equipped with 10 kN load cell had extension speed was 50 mm/min. Die B: a tear specimen in
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dumbbell shape, had length 110 mm, width 25 mm, and thickness 2.2 mm in the working and the

gauge lengths were used.

2.4.5 Hardness

The hardness (shore D) was tested according to ASTM D2240. The specimen,
herein referred to 8 specimen test interchangeably, shall be at least 6.0 mm in thickness were
used. The hardness (Barcol) was tested according to ASTM D2538 for the eco-nanocomposite.

The specimens shall be at least 1.5 mm thick and a minimum distance of 3 mm in any direction.

2.5 Morphology

Scanning electron microscopy (SEM) samples were coated with thin
gold/palladium layer and examined in a SEM Cambridge Stereoscan 200 (FEI-Quanta 400, Jeol
Ltd., Tokyo, Japan). SEM inspection was focused in the vicinity of a razor notch, which reflects

the uniform failure mode. One objective was to assess the phase compatibility in the composites.

2.6 Thermal properties

Thermal properties were tested by thermogravimetric analysis (TGA) (STA
6000, Perkin Elmer Inc., Norwalk, Connecticut, USA). A sample of approximately 20 mg was
placed in a ceramic pan and then heated with a heating rate of 20°C/min, across the temperature
range from 30°C to 1,000°C, under nitrogen atmosphere. The results show thermal characteristics

and are related to aging.

2.7 Statistical analyses
The statistical analyses were performed using Duncan’s test at 95% confidence

level. ANOVA was used to assess significance of effects on the mechanical properties.

3. RESULTS AND DISCUSSION
3.1 Eco-nanocomposite characteristics

The characteristics of eco-nanocomposite components are summarized in Table 1.
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Chemical Density
Component - Function
structure (gem )
Backbone
Natural Rubber (NR) (CHy), 0.98
(secondary component)
Epoxidized NR (ENR Modification natural rubber
(CH0), 0.93
50) (secondary component)
Epoxy resin (C,,H,0,), 1.15 Primary component
crosslinking agent
Polyamine (CH;)N,), 1.20
(hardener)
Filler (nanoparticle,
Nanosilica (Si0,), 1.28-1.30

reinforcing filler)

3.1.1 Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FT-IR) was used to determine the

epoxide content in ENR (Figure 1 and Table 2), from the FT-IR spectra of representative NR and

ENR samples
| 2858
{2924
2962
T Y— * - AN
o~ N Y}
S [ Lf/M 091 188 pfv\hgl
{ 1660 f 1043 { 568
1016
Nﬂ 1375 |
2852 838
20602910 1446
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Wave number (cm_l)

FIGURE 1 The FT-IR spectra of NR and a representative ENR 50

TABLE 2 Comparing the FT-IR spectra of NR and ENR 50
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Functional NR ENR 50
C=C-H 838 837
-CH,, -CH, 1446, 1375 1449, 1375
Cc=C 1660 1588

-CH,, -CH, 2960, 2910, 2858 2962, 2924, 2858

C-O - 873, 1251

The prepared ENR was characterized for its epoxidation (in mol %) using FT-
IR. The characteristic peaks of NR (Figure 1) appeared at 2858, 1660, 1446, 1375 and 838 cm—l,
and were assigned to the C-H stretching, C=C stretching, CH,- deformation, C-H deformation of
CH, and =C-H deformation, respectively.m] As the C=C bonds in NR molecules were randomly
converted into epoxide groups, new characteristic peaks emerged at 1251 and 873 cm’ in the
spectrum of ENR, attributed to the symmetric and asymmetric stretching of epoxide ring,
respectively (Figure 1). Therefore, as the mol % epoxidation increased, the peak at 873 cm’
increased correspondingly, and the reduction in the number of C=C in ENR was reflected by
decreased peaks at 1660 and 838 cm . This confirmed the formation of epoxide rings from the
reaction with performic acid (generated in situ by reacting HCOOH and H,0,) of the C=C bonds
on the NR backbones. The calculated mol % epoxidation in the prepared ENR was obtained from
the characteristic FT-IR peaks (A) at 873 and 837 cm’ according to Eq.1.

Mol % epoxidation = [A,,/(A,,, + Ag;,)] x 100 (Eq. 1)

The mol % epoxidation of ENR was approximately 50 mol % It is known that,
the ENR 50 with 50 mol % epoxidation usually has higher strain crystallization, resilience, and
elasticity, but lower oil resistance than ENR with higher mol % epoxidation.[zg] Therefore, to
balance these properties, ENR with medium mol % epoxidation (50 mol %) was prepared by
using 0.5 M H,O, and 0.75 M HCOOH in the latex stage. Accordingly, this ENR was labelled
ENR 50 as in prior work.

3.1.2 Nuclear magnetic resonance analysis
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One-dimensional nuclear magnetic resonance (NMR) analysis was performed to
determine the chemical characteristics of the synthesized material. The "H-NMR spectrum of NR
using CDCI, as the solvent was consistent with ENR 50 (Figures 2.(a) NR and (b) ENR 50).1H—
NMR of NR showed three main peaks at 5.26, 2.06 and 1.68 ppm, which are characteristic of
olefinic protons (HC-), methylene protons (-CH,-) and methyl protons (-CH,), respectively
(Figure 2.a). '"H-NMR of ENR clearly showed four significant peaks at chemical shifts that are
consistent with cis-1, 4-polyisoprene. These peaks at 5.14, 2.70, 2.05, 1.70 and 1.30 ppm are
characteristic of olefinic protons, methine proton, methylene protons of the ENR 50, methyl
protons and methyl protons of the purified ENR 50, respectively (Figure 2.b). These NMR results
are in agreement with those previously reported for NR and ENR 50. B

The double bonds of natural rubber were partly replaced by epoxide. The
chemical shift at about 2.70 ppm is caused by proton removal from the epoxide groupm], while
the shift at 5.14 ppm reflects bonding of the protons in the double bond, in the original structure
of natural rubber indicating that the epoxide mass had been increased. Therefore, the amount of
epoxide content was estimated from the change in the double bonds of rubber (I

5.14) converted to

epoxide (I, ,,) (Figure 2).

2.70
Mol % epoxidation = [, /(I, ,;+ I, )] * 100 (Eq.2)
Equation 2 gave and epoxide content estimate of 50.49 mol % in the prepared ENR 50, in good

agreement with the estimate from FT-IR.
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FIGURE 2 The 'H-NMR to determine the chemical characteristics of (a) NR and (b) ENR 50
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3.2 Optimizing ENR 50 content in the composite

To optimize the ENR 50 content in epoxy resin blends were tested with 3, 5, 7,
and 10 phr including the baseline without ENR 50. The results show, the mechanical properties of
epoxy resin blends with ENR 50 degraded with more than 3 phr ENR 50.
The ENR 50 content in the composite had significant effects. Also impact strength and fracture
toughness of epoxy with added rubber phase were tested. It was found that, the impact strength
could be improved by blending in ENR 50 and it was maximal at 3 phr ENR 50 content.
However, tensile strength, tear strength, and hardness decreased steadily with rubber contents
beyond 3 phr, suggesting reduced molecular mobility. In addition, hardness of the blends was
commonly below that of the original epoxy resin composite as shown in Figures 3(a), and 3(b)
Figures High impact strength is the main property required in a UAV propeller. Therefore further

experiments in this study had the fixed 3 phr ENR 50 content.
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FIGURE 3 The mechanical properties of epoxy resin blend with ENR 50

Impact strength and hardness and (b) Tensile strength and tear strength

3.3 Optimizing the amount of nanosilica in the eco-nanocomposite

3.3.1 The nanosilica loading
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To optimize the amount of nanosilica in the eco-nanocomposite with 3 phr ENR

50 (100 phr epoxy resin), several alternative (nanosilica loading 0-5 phr) contents of 40%

nanosilica were used in the blends. The mechanical properties of eco-nanocomposites.

TABLE 3 The mechanical properties of eco-nanocomposites

Tensile Tear Impact
Hardness Density
Nanosilica (phr) Strength Strength Strength ,
(Shore D) , (g/em’)
(MPa) (N/mm) (kJ/m")
) 233.90 + 78.50 + .
0 27.45+0.34° . , 11.45+0.88 ,
0.89 0.54 0.98 +£0.01
225.00 = 78.60 + . .
1 40.43 +0.47° . . 10.02+0.82° 1.02+0.02
1.68 0.03
, 210.33 £ 79.80 + ; .
2 33.85+0.14 . . 15.16 £ 0.45 1.05£0.01
1.57 0.83
. 185.67 £ 80.10 = . .
3 30.50 £0.94 ; . 20.58 +1.03 1.09 £ 0.02
1.86 0.71
J 15415+ 81.00 = . .
4 28.43 £0.92 . . 14.25+1.18 1.11 £0.02
1.87 0.53
. 137.85+ 81.40 = . .
5 27.57+0.92 _ . 9.50+1.06 1.14 £0.01
0.80’ 0.49

The mechanical properties assessed were impact strength, tensile strength, tear

strength and hardness. The effects of nanosilica content on the mechanical properties are shown

in Table 3 and Figure 4. Plus, Figures 5 and 7 shows the morphologies assessed by SEM. Figures

6 and Table 4 shows the thermal properties by TGA, respectively.
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FIGURE 4 The impact strength and hardness of eco-nanocomposites at various nanosilica
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The blends with nanosilica and ENR 50 gave significantly improved mechanical
properties, and the nanosilica content had significant effects. It was found that the impact strength
of eco-nanocomposites could be improved by blending nanosilica and it was maximal at 3 phr
nanosilica content. However, the rubber phase increased the viscosity of the epoxy resin mixture,
and reduced crosslink density and tensile strength. The high reinforcing efficiency of layered
nanosilica in rubber nanocomposites, even at low nanosilica loadings, is largely due to good
nanoscale dispersion. In impact strength tests the eco-nanocomposite specimens were attached to
a notched Izod. The amount of energy absorbed in the test depends on the energy required to
cause fracture, and the impact resistance is displayed in Figure 4. It is seen that 3 phr nanosilica
content gave the highest impact resistance. This improvement might be due to the rubber
dispersed in epoxy resin absorbing energy, but its phase interfaces with epoxy resin are weak.
Table 3 and Figure 4 indicate that the hardness progressively increases with increasing nanosilica
loading. This is due to higher number of epoxy molecule was hindered by nanosilica, while make
final sample tend to be harder correspond to the increase in density and hardness when nanosilica
content is increasing. This loss of rubber elasticity reduced resistance to tearing consistently with
nanosilica loading, while the reinforcing filler nanoparticles (nanosilica) increased hardness. The
hardnesses of nanosilica loaded composites was not significantly different from the baseline case

(around 78-80 shore D in all cases).
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The tear resistance and tensile strength decreased with nanosilica filler loading, because the
rubber phase increases the viscosity of the epoxy resin mixture and reduces crosslink density:
causing loss of tensile strength and rubber elasticity and reducing resistance to tearing,
consistently with silica loading (Table 3).

3.4 Morphology

The SEM micrographs of epoxy resin composite with various amounts of ENR 50

FIGURE 5 SEM micrographs of fracture surfaces of epoxy resin composites with ENR 50

various amounts; (a) without ENR 50, (b) 3 phr ENR 50, (c¢) 5 phr ENR 50, and (d) 7 phr ENR 50

SEM fracture surfaces of the pure epoxy resin and of epoxy resins with various
amounts (3, 5, and 7 phr) of ENR 50 are shown Figure 5. The rubber and epoxy resin interfacial
interactions are improved in the case of ENR 50. SEM micrographs show that as the amount of
epoxide groups increased, the interfacial adhesion between rubber and epoxy resin improved.

Drastic decrease in microstructure size, in the case of epoxy blended with ENR 50, was



109

presumably due to stronger interfacial bonding as well as shorter rubber molecular chains.
Consequently, good distribution of the small globular rubber nodules was achieved. However, the
rigidity of epoxide groups was caused low-strain crystallization in the ENR 50. The rubber
particles were visible on the surfaces and the larger ENR 50 amount gave slightly bigger particles.
The bigger rubber particles at more than 3 phr are associated with poorer mechanical properties of
the composite, which were indeed observed. The ENR 50 content as 3 phr appears near optimal
for properties and was used in further experiments

The SEM micrographs of eco-nanocomposites with difference amounts of nanosilica.

FIGURE 6 SEM micrographs of fracture surfaces on eco-nanocomposites of epoxy resin with 3
phr ENR 50 and various amounts of nanosilica (0, 1, 3, and 5 phr); by (a) without nanosilica, (b)
1 phr nanosilica, (¢) 3 phr nanosilica, (d) 5 phr nanosilica

Figure 6 showing the morphologies of eco-nanocomposites of 100 phr epoxy
resin blended with 3 phr ENR 50 and various nanosilica amounts of 1, 3, and 5 phr are controlled
with the pure composite. The average size of the nanosilica particles is about 20 nm. The

dispersion of nanosilica was observed with a field emission scanning electron microscope. The
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interfacial interactions of rubber and epoxy resin are improved in the case of ENR, because
hydrogen bonds form between the nanosilica and the polymer matrix (-Si-O.. H-0O-), in which
oxygen connected to silicon atom provides a shared pair electrons. A consequence the absorption
band of hydroxyl group appears at a lower frequency in the composites with nanosilica. SEM
micrographs of the fracture surfaces suggest that the toughening of epoxy resin composite was
induced by the ENR 50 globular nodules attached to the epoxy matrix and improving the impact
strength. The rubber and epoxy resin interfacial interactions are improved in the case of ENR 50.
SEM micrographs show that as the amount of epoxide groups increased the interfacial adhesion
between rubber and epoxy resin improved. Drastic decrease in microstructure size, in the case of
epoxy blended with ENR 50, was presumably due to stronger interfacial bonding as well as
shorter rubber molecular chains. Consequently, good distribution of small globular nodules was
achieved; however, the rigidity of epoxide groups caused low strain crystallization in the ENR 50.
3.5 Thermal behavior

Thermogravimetric analysis (TGA) mainly informs about thermal degradation.

The TGA scans of eco-nanocomposites are shown in Figure 7 and Table 4.
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FIGURE 7 Effect of thermal degradation on remaining sample weight
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TABLE 4 The temperatures for 0.5 and 1% wt losses by degradation, and ash content

ENR 50 (phr)  T0.5% wt T1%wt  Ash content (%)

0 275.62 162.64 0.218
3 226.79 163.41 0.793
5 156.49 132.66 0.542
7 153.87 128.59 0.628
10 129.61 115.20 0.229

TGA was performed to evaluate the thermal stability of ENR 50 and its
composites. The TGA curves of the samples are shown in Figure 7. The temperature onset (T, )
and temperature final (T,) were obtained. First the thermal behavior of the ENR 50 component by
itself was observed. The TGA curve shows that weight loss starts at 210°C and ends at 446°C and
also shows the peak weight loss rate at 254°C. The results indicate that, the interactions in
composites did not change the degradation mechanisms of ENR 50. It has been shown that, the
addition of ENR 50 into the composites results in less degradation at all temperatures, compared
to pure epoxy resin. The rubber added to epoxy resin is dispersed as small particles in the epoxy
resin matrix, disrupting interaction within the epoxy resin matrix. It was found that, the
decomposition temperature of the composites tended to decrease with ENR 50 content, because
the ENR 50 the formed a larger particles with poorer interactions with the epoxy resin phase.
Composites containing 3 phr ENR 50 had good particle dispersion and the highest T,

corresponding to the best mechanical properties with 3 phr ENR 50 that was observed earlier.

3.6 Application to UAV propeller blades

The eco-nanocomposites prepared from epoxy resin (EP) blended with ENR 50
and nanosilica nanoparticles had improved impact strength, required in UAV propeller blades
applications. UAV blade from pure epoxy resin is here used as baseline reference. Top views of

the UAV blades from experimental composites are shown in Figure 8. The blends were
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successfully cured in silicone casting molds. The eco-nanocomposites was 100 phr epoxy resin/3
phr ENR 50/nanosilica 3 phr has good appearance.
3.6.1 UAV propeller blades produced

The UAV propeller blades formed were cured specimens appeared brownish

fair-haired in color as shown in Figure 8.

(@) -
(b) - i ]
(c) -

(d) o

O i S

FIGURE 8 Top views of the UAV blades produced from eco-nanocomposites of epoxy resin with
3 phr ENR 50 and various nanosilica amounts (0, 1, 2, 3 and 4 phr); by (a) without nanosilica, (b)

1 phr nanosilica, (¢) 2 phr nanosilica, (d) 3 phr nanosilica, and (¢) 4 phr nanosilica

The blended epoxy resin specimens had smooth, irregular and cloudier
appearance than epoxy resin with added nanosilica. The surface appearance of UAV blades from
epoxy resin was improved by blending in ENR 50 and it was the best appearance at 3 phr
nanosilica content. However, with more than 3 phr the UAV blades became non-smooth and

irregular.



113

3.6.2 Properties of the UAV propeller blades
The important mechanical properties for UAV propeller blades were determined;
impact strength, hardness and flexural strength. These are shown in Table 5.

TABLE 5 The mechanical properties of eco-nanocomposites for UAV propellers blades

Nanosilica Impact strength Flexural strength ~ Hardness

(phr) (kJ /mz) (%) (barcol)
0 65.95+7.69°  486.33x11.26°  94.00+0.81"
1 67.93+2.28° 372.66£16.92°  94.10+0.75"
2 72.4948.01"  451.66£19.97°  93.80+1.29°
3 79.43+9.79° 539.66+17.47°  95.90+1.41"

™ Different superscripts within a column indicate statistically significant differences at 95%
confidence by Duncan’s method. Mean + SD: mean and standard deviation based on triplicate

samples

The UAV propeller blades formed with carbon fibers were coated with the eco-
nanocomposites. The mechanical properties of the UAV propeller blades were not significantly
affected. Since rubber is highly flexible in the eco-nanocomposites UAV propeller blades, it

improved both impact and flexural strengths, while hardness was not changed from the original.

4. CONCLUSIONS

Eco-nanocomposites were proposed in this research as suitable for UAV
propeller applications. The results show optimal ENR 50 content of the eco-nanocomposite was 3
phr. The eco-nanocomposite (epoxy resin/3 phr ENR 50/ 3 phr nanosilica) had improved impact
and tensile strengths. The impact strength was improved by 20.4% at 3 phr nanosilica loading by
weight relative to epoxy resin. The tear strength of the eco-nanocomposite was slightly decreased
by the nanofiller increased. The SEM image relate to mechanical properties by confirmed that
crazing, microcracks and debonding of nanoparticles from the matrix were the main mechanisms
improving fracture toughness. Experimentally, the epoxy resin containing ENR 50 and nanosilica

particles had improved impact strength required by unmanned aerial vehicles, propeller blade
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applications. The eco-friendly composites proposed in this research have suitable characteristics
for UAV applications. The ENR 50 and nanosilica contents in fiuenced the processing thermal
and mechanical properties of the eco-nanocomposite. The rheological properties of these
materials indicate that they are suitable for UAV propeller applications.
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