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Abstract

In this research, fabrication of nanocomposites between carbon nanotubes/ silicon
carbide and epoxy resin was studied to obtain the high strength materials which exhibit light
weight for vehicle industries application for example, part of body. The fabrication of carbon
nanotubes and silicon carbide nanofibers were developed whereas the researchers attempt to
increase the quantity of nanotubes and nanofibers obtained from processing. Thereafter, to
produce composites materials, the nanotubes and nanofibers were mixed with epoxy resin in
difference ratios via low pressure ultrasonic technique. Furthermore, physical properties,
mechanical properties, thermal property were examimed. Besides, microstructure of
composites samples was determined by using scanning electron microscopy (SEM) to find the
optimum condition for fabricating of composites material and to obtain the excellent properties
of composites between carbon nanotubes/ silicon carbide nanofibers and epoxy resin. It was
found that the hardness increased 969 %, ware test decreased 91% and tensile strength
increased 828% when compared with resin and when compared with mild steel (HSS), the

maximum tensile strength reached to 70.88%.

Keyword: composites material, nanocomposites, CNT, SiC, epoxy resin, mechanical properties.
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Hood lock stay
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Front floor side extension

Inner sill

Front floor

Hand brake & seat beit reinforcement
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Front sest mounting bracket
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Material Tensile Comp | Modulus | Specific | Specific | Specific | Specific

Designation | Ultimate, | Yield, (GPa) Gravity | Tensile Comp | Modulus
(MPa) (MPa) Ultimate Yield
2024-T3 Al 462 290 74 277 167 105 27
7075-T6 Al 586 531 72 2.80 209 190 26
7175-T73 504 436 70 2.80 180 156 25
Al
Ti6AI-4V 923 909 110 443 208 205 25
300N Steel 1931 1703 200 7.84 246 217 25
Gr/Ep 1661 1698 130 1.61 1031 1054 81
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AN 2 WA 3

AN 2 mu@Lm:qmawucﬂmaammlmﬂummﬂm

Matirx Properties

Polyesters low cost, noncritical use

Epoxies good adhesion, strength, corrosion properties
Polymides high temperature (600 F)

BMI'S gap between epoxies and polyimides

Phenolics ablative applications, thermal insulation

Carbon highest temperature capability

Thermoplastics processing considerations

Ceramics high temperature performance and less strength
Metals advanced metal, unique applications
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shavadLFwle Young’s Modulus | Tensile Strength Density

(GPa) (GPa) (g/em’)
300 N steel’ 200 1.93 7.84
PAN-Based Carbon'’ 250 2.7 1.75
Kavlar 49" 125 3.5 1.45
E-Glasses 70 25 2.55
Sic'’ 430 3.5 3.3
ALO; 379 1.4 3.95
Boron (W) 385 38 26

Carbon nanotube'”" 1,250 30.0 1.33-1.4
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LRIVLLIN a’]VﬁﬂJIﬂiﬂ aﬁ’]ﬂﬁ fadN1ININY LL%\T L3N LLRSWIRUNLUAN

a

ﬁnﬂqmauﬂ'@ﬁﬁaamwaﬁaqﬁm%’ufﬁumumsu@T LRTINUITENHIWAN :’3 ?)
& 1 A A o wn ' o A v g @ Aa = &
mmmLmeamzﬂiuﬂmmaummoamamamaqwawLwasl%Lﬂma@mumwumLLiamnmu
'mmmﬁi:qﬂ@ﬂﬂlﬁﬂuﬁumuma\ﬁnyu@?@ia"l,ﬂvlﬁ I(ﬂylﬂwLuas’ﬁﬁmmLL%GLLiagdqﬂﬁaLﬁuly
& A & o A A & A A A& A A g o Aa &
msuauuﬂumuwmmumemﬂmmmeﬂwq@ﬂaawaﬂmwu #ANINNRIINFNTANDWAS
& A « =< o ' A o v & . oA o A v A ° v
"memmmmaga AIENNIDNGIUWN UG A NIV AT Lot Tl wa i1 96 LLa:mmmﬂuwm:mlma@;

a ¥ 1 =Y Ui J
Namu@ﬁmmmwu@aqm%gugﬂﬂamu
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uUNn 2

N 1)

2.1 '3'&6;84?{& (composites)

v A o A & o Aa o a £ & & o '
aa@lwawia’sa@pmﬂszﬂamﬂma@mmaq 2 shaduldidnasdlsznay TRONTNEIN
Ingdsznaudismafaimingaunistagiuunnuandestrauniniaduidinule e
Qs U Y dl & Wﬂdl v L dl o v a wa s A
NRNNRIWN LA LA NH e AT wIN T aNGaIN15 mLLﬂimmﬂma@]wauuawmma 9N
g: dy =3 ] a 1 a A 04 = dl
NNUNENIRTINaIgTe d3unas LLazmuﬂszﬂamJaamsmummaqmimmmﬂam:msfl,u,
L o ' [ A Aa 6 o & & . .
e taquay uuuatsvasiaguaniinindainaiiuariaiaud (dispersion hardened) waz b
LWaSALATINUG (fiber-strengthened) Tulane 1 wfin W7 ABUNTA LazWAEAN
é’aaﬂwamaai’aqwaumn@mwa%ﬁ'uaﬁm@uﬁ laun miﬁmgmﬂmaai’a@guﬁaﬁlﬂmﬁai’a@
) , & A a a . A a A o
201 LT mgmwaomanmaimmU&JE]@MV]ENLLN auNAYLINGLTY (thoria) TuiiiAa wiaiwg
Aaa 6 . . A % [ A a
NRNUBINBILAI-TANN UG (silimanite) N bFlumIruaaLaTasdn
61";amamaﬁaqwaumﬂvl,wLmaa?mmammi’ Taun tdnlound tdulonesunsdluwaiadn
(FRP) IWuwadiafiduluiidnlsvininzis wislWuwadalau (polystyrene form) l6¥vjuaas
v
11 1 wa
[-% 1 [ | a a v v té U 1 1
Taauandulngandunaadnisiuundioduly Salsznaudisdiudszneuseddiunia
1 A 1 A = % 1 A = a 6 . L% a 1 A
nnin fa dauiidluduly wazauiiduaning (matrix) lasidwluanafianusdaiiiainaea
a € A Ad o a ' A ' o & |
ANNENIVDILNNINT nIanTNLERloNaINe ladatitas 13w Idwluawiasunszayladu
A | A & A A A A a I\ a & . | Y o
izLiJﬂiJ?J%JJI%LEJ‘YIiﬂ‘II wisanalldunan NiSuninBulaaiing (interphase) atjvaue iR lavin
RN WA ALNIZTZWINILFW L LA LUNI NS
lasn ldidulowaziundndazianti@n19nunIn (physical properties) WRzFNUGLTING
(mechanical properties) @971 LEwlozAANULTILTINNNTUUNTAT LAZFINITATULIINTEUNA
ﬁnﬂmyuaﬂﬁm:ﬁ’wia‘?a@;waw"lﬁ‘*ﬁaUVLﬂIﬁLﬁ@ﬂ’liLﬁﬂamwﬁamiﬁ@gﬂmUIﬁLLsaﬂizﬁﬁﬁfu6]
a @ & a 6 A a ° % dl v Y % =1 1
lwnIndlagnildazidunadinasniawatadn viniinlimdwlanszanaaqnaziainie uwazse
dhomusinszianmenenfinszindaizguanunduduly anoaIuTIBiMUAIUIIT8ITRY
GtV
mml,l,m“aLLidmad"S’a@lwauﬁ]:gﬂﬁmu@I@slmlﬂ'al,éfulﬂ saswlagdSurasvagigulolu
LININT ANULTILTILASAITNIZANUAD ATNLTILTIVAIN T TLRIVILA LU URZLUNTNT B
rdaudnssiNgInanazilasnuliliusinsevinannmeuwanaivsanenidulanazluningaan

NNNU
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22  avAlsznavvesIRgHER

1) Wn3nd
’Luwmaﬁma’%mm@hULéfuslw%amgmﬂ wnsngiduinasuanaiadn (thermoplastic)
WIanasuaLsa (thermoset)

INASUALTANDRLNDS EWADNALWLANIZATILINA LGTUAINTAW waztAan1siTaulad

(crosslinking) szwimulsluanadioainuiauniadiiiianls (crosslinking agent) ¥inlddl
A & . o a & o . A o A
W32 dUUUUSI9UR (network) 1ATIFIsvaInadNeszAIaa anusaReundadlaaniie
lasuanusen dretsvanesuamanafwes laun BRanTisBu (epoxy resin) WoRLARLADS

(polyester) Anoa-Nasuad laa (phenol-formaldehyde) WD udn

INATUANARAN sNITanaaNalalwauTan wadudiatdarinlwiina1as n1Inaaw

AILANNTAURINITDTN LaraNL AT Lﬁaaﬁnﬂ'hiﬁmﬂ%aﬂmﬁ’mwinmﬂIsﬁIuLaqa e lal
AN TR WL 8 INTANILAN LazFNTANIINIEAINENGIE A2 IUDINaTNANIIRAAWAR

Wwas laun wadlefiau (polyethylene) WaAWsanaw (polypropylene) ‘luaan (nylon) wadalaIn

&

(polystylene) 1T ué

=1 a a

aNanTLITH (epoxy resins)

IS a

A A A A & a € o o A A4 oA o A

ANaNTLITU nIadNanddwanIng a1nsuaauInagnnilwiaanltuinunanarssiale
NOINRTG LLﬁdﬁwaﬁLaama%mﬁ@leiaué'wzﬁﬂmgﬂﬂdﬁ HIOWARDUAALEINITONWANNTOW L6
ANIN WADNANTILUFNUGNIINIBAINNANING ﬂmwLL%GLLNLiﬁﬁ'uvlﬁﬁﬁ'mﬁuhnﬂﬁﬁmmz
R1NITDHIBNIZUIBNNT I RZAIN ﬁﬂﬁﬁﬁaﬂ%lﬂumiﬁ"l,ﬁ%'umuﬁanl“i’fmnﬁtg@ faulnauaa
A& = o ' & & o A a ° o .
anandasldlunulaseasnedeg muimaaﬁomammausmmaamsml%qﬂ (during agents)
siavasanIaandslaTiaing (modifying reactants) NALALRaNNINNNY wazEA1ITNNABLATIAES
@118 (curing conditions) zidummruagUENUAANUMHLING ANUNUNUGaENILATLAS
drhazans gusudananaaiudndenuiangugiaunilanuudusigs (high strength) uazdl

AMUUTY (hardness) QUANTAGIUMNUNNT IRAAIY (creep) UazANNET uanIINAaNandiveu

o =< . o oA A Py wa 9y Aa
ludunistiainiz (adhesion) dulalddidun anunumuanuiouuazquaudanmalwinng
Uinsennalassaiantielinelwiiansstnafies (by products) ussdimivadidmasdiisen

| o | A Ao | . A o A & A & A o
ﬂaiﬂiﬁﬁiqﬂﬂqmqﬂ Ls‘ﬁuqﬂﬂﬂ‘l&lqﬂ (uncured resin) ﬂll&hm,aaﬂ@]ﬂLL@]V]Lﬂuma@L%a'Jﬂ’J’]Nﬁu@@q"ﬂu

o

P « A A [ \ o ' Ang oA Y A
Wuwwaands dadasivnusisnalassgsadnandlwaanuinuiy azvinlvauisaiiensning
PBINTEUIWMILaTHNA N INEN Idna1nrane TalRuuasdnandNaIan Ao NIIAAAINNTY LA

v U

PRSI RH
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AN719 2.1 LLamqmawﬁamaa’é’ﬁaﬂsﬁ

AMFNLR

qmﬁgﬁm‘idaué”; (heat-deflection temperature) ﬁ 1.82 MPa, °C 140
mmmwummé’*augaq@Lﬁalﬁmmi”auamo@imﬁaa °C 120
§uL3eANEMIVLNBED em/cm/°C x 10 2.5
ANUUTILIIA (tensile strength) MPa 52
\Wasisuan138a (% elongation) 5
AUNWULTILAIID (Flexural strength) MPa 124
AMUNWBULIIDG (compressive strength) MPa 70
AMUNULLIINTZUNN (Notched Izod impact strength) J/m 11
A213UD9 (hardness) RockwellM90 M105
ANVUTWINNL 1.0

wihfilunsndg

1, lﬁLﬁulyﬁ%aagmﬂmzmﬂéﬁLLazﬁmLm:muﬁﬂmdﬁﬁadmi
2 i”Jaaﬁu"l,afl,ﬁl,ﬁu‘lw%aaqmmﬁ@m'}mﬁymslé”w,ﬁaau’mﬂ’éal,l,mﬁau
3. thslmLLsom:ﬁW’mmsluaﬂ"lﬂgjl,ﬁulw%aamgmﬂ
4 ﬁaﬂﬁmu@gﬂiwmaﬁa@waw
5. dasdandiasasuussle
2) AILFINWII (reinforce)
dauuss laud wanfiidueumendeiduly sulngioulfiduiisiuuss saduled
fonldlanraly dawduloud (glass fiber) 1dwlpansuau (carbon fiber) uaztdnloazsniia
(aramid fiber)
IR SIE o PITER
1, LﬁummLL%&LLiﬂﬁﬁ'ui'aqwaw
2. ®FWINTUUTINIZYINANNAenan I@mmm:ﬁwffm:gnmﬂmﬂvl,ﬂmmé'fulm‘%a
auNA
3) FILANURZEIIU TV (filler and additives)
saunazansUiuues hanlEnanesuenaadnuazinasuaimaiialdsuanwmens
PR BITEULLITH NTTUIRMT Wasaudsiiisatasiumavesssananadusduidsna
Tauuad %a"l&iﬁwa@iamsﬁw"l,ﬂﬂi:qﬂmﬁlfmﬂ IeNAN Y Seazlinadonisvinasdszney usy/
ﬁ%a‘%umuéwﬁagﬂ \iw waNFsuansuawatisUTudHienunnuveiiwed hilanse lidoia
W9 WRZUNAAN (talc) °1hUﬂ%'uﬂgdqm%ﬂ“mfjUdLuuVl’ldm’lmyau (heat deflection temperature)

a A a & A x> A A o a A
YAINDANTONAW lasRITLANNIFAINNTIEN I iiasannisandn LLﬂxlﬂé’luﬂiuﬁmga AILAN
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azailuiiowInslainmazioildifiawadlWgras (flame retardant) wanannfdalansuiuueaf
HoduginMadugunnanuadaan hlaaa avdiuudaivh Wdihle (conductive additives)
T lunana@nuiaaiuusiiiatlasnunszaauninannanafvasaauiaiinan bWin WAZANG §In
8IIAR (colorants) TaevilAAed MIfuiuaadna@sisn (metallic stearates) luan3Usznauaa
dl 9—4: o (=3 J/ a 1 U ﬂ/ 1 6
wuniwaldTuuduiagungasenaniuiaudunuldite wazasdivudedszinninesue
A A 6 A v A a ‘3’ ' ' a A A A o [
wanadnflglugasnaninasuaiaiianiugunisnacififadulusznianstuds Sefinadvinli

A v A A ) Ao d‘l» a K A a ' a Y o <
LL‘]J?J‘Y]VL@ﬂﬂaLﬂﬂdﬂﬂ“llﬂﬂ’]ﬂu@ﬂ@]adﬂﬁi wumﬁmmmmgluﬁumm Liﬁ]gﬂﬁszmmmma

nInszanaalvadtdulaluiunsnd

] r r
| N
| | // AN
| O

,, ¢ ¢

(n) (V) (a)
gﬂ 2.1 LRAINIILTHIVILFW L NRIRANLET UL IIAI LA Le)

LR bYD199:TNMIIAS IR 3 KU a3l 2.1 fa
1) Beidsvudatitaslufianiafoinuaaeani1Ne11289L8N3InG (unidirectional
continuous fibers)
=1 Qs [~ =1 1 1 dl . . . .
2) Sosandsaibsuuuvlaidaiiias (aligned discontinuous fibers)

3) Begar iluszdsuuuvlsidaiites (randomly oriented discontinuous fibers)

2.3 nalnuaIn1aESuuIInIuLE LY

2.3.1 l@wlgTesanuudatiadlufan1ifainuasaannNNg1VaILuNING
5’&@1wamﬁ@ﬁa:ﬁLﬁulﬂyﬁaL%ﬂaﬁaluﬁﬂwﬁaLamﬁ'uaﬂwa@ial,ﬁamaa@mmmmm
LWNINT lauAan 19L& lu1389a29: I wAaN 1@ I N UAANIIT8ILIINTEYININALWAN T

a v v s e { a J 1 v a
allil@]’nLﬁ%lﬂnﬂLﬁuLﬁﬁﬂ%ﬂ%LLﬂZW%ﬁZﬁLﬂ(ﬂ”ll%iz‘ﬁ’)’]\‘iLR%IEJ?IQGLQJYWT]GE&MHSOI ANLATHA

(strain, &) Twizguanaziiiuanuaioavaudulousziuning usnszvhdataguan (W,) azgn

wuivldgndule (W) uazlmng (W) aagul 2.2
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31l 2.2 usanszving ai’mqwaumnil,ﬁu’l,ﬂﬁmﬁ's LUUABLIINRAANNENIUBILNNT NG

oW W=W,+W,
iiagan W = OA
s O = anuidu (stress)
A = Aufinsihda (cross-sectional area)
oW OA, = OA + C,A.

(2.3)

Wa o, G, 0, \dludenudusesiguau idulouaziuning audrau

A, A A, duiunnihdavasizguauidulousziuning ey

JazUaunT 2.3 vy a2ler

10,07 0.0,
O.~ +
Ac AC

isasulasdSunasvauning (V) a0l

u nstlvaddule (ANnueveEwlainAuay E712UDITTONTN)

faswlasUSunasvaaduly V= Volume of fiber ' = é
Volume of composite A.
Volume of matrix Am

RARIWLALUSNIATVINNINTV i =

Volume of composite A

c

LNURUNIT 2.5 LLaT 2.6 RILURNMNT 2.4 ﬁ]zvl,ﬁ

O,= OA+ C,A,

1} V.+Vv = =1
A% O, = OA,+ O,(1-V)
MRG5080122

(2.4)

(2.5)
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Lﬁai'aqwau LAWY LazLINING ﬁauﬂamaommﬁ@mju ANANNULAY A MNRFUN WL

[
@ A

AuaQaaa489 (Young’s modulus, E) a9t

O,=E&, O,=EE, O,=E,E, (2.10)

ihpsnAaNuLATEATEITRGHEY (€;) (FulY (€) uazlunIng (€,) viiu
€. =&=¢&, (2.11)
AT E,=EV,+E_(1-V) (2.12)
A A ' o o o v a [ o
e E, E, uaz E, A duagaauadfivesizguan , idulouaziuning audau
INJNNT 2.7 O, = OA, + G A
WedadulautTunasvesduly (V) gafunhddadiulasdianasdga (v,,) Taguauaziio

a A @ a
NIILFURNTIN LNaLaulﬂLaﬂﬁﬂTW

AITh 0 =0"V,+0o_ V (2.13)
A TS 1 =S >
Ly GC = ﬂ’]ﬂ’]’]&lﬂ%LL‘iG@dﬂlad’)ﬁ@]‘
TS ' 2 [%
O, = mmmwmnmwauaﬂﬂ
. 1 v =3 ci a a 6 a A o s a
Gm = AMANULAWLLINAINLNAINNLNNINGD T ﬂ’ﬂ&lLﬂiﬂ@]“ﬂ‘Yl’]l‘W}ﬁ@!Nﬁ&lLﬁﬁlﬁﬂ’T‘W

WadasulasUTunasvaaduly (V) fddnidasulastinnasfisnga (v

min

) 789
NRNIZLRURNINLN AN MNLA U AILUNINTRANYINNY FNAIUNWULIIAIVAILUNIAS

A9 0" =0,"V, (2.14)

232 dwlaSssanuulidaiiios
a dl o a 1 1 s =} U [ d‘
Taquanni llslunwienssy lasdulngiimsdaGosendulownylidaiiies lay
U dl v I U g; = U ~ v 1 L dld L s L U
wulonlfaziduduloau Sauddianuudusazdasnirisquanfifinisdniosdvaaduly
oA A a Ao a o A 1 o o oA ) & A
wuudaiitad aRasanfgasin lasusunasvaadulofinny dedvasduwloau de azainlu
a s [ a A J
Mse3eNIEg [u inalansdaliugy
MIIATLINBILFWIORUN 2 AL fa
1) Fosawwnuwagraduszdoy
2) Bosauuulddusadou

= a ' a o W
24 lli\‘]ﬂﬂl“%ﬂ?izﬂ?"lﬂLN‘niﬂﬁﬂ‘ULﬁuﬂaﬂ
2.4.1 MIQATUURLNNITU (adsorption and wetting)

Lﬁaﬁaé'uﬁamaﬁmq 2 siatafawntan lnanuwat swatNgs LIInIzinnIenIanINAG

ﬁq@ﬁam?‘guﬁuﬁw 2928909 1O UaILARD LWﬁzLﬁaw’mﬁuﬁaﬁwﬁamad‘?@]qﬁmaw:ﬁmw
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[ I3 ° o v o o & ' P o o ' ' Y =
°]J§°1J3$1u$$6m°llu’lmaﬂ quﬂﬂqiauwﬁﬂuuu vlﬂJLLuﬂJa%ﬂﬂu I(ﬂﬂ'ﬂzﬂ\‘]ﬁ"ﬁaﬂjﬁlﬁa%} @\131] 2.3 4
& . ! va R a daf o o R a o & a ) o a &
Lﬂ%"i}i@aﬂu‘ﬁqleﬂﬁﬂwﬂlﬂwﬂqiﬂ(ﬂ@@ﬂ(ﬂmu aqﬁiﬂﬂqiﬂ@@ﬂﬂumaﬂwuwjLﬁuslﬂﬂUWﬂaL&laiL&l‘ﬂ
%ﬂsﬁﬁu LNﬂ%ﬂsgﬁV\aa&lLﬁﬂ'ﬁ]zl’{h‘lﬂLLﬂuﬁluénu‘]J%L')mﬁTETizT%’]@Lgﬂmaﬂﬁ’JLﬁulﬂ "Q(ﬂa‘ﬂu"ﬂaﬂ
1 dl a J A .
saudanaziiadufanasarmeanislu (void)

Eﬂ 2.3 HEGINTIG AT LLﬂZﬂ’]T‘g‘U

2.4.2 NNILWY (diffusion)
1 a 6 A d! R a 6a a d!
n'm,l,wa:m:mwaﬂmaqawaamaﬂumuﬂﬂﬂonLaqamaawaamaiamjuwmmmm
PR A AN W ITRININBEIVAINDBLNTNIRDITAA m‘sLLwiﬂizmﬂIuLaqamaawaﬁmai“ﬁﬂm
v & o @ ' { o o & ' [ > £ o o
ﬂuum:ml%mﬂIGﬁImaqaLﬁmwuﬂmﬂmw,m o931 2.4 ANNLDILITIVDINUTLALTWAUINWIN
awnIGﬁIuLaqaﬁLLwiLiw"Lﬂ IEEISMRIVER tluNAET AN ULTILTIVAINTHARAN WA NNT
1 o v A J U v a a . . .
wnInszaneaanTarinliiiedule lasldwinasazaiorsadinanawanadn (plasticizing agents)
Aa & A o o \ = AN o ° [ o a a A A o
mJaaﬂﬂszﬂauwm‘lvxmsﬂm‘[maqamaau'ﬂvl,@azmﬂ AWTULRW LRI NI NITLARBURAGY
a & A o Y A €
waRLlasAawNazvin luaunuLunING

s

S

U 2.4 nauwinizany LLazmsLﬁmﬁuﬁumaamUISﬁIuLaqawaﬁwa%

243 LLS&ﬁGQ@Y}’NVLWW’mﬁm (electrostatic attraction)

dl A’l’ a a a Ad 1 g; - ™ % - a = 9 a

mawummama@;aaoﬂm@‘nuﬂs:fgvl,wWﬁmamnumamﬁﬂmzm@me@@mﬂwman@
o Y Aa a 1 a e 04 e ~ a J [ 1
A ANITHAAATEHINIRIRNE S mgﬂ 2.5 @mmlfuaLL‘N‘*}JaamiﬁmmwuagﬂumﬂwmLLuu
maaﬂs:ﬂﬂﬁw
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LS

T

o o

3‘1] 2.5 LLNﬁ@@@]ﬂ’]ﬂWﬁﬂaﬁ@ﬁﬁamma

2.4.4 MIAANWDIEN9LAL (chemical bonding)
muﬁ@ﬁuﬁ:maLﬂﬁLﬁ@mﬂ'ﬂgLﬂﬁmaaLuﬂ%ﬂsﬁﬁ@ﬁuﬁzﬁu%gmﬁmaaﬁu?’fﬂﬂ AN
=1 s J 1 o a o o a g a { a o v
uwlanssvaInusziuagnudwIn uazslaveinus: AUTUN BRI AR NNIRW LY TR WD
a o o ' o a = Y ' A v A o =
NILATUIAN 16 Iua’J‘WUS\‘]Lﬁ‘iﬂﬂLﬁi&lLLiGﬁ]:&Iﬂ’liI‘Ii@l’Jﬂizaﬁuﬂﬂ’mLWBI%Lﬂ@W%ﬁZ‘YI’NLﬂ&]
TeRINIRILEW L ALLINS NS

NP7 77

A

'\E\\‘\\\."\

77777 ////////// 77

3U 26 NUTLNILANTERINIRIRNNT 2 Tha

2.4.5 NM38AGANINA (mechanical adhesion)
miﬁ@a@maﬂaLﬂumiﬁ@a@ﬁLﬁm*mm‘sﬁ@mﬁmmaﬂa‘szijﬁ’sLﬁulﬂﬁmgmiz e
a 6 a 6 v 1 dl 1< d' ] v
wnindg lasiunindazidnldunnludiuiivges: uanduyuildanisongaeanunle (re-
a U s d U 1 ‘g ~ a ~ £
entrantangle)  2a4ALduly a931 2.7 Gaddduiuin anaudusvesnisdadanuinedqe

]
=1

uaﬂﬁnﬂﬁﬁamgmwauﬁuh ST UNISIANAURIFUHNEANAQ L
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U 27 MSHARANIING

2.5 é’f'aﬂsxm%@:mu

dszaudaivaztinuussiamissznioduly ussiuning Nammonnuazng
LA ANNILITILTDINWRIVAILFWLINNAMNT Y LazilaINWANULTLRIBALAAIINNTZLIRANT
HEN UAZNINATRQHAY I@U‘fhvl,ﬂLLﬁamﬂ%ﬁms:muﬂmm:a%iluﬁ'umaumiﬂ%'uﬂgdﬁaLﬁu
lolunszuiuwnsndadule wazlugruuinazltasUsznavvadloauuas lnniue (titanate) 1w
L 1 dj v Qo =) ;d‘d L 1 I L
mﬂi:mu@jmu smﬂavlnmsﬂizmumaaLaulmnumeneﬁmmﬂs:muﬂmuLﬂumﬂs:mmmm
é’agﬂ 2.8

" Reaction with matrix

gﬂ 2.8 ﬂa"lﬂmadﬁaﬂi:mugjmu
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2.6 ENUALBING (mechanical properties)

mwmﬁhanaﬁaqﬁua;Jiﬁumwummsnmaﬁa@;ﬁ%%ﬁammﬂi:ﬁﬂ@ﬂﬂﬁﬂmnmi
LﬂﬁﬂuLLﬂaagﬁJiw WNIDNIITUANAN auﬁ'@maai’a@;ﬁ?m:Lﬂué'ﬂum:mww:éf'maaﬁ'a@y,wia:"ﬁﬁﬂ LR
sansanasevldlasnisvinnsnasss mmaseufidndny fe nsnaseulasmsdanienisda
(tension or compression test) NINaFaUAIBENIYaITEe Wiandu lans waln weliuaT uas
1aQuaNThad1s 9 azdasrinduidng LLa:"um@mummgmﬁauﬁazﬁ’mwﬂ@aau LT
VAP IUENIABLUTAUEINIUNNINAFBLIRG (American Society for Testing and Materials
Standard ASTM) mmgﬁuq@m%ﬂﬁmﬂﬂu (Japanese Industrial Standard; JIS) ﬂ%ammﬁgﬂu
u 9 Avensuiunalan Sanaspwmaiiueansd uazaansaduuwmslunmesenld

2.6.1 ANMUNULIIAY (tensile strength) [29-30]

AMUNHUIIAIEINNTaT LY eI mm:ﬁﬁﬁa@]ﬁwmamwaﬂ wNTEaztnanea
ARDALIIVITURI8EN Aamenistadeuimaluunuauumiussasdmidutu nmsifaussdn
AT WIILS I M a9TUR108719 9 sInalfIARAMULAY (stress)  UWaTAINNLAZEA (strain) Tu
muluiag lapanudunuizainudu wazannueisasursnindsmidunnnuanas

wqamsuL%aﬂamaﬁaqvl,ﬁﬁyﬂfh NMNANULAL — ANULATEA 6971 2.9

ELONGATION

AT YIELD
l ELONGATION AT
— BREAK —

STRESS

STRAIN

gﬂ 2.9 NAANNLAY — m’mm’%mmaﬁa@;
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NIINANLAY — mmm’%fﬂmaai’a@;ﬁ]mammﬁwé’wﬁuﬁuuuL%aLﬁmmdnwmmm

. a &£ , o v a
LLa:mmm’%mmﬂlmamwmaammﬁwqu MIANNT WY BIRUIBLTITN AR ANLATE A
ahadugaain nanmsidunulas 1ndsa g (Robert Hooke) lagldau3y J953anT091 ngvas

’ é a 6 A
E’q{‘ﬂ (Hooke S Iaw) ‘Ii\‘iLLﬁ@dluEﬂLLUUTQG&NﬂW?YIWGﬂM@]ﬂ’]&@I? 2]
o=F¢ (2.15)

log £ unuernafivasanududasdiu (Constant of proportionality) T9i3uni1 sagas
maammﬁﬂmju %38 &Jﬂ(g]é'ﬁ‘lla\‘i{l’d (modulus of elasticity or Young’s modulus) O WNWAIAINY
A% ez € unuaraunIea sunsiidusunisvasunisuninisaasalsuduzasnitnanm
A% — ANLATHA GINUNBQAFYBIANNHAREUTIYINALANTY (slope) BadLFUNTIN
A I A a A A A A o .
anuaspadunaiifiannmaudasuulasasezaanfiiafoni llamzgnusannnzi
¥ a X (% o ] v ] & A A P P = . A . e
Hazinadwniaunuainnuas Inwisidulafuasdaiadiuas (mm/mm) wiafiadaia (infin)
v9aTianalarinaluidasidudn la MIduisaianuaIear laandasaInIznIngsInaNs

2890210817 (AL) da ANNBIEN (L,) AIRNNT

(2.16)

AL
&E=—
LO

ANUARENTDE WA IFANUIIABUEN (F) nunazvihdadunninaeuadlag (A) uas
a ' Y & ' v ' g d ' ' g . A o '
Wamsdediuin  lasmihonmyiaiduusidefun wu Uauddaasnsiia (psi) Hraudaaind

2 A o
Was (N/m’) %38 Uhama (Pa) laguaasadaunns

F
o=— 217
y (2.17)

>

LLSGﬂ"IU%ﬂﬂﬁN’]ﬂ?ZﬁW@i@’S’ﬁ@‘ LLﬂ:ﬁdNﬂlﬁLﬁ@]ﬂ’J’]&lLﬁ%fuﬁ \‘]f:
- ANMULABLIIAG (tensile stress)

- ANMULABLIIEA (compressive stress)

- ANMULABULIILROY (shear stress)

- ANNLARLIIAALAS (bending or flexural stress)
ﬂ']'”JLﬁ%LL?\‘]aG ﬁa ﬂ"]ﬂ')']&lLﬁuﬁll’ﬁ@]ﬁ]qﬂﬂqﬁaﬂlﬁULL?\‘]I]']Uuﬂﬂuqﬂizﬁqgﬂﬂqﬂﬁu

¥ A o o A

& A « . & A
NUNAUWIO R GHGL‘]J%%%QULLSG@]@W%YI
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o [ ' v A a £ o = ) o L a o
ANULARLIINN AD ANANNLAWNNATUITNRIINARIONA mwmmwlma@;ammumﬂu
Toh) ﬁﬂﬁamamaﬁaqé’mﬂu mimaauLLUUﬁi’ﬁ@;a:LﬁﬂLLid@Tm'mmLidé’mﬁalﬁlﬂmmsﬁu
é’amaﬁa@lumﬁﬂmamwmaaé’uaﬂﬁam;a
2 A =1 1 U d' a =3 =} >3 dl' s dl' 1 > d'
ANULABULIILADY AB mm’mLﬂwnmmmnmsmaaumimmamsa@Lwalmaqmaumunu T4
NWNITVUWALAANIVDILTINLWENNATZHN
awlia (elongation) iuanumanInvasiaglunibads Walussnmouanuinzin
' a Ao o & ¢ & & A = a 'Y a o oA
mimaaummmmﬂ@uuﬂlwmmﬂummmumwaLﬂismmymum’mmfmmaommmm

vl ¢ & €
lanidasigud

6 & 6 A AL
Lo inanINNLa (% elongation) = (L—) x 100 (2.18)

o

IANTINANUTUNWTIZHINIANNLA 1 LLazmmm’%mmmmuanauﬂ'@maﬁaqvlﬁhLi'"flu

Taquszianla wwwduizgmiled (ductile) wia \uisgiidae (brittle) aa31l 2.10

HARD AND
BRITTLE

HARD AND
STRONG

% HARD AND
TOUGH

STRESS

X SOFT AND
TOUGH

STRAIN

3ﬂ 2.10 NIINANULAY — mwmﬂ%amaﬁa@;wa&ua%4 UszLnn

2.6.2 ANNNULIILAIID (flexural strength)

anunuusslaase aa Wnenanuiduildnnmmesaunadusiainaliiinnmssasilas
lwana %aﬂ@aqgomﬂﬁ'u%uﬁaau’nﬁag’lué’nwmmmuau 1asa15095 U I UAITAUATIIAN
msnasauLUUiindenuindunsnuenmsnasaumsasuazmssan e ein faussdaas
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a & A o . ' = a & A o o ' i g v &
NATUUBTUAIDENS FIUuTIRIiiadunlaTuinualatng minaseuhaaunsanasauleaiiu 2
ANBIUT A NMINAFOULIINA LAIWUD 3 39 (three point bending) @931 2.11 UAZAINARBLILT

aalAInuy 4 2@ (four point bending)

Sample  Force

SV _
=

‘Fhﬁural test with
three-point loading

3y 2.1 NINARDULTIAALAIULL 3 909

- 4 4 9 o 3PL
fmIvfunaseuUnnmmasudanudulunldue; o= T (2.19)
. o a N PL’
dwegaaanubandulumsldae; E=—— (2.20)
“ ! 4Wh’ AL

e P Ao LIINTTYNVRINTLAIIE

L A SrzvnN9189023895UT UGB LN
w Ao AuNTsBRITUTIBEN

h A0 ANNRWIVBITHTIBENS

AL fa ewznanaswldidalasunss

2.6.3 aNWDY (Hardness) [29]

ANMURNIBDIAANULTIVDI TR T YRR, mmmmmmaﬁaqhmsﬁmmumi
1312H % (indentation) ¥38 mmmmmlums‘ﬂu@iamsy@% AIBHAIANNULTIVDINIBEINTT

& \ AL Lo aa A A A \ & o o
nasouvziduniisNInegAuisng LaZLATINaN LT IUNIINAFAY ANUAIANNLTINNLLAN
{ ™ (=1 J 0'4 a = 1 a

Lﬁmaqﬁmwmwmmgwuuuﬁa WANLANT LRLLTIINNAZUTINTIININWARLNDY

2.6.4 ANULRKEN (toughness) ﬂlad"i’a@;

=} A % dl s -5 A

AU (toughness) Aa anuaNnInvadlagivzgadunasnulildlaslifians
LANAN §1N1TNIANMFVUAGIUNTNARAULTINTZUND (impact test) TIAMULAL I
ANURNNWINUAINULTILTI LLa:mﬁwmmsn’tumsﬁﬂﬁmaﬁaq Whasannlasnaluisn anay

a o L o A @
Uszifiudnanumiisiannuegasvasananniiod (modulus of toughness) T mualide1iviiny

¥

X A9 v v T o Y a A o =2 . s
Wuﬂl@]l;aulﬂﬂﬂ’)’”“ﬂu (G ) — AULATLR (8) ﬂvL@q]qﬂﬂqiﬂ@ﬁaULLjﬂﬂﬂ (tenSIIe test) TINND
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o a i g = [ | , a o Py
Qaama\‘lﬂ’J’INL%uﬂ’J (modulus of toughness) % %:LL&@NMWNN’]%@I@%WJUﬂiwﬁmimad’m(ﬁ!‘ﬂ@ad

q

Iﬂumiﬁﬂﬁ"faqLﬁ@mil,mnﬁ'mﬁmmsl fa@ﬁﬁmmmﬁmqaﬂ’jwﬂ%wﬁ'ammiaﬁmmﬁmm
r=|

o

2097791 gqniwlumsﬁﬂﬁi’a@L‘ﬁ@ﬂ'mmﬂmLamm BaN3UN 2.12 LRAS AL RAWDIAULAN G
smdni’a@;mﬁmLLa:'?a@lLﬂmz

AR OO Sy FIAAL

=

Al ~‘; 5’ﬁamﬁm - Tamlmz

Bl e b

d i b =
FITT LR FUTHLER R

gﬂ‘ﬁ' 2.12 UFa9 Modulus of Toughness 18IFQLAHALT (a) UazIEqLINE (b)
2.7  vieaw1lwA15Uaw (Carbon Nanotube : CNT)

' & = A o ~ & A A o = ' A a

viaw luwasuawdudnlaseaienisvasaisuan Gansduwnulul a.q. 1991 nafa 3
o o o a ' o A A A o & .
anHUzAIUAY Walaadn (fullerene) maﬂum\laLaaiuuimamwmummau (spherical
shape) ust CNT dlassasraidunsinszuan (cylindrical shape) a4 CNT anainawiafiaglu

@ -9 o [ o

szaum i (10° 1uas) nIadanuniisvszanas 1 1w 10,000 289ANNNTIIVRILFUNY

2.7.1 NMIAWNL CNT

MIIAUNL  CNT LAaInANT9817 Sumio  lijima #¥N33831nRadJuan13ueIuIuLm
NEC ludltlu suzidsdazinainainlasiTnszinadiunisanin (arc-evaporation) Wia

o4& A Ao o ¢a = & ' A =

wmmmmi*ﬂ@m@ma@ﬂmaaﬁumuLmi"l%l@‘nLiJumamgmﬂmm@miuua:ﬂamiu AR
Imaa%“waﬁ"l,&immﬁ;ﬁ@ﬁammﬁumﬁau @iamﬁmmmaa‘éﬁmmmmﬁaLﬂﬁﬂ:ﬁi’ﬁ@;é’dﬂd’nlu

a g a v 1 { a J g g I 1
UIuann I@] 8UTURN1I2V0IITNNTILLREGIBNNTEIIN mmhﬁm@muﬁﬁaﬂwmuﬂum

uwn3 INanTLFudugudnats 3-10 wilwwas (nm) uaziianualugag 1 lulanwas (Wm) uaz
WWuriadaunu 2-50 T 138131 Multi-Walled Carbon Nanotube (MWNT) @aunin1sasnduazii
v a &£ ' o a va ' < =< o & ' a A a '
lﬂuszfmﬁ unsras ldaruiasl fidn1vdsg nalan rudsmanautduraiasafizond
Single-Walled Carbon Nanotube (SWNT) ludnaastldan
visvuiaw luaasnuns iNdhausatdulanssuuvedarsansadansla (cap) duilu
LUUUa8TaaATaLAIIATINTINANYDI Walaadn C 60 YuIAaIVIadIWIU SWNT Jaaud 0.7

219 2 nm &% MWNT Jaw1a3:%319 10 919 300 nm I@Uﬁﬁaadwas:wjﬁo%’umaaLL@ia:Viaﬁmm@agli
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143211919 0.34 019 0.36 nm & NI IR AR 20 [EWALNAT wazRT89IWwINRIN1TDYNlwE1?
v 1 o ] 6 a 6 =3 R [ o
169 100 ey sgasanInYinvia ANSUaUW I mmmaﬂq@%m 3 8989584 (A)
272 qmauﬁ'ﬁmaa CNT
LI INTIUABATNNTITAMNLTILATINN a28lateaTelaTiatnuaIuiGanNnITTaude
\ ) & Aad o , . o A o e & &
TERIINWDEVAIDEADNANTUAUN T FE LN UIDENI89IA7 DIk lATIETIITaILNT AR ANT DY
= A o [ & a = o a s o A A =< @
WA NLTANNWTENLATUaWANR N0z AaN LT U UGN WULA DN W BT AIR Rz Eany
seununa bl wusluszinudeinuuaauns e (n5An) Tanuudannsinnn (WINNINNTT) La
WD TR I T ML T ST ININTNLAZL A A% 1A b6 euaNEMelATIgTId CNT  a9na11TINde
o ' & ~ = & ' 2 o o = '
WHBLTEWINIDLABNANTUBUALN WS 0.14 nm (FUNTUNDT) 3971 CNT wdausInINnas uay
un3 e dranubantu (Young's modulus of elasticity) 289 CNT fidng9fis 1 TPa %38 1000
¥ Iﬁ U, 1 = 2 1
GPa Waz CNT JWunA a0 1500 anaiuasaaniy (m/g) lasfianunuiuwyiu 1.33 §19 1.40
o A 3. & o d o A { '
niudaanUIANIIUALNAT (g/cm’) Takesunilaiisuiuegdilsundanunuiuiugsa 2.7
3 ° o, ' o = o o Y
glem’ CNT Aanuanansalumsi Wi ladniinasuas saniisnas CNTansosin Wil lad s
' A 2 { o 2 va A
109 waNuUsAaaTTuALNAT ( Alcm’ ) mm:ﬁwammvl@gaqmﬁm 106 Alcm” ’NUALTS
IWHl1BnatInieNuawlazas  CNT fa suntndandsasdianasanandaisuas CNT 1w
gazgyaIneld wensadluswinlwdaflddrdnddindt igu aznszdunasinas
(phosphors) 1719'13%19 1 Aaduas (mm) lgandlWdimes 1 - 3 Thad (V) ssidesld
dndlnihgais 50 - 100 V dmiudaeiiduinludu@siu (molybdenum)

CNT A07MU8181T0%ANNTaw laauINaNNLKIENITaIYia CNT waluwawinaiuTanlaa
VINLTUNHATNULIVINIUBIY CNT ﬂ'owu@iaqmﬂgﬁ"lﬁﬁa 2800 °C muldgryaina uaz 750
°C Tuanzn@ quand@marbiduivhaulaadrsninludmonu uananidalinduny

wna A &£ A a o A o , a
ammaﬂvsmUﬂs:mﬂwmjumaumsﬂszqﬂ@ﬂmwaﬂs:Iﬂmmﬂumﬂuﬂwa 9 8nun

2.7.3 MIRILATIERUASNNTHER

a a 6 a (d‘ U s 1 v A o d‘y
mﬂuﬂlumwa@msuaumiumuﬂl‘*ﬁﬂuagluﬂaﬁ;uuumu
A a a . £ o

1. weallawsnisnAefasnsauuuaisn (arc discharge) Tadumsltnszualnassvuia 100

= =Y { & o vV Aa v
A uazanguszunms 20 V I@ﬂmquqmﬂguﬁ 2.000 D19 3,000 °C G9vinlwiAalanaiguisan
FTRINNTIANTUBL 2 97 A AamsauuiuialIane (10w water-cooled electrode) laHAANE
133 MWNT dszanm 30 tlasifudaadinnin LLa:ﬁmm@Lﬁumuﬂuﬁﬂmaﬂs:mm 2 -20 nm
AAMNLIINDLNTT 50 nm waztdnTITlansazazaadiiuauaz leiiln MWNTs

2. lFussiaiwas (pulsed-laser  vaporation) tvinlAtiharsueunanlansnanadulalu
LK @R ® 1,100 — 1,200 °C uarltmmaay 15w ansnawnia lulasianllninariaw lud

(Y ] I d' s =3 s (% a J 6
laaananiann lUnaatdun@aniunn (collector) NaduaImunanialn tnaitaitlslauaadias

anfaidudial jizenld SWNTs Miduszndouuinninifusnudiidaifefadununisniaging
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sounafateanidymlunFomwainisaaneAlnladiunmnn uazldla ONT nlsedou
Tald
3. myanaRaualtlen1aail (chemical vapor deposition : CVD) LHudnn9tdannilens
dunudi lanardanisagdvaivamnluuniagsasdy (substrate) Wavidjizenvasfonaunan
6 [} A v aaa dl a
lalasaivan (11w acetylene methane w3a ethylene) uazlulasaumaluiasdjizongunnd
600 - 800 °C &1WITUMINES® MWNT Waz 900 - 1200 °C &WMIUNIINE® SWNT luussennialnd
1 Aaan o U as o A 6 = U &V % ' ] [
mass i ldleslddagrasiunanlanzwialanzeenlad wiellanfadindiunulan:
azazaratn U luwas Gevinlwaunsonde  CNT lalulSunmunn LATRNNTAAILANVUIAURE
AML1I783 CNT ldialasaiuguaanmsiwasesiauazszozinalunaiad fisen
274 msﬂi:qﬂ@ﬂ"ﬁ CNT
' a ' . (% a Y a &L 2’ o
CNT &3130T81a3NANUTINNTI (reinforce) BasTaqianliundsdu dniniun uaz
mmsna%’wvlﬁwmﬂgﬂLLuu"Lvﬁ’LLfi Aauu19 iuas Wy ensefay uas W9 1w
ﬂﬁ]ﬁ;ﬁuﬁmma@fa@ﬂauiwamaa CNT ladSunmunn 13% Wang@niasy  CNT tia
° €80 v o A & A & A A o en A ' a
Wl tlusnowd Mduwiusiudianniatnansatadasls Indn doguantannudamaad nu
1 Y Q =Y v J q’ﬂ/ o v ) = v
damingaaan Twisesnulwihafiadlduniu sennniduhlulfds:lomdldniunsaie
] 6 ﬁ' a d! ai a 6 Aa A a o
DNWBENIIUL LAZLTARTBLNRY (fuel cells) T CNT azllunufazazasdian fa wnaa@iy
13489970 CNT RUUIaLanNNIN é’aﬁfumiﬁ]zﬁﬂﬁ'magmﬂmaa CNT Ildanudasnistin
LWRINGIN e O UTILINBBNNIINIRINITD T RLRILAL TSRO IR U nARBaz g RS 2zAU
{ £y [ o = A ¥ . . " '
uazinfeutuauNIAzad  CNT laaudains Sasuninafiaiiin “Optical Trapping” 39A1@97
1N98NNTDYN CNT mlﬂumsﬁnﬂwiﬂﬁwﬁﬁmmvhgaLLazstwé'amm‘h"lé’Luawm
& A o o A o & A a g v &
lunmanmaunndumfasiagnezlrdszlomiann  CNT famanviaw luiarursnidnis
lasagnaluszauioadla Aesunsalsidulnsy (probe) a73da wialtiduthidaauratdnunn
° ') ' A . o & v @ o Aa
fwiudanddesarsnialuiana (ultrasmall pipette) LigLaadiinunnld dunaifide

ANBATNVBI CNT Mﬂ'rimumsJLLazﬂa@ﬂéiaﬂﬂ'u*‘iﬁ;jai'mzl,ﬂmmm (targeted drug delivery)
2.8 @wlawludananaistue

FAnaua3luq (Silicon carbide) Lﬂui'a@muvl,wmzmnﬁﬁ%ﬁnau (Si) WBLAIUB (C)

& 6 wa an 6 ‘U
Wuasnsenay qmauummd 9 mamanaumﬂuw LEAIAINNIN 2.2
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A aa 6
M1319 2.2 Qmawumawanaumﬂuw

ﬁmﬁfﬂimaqa 40.10
AMTTENsaosnNaNuTauii 25-400°C 4.4 x 10° )’
AnuagaaDawEt (modulus of electricity) 410 Gpa

fgwaauéh (melting point) 2700°C

ANANNITDUIINTE (specific heat) 0.285 LAREI/NITN-DIALARIW
AMNLD (hardness) 9.0-9.5 Moh’s scale
AMURWILLL (bulk density) 0.069 NSVATURLNAT
ANNAIINL (specific gravity) 3.2

U a aa 6 A L2 a L™

dalRuuaIg1TUsznaudanawaislue aa QﬂLm"l,%wvl@ﬂumsmmﬂaaﬂm@mu
(Oxidation atmosphere) %Eﬂaumﬂuﬁﬁ@waauﬁaﬁ 2700°C fANNTaUIINIZVITANEUANT
ludsien 0.285 LAREI/NTN-DIANLARTI ﬁ@hmiﬁﬁmwﬁauqd ANSVLILAHIAILANNTOU
ADUTIIEN wmiamm%”auga wu@iaqmwgﬁmﬁymmmashasam%a"lé’ﬁ (Thermal shock
resistance) HA1AIMUUTIULTINIINAFI NUNIUABNITANNTOU NUNIUNIILAL (Chemical

. I (% 7 Jnn 6R & d' 1 > A 6 ] g [l

resistance) LIuau @1’38L%Q%%Gﬂ@%ﬂ’]‘ﬂﬂ@%L‘IJ%‘Y]W]EI%I’%“IJaduﬂﬁﬂmﬁﬁﬁmi‘ﬂmﬂYl’]‘LLL‘IJ%aEJ’N
a0 lumrazh@dneuaniludunldUslomilugavesnlunaluladd

ana ] 1 { a ‘;’ a 1 =1 { L= ‘;’ U =)

Fanawas e lulra1sNAedwlagsyTuand watduarsnaaasnziawinlt laslnd
Aaa eaN o o & a o = ' A & .
FANOUANT LGN LANNIIFILATIZHA ﬂmaaﬁowaﬂagaamuu Aa wuugnuIen (Cubic form)
LAZLULNTINNLAREA (Hexagonal form) $anauasluduuugnuiaru (3andn iwandanauans

e J Yo aa s { a ol 1

lud sundanziauldlasldaulsznevvesdaneunuaniven Namnnidinds 2000°C
1 = 6 dl g: = ] Aan & o dl [ 6
FIUWTANAUANT UALLUUNTIRNRRLUBWISENTT LaaWIFanawas Ll 93U 2.13 mIFaATZA
Aan (=] 1 ad v e A
Gmﬂaumﬂmuag%mmﬁmﬂﬂuﬂa

- Fannzianu e lasassrenindanaunuasuon

Si+C — SiC
> I8 Aaaa Ao 4 . . ' aa a 6
- FaazAINUHA3813anTU (Reduction reaction) 323 FRMAVATUDK
SiO, + 3C — SiC + 2CO
- Faenzianuisenluaninzla (vapor phase reaction or chemical vapor
. a ndcr van 6 . A [l o aaa
deposition, CVD) m3tassulasitiazltaanauiaaszans b3a (SiCl,) mgluama:vla M fAzen
Aufnadiini (DH,)
SiCl, + CH, — SiC + 4HCI
- FanzinUisenmesaaalssufisdananlasnaalad (Methyl silicon tricloride)

CH;SiCl; — SiC + 3HCI
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CUBIC {or ZINCBLENDE)

HEXAGONAL

A v an 6 [ A
El]‘ﬂ 2.13 Iﬂidﬁﬁﬁdsﬁﬂﬂa%ﬂ’]ﬂﬂ@]LL?J‘]JY]‘SGQﬂU’Wﬂﬂ LRSLUUNINANLKRRIDA

[ eana 6 AI o aaa nll a
NIz UIBAITFILAIIRTANOWULAZATT LA auhuATengannidszunm 1050°C
aAana { =) ‘:3/ U, { =Y a A { =) ‘:3/ o v
wazazAud§isennifedulanamnniuszanm 1500°C-1900°C UJASenifaduazanysal vinld
vaa {ni 1 aa 6 o d' 0 s 6 aa 6
"L@maﬂaumﬂuwaglugmummaﬂaumﬂm a93UN 2.14 SunsFueTzRlumBananans
6 [ 6 (3 aaa A Aan 6 dl' % an 6
ludanaunassianeide laandjAsoamaassuiuadananaiilua Waldiweandaneuaslug
a Aaa { a J { = =) ana {
nnUJATeAaugungil 1500°C-1900°C ﬁmqm%{}ngaﬁa 2100°C LWANGRNawANI lUAN
a J 1 { | aa =Y AI {
\eduazdas 9 Wisudunaardanauaslud UGN ALANFIAI 2400°C MaUfuuwaniy
an aa a J ]
msﬁanaum%"l,mwl,ﬂLﬂuLLaaWWanaumﬂuﬁmzmmuamaaugini

5000
- vapour
4000 |+ . vapourtliquid _4{}5('1‘0‘{,,
8 :--"'—'__‘: ; - 1iquid+carbon_:
© 3000 | liquid 2830°C
=
E | liquid+SiC
iquid+SiC
2. 2000 | . |
=
(vl
= 1415°C RS
1000
: | a+SiC
0 L | 1 I 1 1 1 1
0 20 40 60 80 100

Carbon concentration (at %)

gﬂﬁ 214 walaazunsnluszuy Si-C : Aa O ;1Taza8UaILTIvas C 1w Si

B ssazazvaudivns Silu C
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4%/ [ & ni v A [ o (% Aaa 6 A

nalnAugiuswnitsilsaduranssssarvaaanwlowludananasludae  Vapor-
. . . . & = U { v U s a { &/ o v

Liquid-Solid (VLS) Mechanism @saTunadnilaliainuiauuriiog qmmuﬁggwm:mlﬂﬂﬁuau

a A ' o a a I = =
UAZTIAB mﬂumuﬁszﬂaumaomqﬂmﬂamuamu:mﬂ"uaaumnmm"l,ﬂl,ﬂuvl,a BIDZADNVDY
loazuninnuinandgunndgeldsTnundgunnldindt iliiAanisud (Deposite)

& k¢ .. . & = ' v A

\Duzana uazgarinsvednalszanaznan (Precipitation) usauds FIVLRINA LALAANNT

aavaddwlom ludanauaslud wiaidulowluluwuilauuinits (Anisotropic growth)

U7 2.15 WNWATWLEAITaw s AaEwlauw lungaaTe i laamaian sy
ANNTAUA sJVLW‘W’mszLLaga

d' a U o 1 n‘ =} =y aid a ai o s ai
1n3Uf 2.15 aBunelddn a dunish 1 fevSnunfigumniganenaziliiagulaou
=3 & 1 o 1 d' A a 1 d' 1 a
nnvasudsnaadula (Vapor) dmludiuniien 2 AeuSiimsesden lovasaraauunsannuSiin
AaA A o A Aa A o IR o v a o o & .
nilgunnigeldfininuniigaumalidind Sshldiiammsdiiunasidusaanan  (Liquid)
o I . ' PYRPN o v & o £ ° o {
wazgathenaioduvasuds (Solid) sinaliiianisasiiandudulowmluau dwivdenlaly
miLﬁ@Lé”ulﬂuﬁiuiﬁﬂmﬂﬁﬂmﬂﬁmw%“aud’aﬂ"LV\IﬂwmzLLagoﬁa ardasiigunniinginadanis

A = @ & v A o
LWRSBEDIUEVDI LLTGI“ﬂa"IULﬂuVLa LLRSASH a\‘iuﬂ')’]&l@ug\‘]

MRG5080122 1 DUIAN 2549
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35n1Inaaas

3.1. ssedniglunsnaass
3.1.1 BNenTITu #7275 (WAalas USHN ModNand d1na)
3.1.2 Hardener # 7275 (Waalag USEn nudNend $1na)
3.1.3  azafniueanloa (AlL,O; < 10 micron: purity 99.7% KAAlay USHN Aldrich)

U
A o

3.1.4 axgfitiuaanlad (A0, 150 micron: purity 99.7% WAalay LT Aldrich)
3.1.5 GRanauashua (SiC nanoparticles)

3.1.6 fifisaanloa (NiO powder)

3.1.7 Ethanol (Merch)

3.1.8  uaanazaa (Alcohol)

3.2. qﬂnsnifuauﬂ%mﬁaﬁ‘l%‘lum‘sﬂmaaa
3.2 UWHUNBILAITIUIN 6 X 17 ANT1LTUALNAT
322 menmadnahanafieninasan (PP)
323 whiihwasdnsienadienimasan (PP)
3.24 unuianluan
3.25 @@qﬂmmﬂﬁm{wmﬁawﬁ”awmm
3.2.6 lWleanIudnsuniuans
3.2.7  Tauans I NaIuFUALLAN
3.2.8  WINNMAVLIAN
329 WABAQAENT
3.2.10 nasihuaatides
3211 fuaNawe 1 u39sn
3.2.12 ﬁ@@mm%u (Descicator)
3.2.13 AINOTMANRIASULARNT
3.2.14 1wl E.G.0. $u 14.12871.300 1500 W

3.2.15 Lﬂ‘%f'aa%'m{mﬁnvlw“ﬂwnma:ﬁmgo 1 GR-200 124U38N A&D

3.2.16 q@qﬂmfﬁmié’oLﬂi’l:ﬁﬁamiuﬂﬁua‘ui@ﬂﬂi:mummﬂamﬂamimﬁ

3.2.17 103893AANAWIL Analytical Balance, Model GR — 200 W@alasu3un A&D
Company, Limited

3.218 m%ﬁammau Pin — on — Disk Tribometer (ISC — 200 — Tribometer)



3.2.19

3.2.20

3.2.21

3.2.22

3.2.23

3.2.24

3.2.25

3.2.26

3.2.27

3.2.28

Lﬂéaaﬂ@aau Microhardness, Model MXT-07, Matsuzawa, Hollywood
International, Ltd

1# 399 CRBV Hardness Tester, Series No. 800.023 WaalasuUIHN Brooks
Inspection Equipment Uszineaingw

1#389 Universal Testing Machine, Model 8802 WaalasuSun Instron  Ussine
29N0

LSa9anURIRIENaY (Sputter) 314 SPI-MODULE'" Sputter Coater 2aJu3%n SPI
supplies Division of Structure Probe U3zinagigaiu3nn
ﬂé’faa@amiﬂﬁﬁLﬁﬂmauuum&aamm (SEM) W3OURARILAIDINTZININAIN
229398180 (EDX) 4 JSM-6335F 89131 JEOL ﬂizmﬂfﬁﬂu
ﬂﬁadﬁgaﬂﬁﬂﬁaLﬁﬂmammuﬁaam’m (Scanning Electron Microscopy, SEM) i;u
JEOL JSM 5910 LV vszinediln

LA309rLASIRLENG (X-ray Diffractometor, XRD) (Diffraktometer) 3% D500/501
NAAlABLIHN SIEMENS Uszineaioasni

ﬂﬁaaqamsﬂﬁ‘éLﬁﬂmammuﬁaamu (Transmission Electron Microscopy, TEM)
31 JEOL JEM - 2010 Uszinediln

Lﬂ’%ﬂﬁLm’lzﬁa\‘lﬁﬂizﬂauw}omﬁ (Energy Dispersive Analysis of X- ray, EDX)
3% JEOL JSM — 6335 F Uszinediu

3 udaya JCPDS file

& % ¢ 1 6
3.3 IBABNIIAILAIIEHN EJ%’]‘[%ﬂ'l‘S‘lJE]%TﬂElﬂ‘iz]J'J%ﬂ’l‘iGlﬂﬁ&ﬁNlE]ﬂ']iLﬂﬁ

3.3.1.
3.3.2.

3.3.3.

3.3.4.

3.3.5.

3.3.6.
3.3.7.

TINatAnanod W Launtn 2.5 N3
o A a a o A a \

menonsiiiasan brayIunm 2.5 N3y SalonaTauaanadas (C,HsOH) ULHY

NOILAIVUIN 6 X 17 LTUALNGAT

drnupwnasnadlmiduntenszuanlas lilwdaunn Tadlulwiagiuna 8974
6 s 6 1 6 a

qﬂmmmmame:'wnamiumsuaqumﬂm:mummﬂamﬂamimw

Lﬂmqmmquqmﬂgﬁm’nm é’]’dqmwgmﬁﬁaaLmﬁQM%Qﬁ 450 aIALTALTUR

Lﬁaﬁaqmﬁgﬁ 450 IFLTRLTYR l]a'E]EI‘IMJ@LE]%QLL@&ﬂﬂﬁﬂ&ﬁ]ﬂﬂ‘g@qﬂﬂifﬂﬁ

#Lnfa L?Tﬁ;jﬁaal,m TagaasnITivatadlasalaanagastili 0.33 IadaaIde

N 30 W

dll o A 1 a 6

Waasuiivuaan Wilan1sdsauveataTalaanagan

61'@qnmgﬁﬁmmuquqm%gﬁlﬁﬁaaLmﬁqnmgﬁ 700 2IANLTRLTEIR



3.3.8. Lﬁaﬁaqmmgﬁ 700 asangaLduy UaeonoaiaTauaanagadaingagunanili
Winda LNERBILHT 201N Inavadiatanaanadaaiiu 0.33 Aasdewfl lag
msssanziviaw lueniuowduaiwin 9 7lu

339 1{0ATUMIRBALIAN 1ﬂﬂ@§@qﬂﬂsm‘1ﬁﬁ1m§mﬁa%q@msm@La%aLLaaﬂaaa§
UWRSTAAILANLAN 5aauﬂs:ﬁaqmﬁgﬁluﬁaoLma@adﬁdqm%{]ﬁﬁm WAITITULHD
NOILAIBBNIINKBILHN

3.3.10. a13eragsviow Inansuaniaaa sz e liAenzRasddsznavvasmquas

AN laTIRIIIGIULATEd XRD, SEM Way EDX

34 dweaumianzilassaivaslsznavasiawluauaniidoaseile
341, shasmateriomluasuandisaesewld iwin 0.02 n§u uadIBAIAL.
ITNANFERSUUAIT W lRan o9l an et ue
342 vhssmegnlalfaununuetinitasdmsuldamsnwa 1 x 1.5 audiuas

34.3. ﬁ’mﬁi%miﬁz‘]ﬂﬂidﬁ%"]dﬁl I auﬂum%u auaELATd XRD

3.5 dwnawnTilansrasdlsznauneaivasiawlwansuanidoasile
351 @aamIsiotenamlnaniuaniisoa ekl unuriinaamasssisnilni
mMIvan
352  tnEwnwnnmIanuRiniidaonas tielrswawin T
353  yhmsiensesdsznaumanivasriow luasuaudisiaias EDX

&V

3.6 A5msdstanzitdwalnwmndanaweslus laglailaguaine

q @
3.6.1 ¥WITaAaw (99%, Aldrich) HiaTuan USunmatnias 0.45 N3y uazkadiia
6 a % % I3 a
aanbre USuos 0.10 N3N uaTINNWLTkIAT 20 WA
3.6.2 lﬁaﬂum@agﬁm ﬁ]’mﬁuﬁ,’lLﬁﬁLmﬁLwﬂLLuuﬁlﬁﬁaaaﬁm 196 LRUINA19V DI

Yia INUWINDaN LERNIATUAUINIW I aaNIUTZ AT 5 TN, TanvianIgadIe

2

3.6.3 Watuguameaie laermasanuaiifuniaaninas vndr 3 a39 (Fg1an 2 a39

q ¥ v

Wailawarwly 1 B, uaz 10 wiineugmwpiiFaTH)

36.4 L7 1300 -1400°C ¢188@57 10°C/min ﬁwaﬁqmwnﬁé’aﬂdn 1 Ty, IINTHUAN

U



[ s =*

qm%gﬁmmaamﬂ 10°C/min au8J 400°C LLé/’Jﬂﬂ'ﬂﬂﬁLﬁa@’lﬂx‘]@l"lﬂJ‘ﬁiﬁJ"ﬁﬂa

Ar gas

!

Valve

Pressure
Gauge

Vacuum pump

31]“?] 3.1 LL@@]GL@I’]LN']E%’\TLﬂi']ZﬁLﬁ%ﬂ’)@]%’]I%‘?jaﬂa%ﬂ’]ﬂﬂﬁ I@] ol ug e

q v v

¥ ¥ !
3.7 TWADRNIILATYNBWITNAID LY Lﬁaalﬂi']&ﬁrﬁiﬂﬁ%’mﬁ!aﬂ']ﬂ

371 @assaragreviawi lnaniveniasaizile unurinesnasseramninig

AU

372  hurenesndasunaiunsaieliassragresanoin i le draniosaiuin
ALNDY

373 WuriInednaesfaas1IaiednINnan ﬂmwiﬂsm%ﬂa@amﬂ wazIaIzwh

6 =1
239AUIznauNIILAN

[ 1 1 I3 [ @
3.8 ﬂizﬂ')%ﬂ']il@l%ﬂ“')ﬂ@!ﬂﬂ&l 2 s 53‘“'3']07]E]%']T%ﬂ']sﬂa%ﬂﬂawaﬂ%

3.8.1

3.8.2

3.8.3
3.84

3.8.5
3.8.6

3.8.7

HNENIA0 8197 IUAIT U UNFILATIZRA b6 NLAGIIATNUARITLTINANTRIWTU
éll v = o &
UARTT LN IAEN TR AN BT W
A = ) & o ' | ° A o PN &

naudNanduazviawm luasuanludanaInans g m"l,ﬂlmmaoqamﬂsﬁuﬂ v
181 3 T lug inarin s duiialdenn

eI g s lnaasaiwnranzsy anlviduiiaifainuals b lasnIa

A w ~ A A o o v o ' v

imaNandLIunnaalvinlwudsnarasluluuivuuldfaanunwidssunm
1 UaRLNaT I@]UI%LLNu"Lum'J’m@de'mq@LLa:@Tﬁuuuq@Lﬁalﬁﬁfmaﬁa@lwauﬁmu
TRAUNTENIDNNTUTIA I@mJa'aﬂﬁ"i'aeqNamv‘ﬁaﬁﬂuqmﬁgﬁﬁaa W 2 W%

o @ ' o ' & v A& Ad A ' '
mmam:naqwamam‘[ummaunuawaﬂermL@liﬂ&l"L@”’Lﬂﬂ@ﬁﬂUWﬂﬂﬂﬂiﬂu@a
w3969 (Tensile strength) LLa:mua@é'maammﬁ@mju (Modulus of elasticity)
lasa3asnaaay Universal (Instron : model 8802)

aad

NAFAURIAIAMURIWN LL‘LL%I@ BTN ANAR



3.8.9

3.8.10

3.8.11

o o L od A ' = o A =
‘Hﬂ@]’JEJF;l’lx‘i“/lL@]iﬂwvlﬁlﬂﬂ@ﬁﬂU%’lﬂ’]ﬂ’ﬂ&lLL°11\‘1 I(ﬂ Ell"liLﬂin‘W]@ﬁ@']Jﬂ’J’]&lLL‘ﬂx‘]
(CRBV Hardness Tester)

o o [ A a 1 = o A .
mmammLmﬂw"[ﬁlﬁmaaummmmaﬂma I@Ulmmaamaau Pin — on —
Disk Tribometer (ISC — 200 — Tribometer)
ﬁﬂw’mﬂmoa{ﬂamaﬁ;amﬂmaﬁa@;wauéﬁashd Im‘l%ﬂaiw”aaa;amiﬁﬁ'éﬁﬂmau

LUURAINING (SEM)

[ 1 1 ¢ a ¢ <
3.9 ﬂi$ﬂ?%ﬂ']il@l%ﬂ&l']ﬁ9}ﬂﬁ&l 3 Lﬂﬁ 7$1ﬂ'3']\‘]7|a%']1‘%ﬂ']5ﬂﬂ%/%aﬂﬂ%ﬂqﬂﬂﬂlswaﬂ‘gli

B

3.9.1

3.9.2

3.9.3
3.94

3.9.5

3.9.6

3.9.7

3.9.8

3.9.9

3.9.10

PIR1IA08719Y 0w LA T U WUAZNIW LU 0IFR N AT UG UAGI8AINLA
Aa 6 o o di % = &
RIITNANFINIVUARTTY NIRRT Nt ung
NRNBRONT, Viow1 IuA1TUanLATHIB I UUBITRNOUATT LUG LOATIEIBA 9
ﬁﬂﬂldm%aaqam%ﬂmﬁﬂ Wwnan 3 T2lu9 vvavinlwiduiitataaan
a o o v = [ ' A v & & a o o a
Wuarin g lnaamaiunvanzay awliiuiialaainuwaas b laanTa
A< A A A o o v & o ' v
iaNandIguNNauavin bwudsnaradluluudnuulwiianunuidszuio 1
TaRLNAT I@sJ’L‘*ﬁLLNu"LummmemdqmLLax@Tmuuq@Lﬁalﬁﬁ’maﬁaqwauﬁﬂu
daw A & o ' v & @ A v v
J0UNIENIBNanBuTem lavddesliirquanudsmlugmngiives wiu 2 Tu
1,1’1(;]"]ElU”N’S’ﬁ@j‘Na&lﬁL@%U&Iqmﬂﬂ@aaUﬁ’]ﬂ"mﬁiﬂu@iaLL‘Na\‘](Tensile strength)
1 [ A 1 . d‘ .
LLa:msJagmmJadmmslwqu (Modulus of elasticity) I@mmaamaau Universal
(Instron : model 8802)
NARALUMRIANAMNR LU IAATaNANAR
o N 1 dl = U [ = v dl ~
iarad1antessuld ldnagauridiaiunds laglfiaTosnagaualanauund
(CRBV Hardness Tester)
o g [l A A 1 = o A .
inaatnassyldlinarauniaianuinnsa lagldaIasnasay Pin — on —
Disk Tribometer (ISC — 200 — Tribometer)
anmmlasiaiamagamazasizguandiaing lasldndasgansiaidiinaseu

LUURDINIA (SEM)

3.10 ﬂ'ﬁﬁﬂiﬂ"l‘[ﬂi\‘lﬂ%ﬁh‘iﬂ'\dﬁr)‘aﬂ’lﬂ

3.10.1
3.10.2

3.10.3

daTuNaRaULdaIa 1 aanIuTWEN guwIdzanm 1 cm.

PTUNARDLINIUG stub  NAaG8NUNIIATUaK lagrsTwnagaulwewdig
L A = .

PRINUVULNDANII cross section

° A A v & o ~ & a o o ' '

U1 stub NLATHULAINIANA  LT1LATAIUNUIU 15 W I@mlmmmwagluma

13231 600-400 mTorr LWa¥iINITaUNaILT=NN s 100-300 A ualiinligas

nNaad SEM Lﬁamﬂmw*[maai”ﬂa@amﬂmao cross section



3.11 mswesgaaagraiarilinagauaniiatdina

3.11.1 NMIRIANNKRI LN (Density)

3.11.1.1.

3.11.1.2.

3.11.1.3.
3.11.1.4.

3.11.1.5.

é’@%umaamﬁaﬁﬂﬂmaauLﬂugﬂﬁm’é’iwgﬂmﬂﬁmm@ 1cm. x 1cm.
$1953% 5 1 luusaz % by volume
indunagaylddaiminluaimaiiazde Tuiinke
insunasavliuglwingsines 10 ml /5 3w w1 $2la
Wousdunagouasy 1 T2l shandeinminlwin Tessudiniimin
LLa:qmﬁgﬁmaaﬁw Ao i oM AU RN UKD NN T
WIAITIN

AW BAIAIATUAW LU B DITUI W

3.11.2 ﬂ’li‘Ylﬂﬁa‘.lJﬂ’li‘Yl%LLS\‘iﬁ\‘l (Tensile Test)

3.11.2.1
3.11.2.2
3.11.2.3
3.11.24

3.11.2.5

3.11.2.6

3.11.2.7

o 2 [ =
@lmumaaummmﬂmgﬂ 3.1 Talawiaved Gauge range 20 mm.
AATUNARALAIALIIBT 3 T LAILRUIA 99713UAMURWIUANA1INTE
o A A o o o A & o &
TaNUNNINGa Gauge range lagldiiasifias Tusindn
AIFTINA AT LI NINAFALAILLATDI A9Th

Stress 10,000 N.

Strain 2000 mm.

Gauge range 20 mm.

Speed 250 mm./min
TunasaudaIemasay lasdadiunisl#uSinsues Gauge range

] 1 =} =S a

laindaunsafsauiia bl

= N s & A " & a a
NAFBULTIAI AL NLITIRITWITBE 9AUNINTUINRIZLAAANULFE R
%30V19LSLI0 Gauge range

ﬁﬂﬁayaﬁvlﬁmﬁﬁmmmm Tensile LaZANWIUAAT Toughness TuHN

WA

Y
g‘ﬂ 3.2 @208 19FUNUNATDU tensile



31 3.3 MIAAMITUNATRUAVWITUVDA load cell

3.11.3 MINATBUANNUDI (Hardness Test)

3.11.3.1
3.11.3.2
3.11.34

3.11.3.5

FTUNAROLIWIAWDLRNNZIY stub 7ilF

HOTUNWAILH stub Taew mmu@@‘lﬁﬁu%mmﬁmmL‘%muﬁqcﬂ

i3 uawlinguuiaiaanagey Microhardness  uazaadniiawluvas
insnfAlenassuniunasey  uazvinmInaseaulasaiasnasauazna
Fuouad 1w 10 Sundl

L3 89NAFDUZLTENIANAANUNT19TBITDUNATILAGT Y LAZLEAIAN

@mmﬁwao"fa@;ﬁvﬁuﬁaﬂuﬁﬂwa

3.11.4 NMINAFBUNITANNIBINNNITTAAIN (Wear Test)

3.11.41

ANTUNARALUWIANDLANIZNY stub Nl



3.11.4.2
3.11.4.3
3.11.44

3.11.45

HOTUNUAILN stub Taamw mmwaﬂlﬁﬁa%mmﬁmmL’%Uuﬁq@
@mfﬂaamm‘ﬁquua:ﬁ"m@(ballﬂﬁagjisl,uamww%”au’lfﬁmu
ﬁw%umuvlﬂ’nauummaaLﬂ'%laamaau Pin — on — Disk Tribometer
wazesnSawlansnasey el

Turning: 1500 turns

Wear track radius (r) : 4 mm.

Load : 200 g.
sardanwlanmmasavluaissnouRiined uazisunmasaudany
SIWINTALNAIMUA LE2ITAAN wear volume loss LAZRIWITKANEAIINNS

ANWIAVAIAIDENY UUNNNE



UNN 4

Wan1InAaadiazn1IanlIngma

1 % 1 % (3 a
4.1 NMINATILANNNWIUUKVDINIBEIIAANEN CNT/SIC/aNDNBLIBY
PMMMINATILMIAIANIRWILUUBITI8E1ITRGHENA T VBN LT FRaauas
& & A& A A o o a2 Aaa A o
Tud wlulwiwes wazdRendisdulasldnannmsununinvesendias Tsausariilalas
MITIRINVaIT U UluaI M@ (W,) nnnwsinduinualadne lusih lvduaiUszan 3
731309 waIFNMITINREN U (W) 2z IR RN Taf w AN A NI L 8 9T 1
dagglaanaunsealui

AN319N 4.1 LLam@hmm%mLLﬂumaoé’aaﬂwai’aqwau 2 W& 321379
1 6 A = a
Yiaw luaNTUawaNaNTLITU

Sample P (glcm’)

E (#7275) 1.176
CNTs+ E 0.1% 1.180
CNTs+ E 0.2% 1.183
CNTs+ E 0.3% 1.183
CNTs+ E 0.4% 1.185
CNTs+ E 0.5% 1.186
CNTs+ E 0.6% 1.185
CNTs+ E 0.7% 1.186
CNTs+ E 0.8% 1.188
CNTs+ E 0.9% 1.189
CNTs+ E 1.0% 1.193

NANTNN 4.1 Ltammmmﬁmmumaﬁaqwau 2 g TenTaviaw luasuan
LRLANANDLITW wm’wmmmﬁmLLumaﬁa@;Naué"gasjwﬁms:ij 1.180 — 1.193

3L A, v a [ , A A A 3
g/cm Gﬁﬂllﬂ']slﬂal,ﬂEJ\‘]ﬂ‘]Jﬂ']ﬂ'J']ll'ﬂ%’]LL%umaﬂawaﬂsﬁLisﬁu (1.176 g/cm )



AN319N 4.2 LLam@hmm%mLLuumaaé’aaﬂwai’aqwaw 3R 3219

' 6 an [ =K = a
muﬂumsu au/snaﬂaumﬂm/aw anNDLIDI

Sample p (glem’)

E (#7275) 1176
CNTs + SiC + E 2% 1.165
CNTs + SiC + E 5% 1.201
CNTs + SiC + E 10% 1.214
CNTs + SiC + E 12% 1.227
CNTs + SiC + E 15% 1.235
CNTs + SiC + E 20% 1.258

@hmm%muumaﬁaqmau 3 e sTninaviaw luasuaw/sanauansiua/
BRanTL3Tu ugaIGIANI9N4. 2 wud’lmm’mﬁmLLuumad%umuéhaﬂwai’aqwauﬁm’%w
Iafidnszning 1.165 — 1.258 giem’  @efianlndiAnsnuaanunwuiusasdRandisdu
(1.176 glcm’)

4.2 mi‘nﬂaaum'mLtﬁawaaéfwzh\ﬁ'aqNaNCNTISiCISﬁan%Ls%u

AA o =

mswmaummuﬂwaﬁa@lﬁfﬂﬁ%ﬂ@fﬁ@wmﬂmmzl,l,mﬂ'jw LT LARNLDS

woy udu loavindugdindie 9 dugu gdnaw #szlia law wisanmy anadn
o { ' o v o v da £ =

ﬂﬂmvlﬂ‘lma@;ﬁmaamﬂuyu 90 891 adldadnetn 9 usiasaurinNiiadunas

ﬁ’]ll’]iﬂ%’]ﬁﬂﬂ’]’]&ll,l,“ﬁﬂﬁ



AN319N 4.3 LLamﬂ"]mmLLﬁamaaﬁaamﬁa@;Nau 2 W& 539
[ 6 = 1 s a
Yiaw lANT U WANaNTLITU

Hardness
Sample
(Vicker)
E (#7275) 37.3
CNTs+ E 0.1% 48.2
CNTs+ E 0.2% 50.7
CNTs+ E 0.3% 54.8
CNTs+ E 0.4% 58.1
CNTs+ E 0.5% 60.8
CNTs+ E 0.6% 64.8
CNTs+ E 0.7% 65.8
CNTs+ E 0.8% 71.4
CNTs+ E 0.9% 67.6
CNTs+ E 1.0% 63.4

INNANTN 4.3 memm@aaummmmLﬁwaaé‘;aziwi’aqwamiam‘[u
ANTUaWANANTLITY WU @hmmuﬁamaoéﬁamﬁa@wauﬁL@%wvl,@i”a%ilwﬁw 482 —
= ' = = A L A ;A ' '

714 mgemwmwLmeaaﬁwaﬂ%Lssﬁu Tagwuinndsunaraw lua1suan 0.8% Ja1aa

< A £ A A v A A a
LLTG%\T&!@I LRELANNDY 91% LUBLNYUNUANDNDLID

a1317 4.4 uFAININARAURIAIANNLTIVITIaETRHANTIaU Tua Tua W/
dNandistu laslthinauuy Knoop Wuin ﬂ"lmmLL°‘ﬁd°nadﬁaazi’m"fa@;wauﬁm%wvlﬁagi
lug19 8.6-13.9 TageniranuudsvesdBiandisdu (1.3) laswuinf 20% vasviaulu

& Aa e = A £ A a v A= A A
ﬂﬂ‘S‘UauLLa::ﬂjaﬂauﬂﬂﬂumm’mﬂmmdgdqﬂ LRSLNUDY 969% LUBLNYUNUaNWaNDLIDW



AN319N 4.4 LLam@hmmLLﬁwaaéﬁamﬁa@;Naw 3 W@ 529
1 6 an 6 A & A a
viaw luasUawSanauas lUa/aNandLIEn

Hardness
Sample
(Knoop)
E (#7275) 1.3
CNTs + SiC + E 2% 8.6
CNTs + SiC + E 5% 10.3
CNTs + SiC+E 10% 10.5
CNTs + SiC + E 12% 12.3
CNTs + SiC + E 15% 12.5
CNTs + SiC + E 20% 13.9

o 1 o [

4.3 NMINAFIUNIANNIDVRIG18 19 TAANANCNT/SIC/ANaNBLIBY

nIdnwnIa (Wear) Wulymardginulunngasmnsmudnaliiionsgyidons
nauazd lghslunnhsinmuszndszanimumaiaunaatesas misnntaidu

a o o {a { o o o A £ ' v a
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Abstract

An experimental investigation was carried out to study the fabrication of silicon carbide nanowires (SiC NWs)/epoxy resin compos-
ites. This material could exhibit excellence mechanical properties for example, hardness, wear resistant and especially lightweight which
may be used to replace metal parts in vehicles. The SiC NWs/epoxy resin composites were prepared by using the ultrasonic mixing and
casting techniques. The physical and mechanical properties such as density, tensile strength, hardness and wear test of composite samples
were examined. Furthermore, microstructures of samples were also investigated by scanning electron microscopy (SEM). It was found
that the ultrasonic mixing could be used for fabricating high wear strength samples of SiC NWs/epoxy resin composites.

© 2007 Elsevier B.V. All rights reserved.
PACS: 81.05.Mh; 81.05.Ni; 81.05.Pj; 81.05.0k

Keywords: Composites; Silicon carbide nanowires; Epoxy resin

1. Introduction

In the recent years, there is a great need for composites
because the combination of two or more materials can lead
to enhance performance and outstanding properties com-
pared to their constituents [1,2]. Especially, the polymer-
based composites reinforced with a small percentages of
strong fillers can significantly improve the mechanical,
thermal and barrier properties of the pure polymer. More-
over, these improvements are achieved through conven-
tional processing techniques without any detrimental
effects on processability, appearance, density and aging
performance of the matrix [3]. The realization of their
unique properties, it has been considering for a wide range
of applications including packaging, coating, sport, elec-
tronics, aerospace industries, aircraft and military, auto-
motive, and marine engineering [3-6]. The conventional
fibers, for examples, glass-fiber, carbon-fiber and aramid-

* Corresponding author. Fax: +66 5335 7512.
E-mail address: msrlwt@yahoo.com (W. Thamjaree).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.10.074

fiber are widely used in nowadays. However, these materi-
als are still limited in some applications, especially, the air-
craft engine and aerospace industries which need high
temperature materials, high mechanical properties that
are lightweight [7]. Therefore, there are many works focus
on the reinforcing polymer-based materials have incorpo-
rated various particle/whisker-type fillers especially, the
functionally graded materials (FGMs) to fabricate the high
performance materials for space-planes [8,9]. The new type
filler, silicon carbide nanowires (SiC NWs) have been
attracting considerable attention due to their excellent
properties such as high thermal stability, high thermal con-
ductivity, good mechanical properties and chemical inert-
ness [10,11]. Besides, it has been suggested as good
reinforcement materials and suitable to be used as the rein-
forcing material for composites due to their much larger
strength over their bulk counterparts and strong interfacial
bonding [12]. It is reported that the elastic modulus and
ultimate bending strengths of SiC nanorods with several
tens of nanometer thick were 610-660 and 53.4 GPa,
respectively. The strength of these nanorods is a factor of
two or more times higher than earlier observations for
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SiC whiskers of micrometer diameter [13]. Therefore, they
can be used in nanoelectronics, field emission device, bio-
medical engineering, nanocomposites and applications in
high temperature nanoscale devices [10,14,15]. Although
there are many research works on SiC NWs, most of the
works focus on the fabrication of SiC NWs and properties
of SiC/ceramic composites [12,16-18]. However, improve-
ment properties of materials by using SiC NWs as
fillers in polymer matrix composites have not yet been
reported.

In this work, composites samples between SiC NWs and
epoxy resin were fabricated using ultrasonic mixing and
casting techniques. The reinforced fiber, SiC NWs was syn-
thesized by current heating technique (CHT). Physical and
mechanical properties such as hardness, wear resistance,
tensile strength and density of the composites samples were
investigated. Moreover, microstructure of samples was
determined using SEM technique.

2. Experimental procedure

The SiC NWs were synthesized via current heat tech-
nique (CHT) [19]. The raw materials, carbon powder (ultra
high pure graphite, 99.9%), SiO, (Silica gel 60, Fluka) and
Al,O5 (Extra pure, 98%, Reidel-de Haen) were mixed and
pressed into rod shape with 12mm in diameter and
25 mm in length. The rod was heated by DC power supply
for 5 min under argon atmosphere. SiC NWs was taken out
from surface of the rod were ground by using agate mortar
for 10 min to get rid of hard agglomeration. A matrix was
created by mixing epoxy resin (Thai Epoxy Resin Ltd.,
Thailand) with its hardener in the ratio 100:27 by volume.
The density of the matrix is 1.176 g/cm’. To fabricate com-
posites, firstly, SiC NWs were added into epoxy resin with
the different ratios varying from 5% to 15% of volume.
Firstly, the mixtures of epoxy resin and SiC NWs were dis-
persed for 3 h in an ultrasonic bath. Secondly, hardener
was added into the mixture and mixed in ultrasonic bath
for 5 min. Thirdly, the mixture was poured into the rubber
mould in the dog-bone shape (Fig. 1) with a sample thick-
ness of 1 mm. It is noted that mylar films were put at the

50 mm

30 mm

N ]
= LN

Fig. 1. The tensile test of composites samples.

5 mm

upper and the lower of the samples in order to obtain a
smooth surface. Finally, the composite samples were left
to settle at the room temperature for one day and then
removed from the mould. Density of samples was mea-
sured by using Archimedes method. Tensile strength of
the samples was measured by the universal testing machine
(Lloyd Instruments, LRX) with a cross-head rate at
50 mm/min. The hardness was tested by Knoop’s hardness
testing machine (HK, Brooks Inspection Equipment Ltd.,
England). The wear resistance was examined by the Pin-
on-Disk Tribometer with ball radius of 4 mm. Moreover,
the microstructure of the composites samples was investi-
gated by SEM.

3. Results and discussion

Table 1 shows density, hardness, width of wear track
and tensile strength values of SiC NWs/epoxy resin com-
posite samples. The results showed that density of compos-
ites samples increased with increasing of SiC NWs content
which is in the range of 1.1455-1.1567 g/cm®. However, it is
noted that the density of the composites samples is higher
than pure SiC NWs (0.996 g/cm®) and slightly less than
that of the pure epoxy resin (1.176 g/cm?). Moreover, the
hardness (HK) and tensile strength are in the range of
1.3-6.3 HK and 5.40-23.81 MPa, respectively. Further-
more, it is observed that the widths of wear track of sam-
ples are in the range of 329-550 pm. It is observed that
hardness and tensile strength of 15 vol% SiC NWs compos-
ites increased to 384% and 341%, respectively, and the wear
track of samples decreased to 40% when compared with
that of pure epoxy resin. Fig. 2 shows the relationship
between coefficient of friction and distance, it shows that
friction values of pure epoxy resin are much higher than
that of composites. The coefficient of friction of pure epoxy
decreased to 83% when adding the SiC NWs into polymer
phase. It could be assumed that adding SiC NWs into poly-
mer-based, epoxy resin would decrease the friction and
promote the wear resistance of the pure polymer. Fig. 3
shows the photographs of the width of wear track of pure
epoxy resin and composites samples. It exhibits that the
width of wear track are dramatically decreased (from 550
to 329 pm) with increasing of SiC NWs (0-15 vol%) con-
tents which confirm that wear resistance of soft and ductile
materials could be improved by using the SiC NWs filler.

Table 1
The density, hardness, width of wear track and tensile strength of
composites samples

vol% of SiC Density Hardness Width of wear Tensile

NWs (%) (g/cm?) (HK) track (pm) strength
(MPa)

0 1.176 1.3 550.0 5.4

5 1.14549 3.7 371.0 9.40

10 1.14747 4.7 356.0 15.41

15 1.15674 6.3 329.8 23.81
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Fig. 2. Wear resistance of pure epoxy resin and SiC NWs/epoxy resin
composites.

Fig. 4 shows the typical SEM micrographs at different mag-
nifications and EDS spectrum of the obtained products. It
reveals that the products consist of a large quantity of wire-
like nanostructures with several micrometers in length and
diameters varying from 50 to 70 nm. It is also revealed that
SiC NWs were randomly oriented with straight or curved
morphologies. These nanowires generally display smooth

i

Fig. 3. Wear track of composites samples: (a) pure epoxy resin, (b) 5 vol%, (c) 10 vol% and (d) 15 vol% of SiC NWs.

surface and very uniform diameter. Besides, the catalyst
particles are observed at the end tip of wires as shown in
the higher magnification SEM micrograph (Fig. 4). The
EDS analysis showed that the elements of nanowires with
a wrapping layer contain silicon, carbon and oxygen. The
wrapping layer is thought to be SiO, This may be due to
the reaction between SiC NWs and the remaining oxygen
in the furnace. Fig. 5 shows the SEM micrographs of com-
posites samples with different SiC NWs contents. It can be
seen that the brighter phase is the filler phase (SiC NWs)
whereas, the grey phase is matrix phase (epoxy resin).
The fracture surface of the nanocomposites was coarse,
which may imply that the composites have good toughness
because of the presence of nanowires. Mostly area covered
with polymer phase when small quantity of SiC NWs
(1.0 vol%) was added into the sample as shown in
Fig. 5a. However, very well distribution of nanowires can
be obtained when the content of SiC NWs is increased
for 5vol% and 10 vol%, respectively. Moreover, it shows
that epoxy resin evenly impregnated throughout the nano-
wires, which indicates good resin impregnation (Fig. 5b
and c). Fig. 5d shows the micrograph of 15 vol% compos-
ites, it is found that the SiC N'Ws was covered by polymer
matrix and some parts of SiC NWs embedded into epoxy
resin which may cause to the much higher of mechanical
properties. Therefore, it can be reported that adding the
nanowires into the polymer-based phase can promote the
mechanical of single phase polymer-based especially, hard-
ness and tensile strength.

G
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Fig. 4. SEM micrographs and EDS spectrum of SiC NWs.
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Fig. 5. SEM micrographs of SiC NWs/epoxy resin composites (a) 1 vol%, (b) 5 vol%, (c) 10 vol% and (d) 15 vol%.
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4. Conclusion

SiC NWs/epoxy resin composites were fabricated by
using the ultrasonic mixing and casting techniques. The
SiC NWs were used as the reinforced fiber to promote the
mechanical properties of the composites. The results
revealed that the SiC NWs were well-dispersed within the
epoxy resin matrix. The wear resistance of polymer-based
materials could be improved by adding SiC NWs. The com-
posites with 15 vol% of SiC NWs show the best wear resis-
tance with the width of wear track of 329.8 um which is
much less than that of pure epoxy resin (550 um) while there
is no significant change in weight. Moreover, the hardness
and tensile strength of composites was improved to 384%
and 341%, much higher than that of pure epoxy resin.
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Abstract. An experimental investigation was carried out to study the fabrication of double layers of
aramid fiber/alumina/epoxy resin laminate composites using low-pressure technique. To obtain the
sample with high wear resistance property, the micron size of alumina particles were added into
epoxy resin using the ultrasonic processor. The physical and mechanical properties such as density,
hardness, impact test, wear resistance and tensile strength of the composites samples were
investigated. Furthermore, microstructures of specimens were also examined by scanning electron
microscope (SEM). From the results, it was found that the mechanical properties of double layers
laminate composites of aramid fiber/alumina/epoxy resin could improve by using the low-pressure
technique.

Introduction

Epoxy resin systems are increasingly used as matrices in composite materials for a wide range of
automotive and aerospace applications, and for shipbuilding or electronic devices because of its
excellent bonding, thermal and mechanical characteristics [1-2]. Aramid fiber is one of the most
interesting fibers, because of their good mechanical properties for example, light-weight, high
specific modulus and strength, high thermal resistance and chemical inertness. Furthermore, it
exhibits low electrical conductivity when compared to metal alloy and carbon fiber [3]. However, it
has erosion resistance poorer than metallic materials [4]. The scientist added ceramic phase into the
composites to improve the property of the fiber-reinforced composite materials [5]. Al,O3 is known
to be an important ceramic material because of its outstanding combination of chemical and
physical properties such as excellent resistance to heat and wear, high specific strength, and good
oxidation resistance. However, the major problem with the use of Al,Os as a structural material is
its inherent brittleness, which is the common characteristic of ceramic materials [6]. In order to
enhance the bending force and interaction between Al,Os and epoxy resin phase, the ultrasonic
mixing was used for fabricating these laminate composites due to its high energy sonic wave
utilization that can force an intrinsic mixing of particles with the matrix via sonic cavitations [7].

In the present work, the double layers laminated composites of aramid /Al,Os/epoxy resin were
fabricated by using ultrasonic mixing and low-pressure technique. The physical and mechanical
properties such as density, hardness, impact test, wear resistance and tensile strength were
investigated. Moreover, microstructure of the samples was examined by using the scanning electron
microscopy (SEM).

Experimental

In this work, the epoxy resin (Thai Epoxy Resin Ltd., Thailand) was used as matrix phase. The
density of the matrix is 1.176 g/cm’. The plain weave aramid fiber and ALO; powder (Aldrich,
purity 99%, 10 microns) were used as the reinforcement phase. The Al,O3; powder was added into
epoxy resin with the different ratios varying from 2, 5, 10, 12, 15 and 20 percents by volume. To
fabricate the double layers laminated composites, firstly, aramid fiber was cleaned by dipping in the
ethanol (Merck, purity 99%) and dried. Secondly, the mixtures of epoxy resin and Al,O; powder
were dispersed for 3 h in an ultrasonic bath. Thirdly, hardener was added into the mixture and

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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mixed in ultrasonic bath for 5 min. Fourthly, aramid fiber was laid down and the mixture of epoxy
resin and hardener filled with Al,Os; powder was then poured into the plastic mould with thickness
of 1 mm. Thereafter, the other aramid fiber was laid down upon the 1* layer. In this step, the mylar
films were put at the upper and the lower of the samples in order to obtain smooth surface. Finally,
the composite samples were left to settle for 1 day at the room temperature and then removed from
the mould. Density of the samples was measured by Archimedes method. To investigate the
mechanical properties, hardness by Vicker’s hardness testing machine (HV30, Brook Inspection
Equipment Ltd., England). The impact was tested using the impact testing machine (6705CE,
Dension Mayes Group, DMG). The wear resistance was measured by the Pin-on-Disk Tribometer
with the ball radius of 4 mm. The tensile strength was examined by using the universal testing
machine with a cross-head rate at 50 mm/min, the composites samples were cut into the dog-bone
shapes. Moreover, the microstructure of the samples, which cut by ceramic cutting tool, was also
determined by scanning electron microscopy (SEM).

120 mm

Sample # | |
Pump ! 10 mm
Fig. 1. The schematic diagram of Fig. 2. The tensile test of
low - pressure technique. composites samples.

Results and Discussion

Table 1 shows density, hardness, impact, wear rate and tensile strength values of
aramid/Al,Os/epoxy resin laminated composite samples. The results showed that the density of
composite samples which is in the range of 1.265-1.476 g/cm’ was increased with increasing ALO;
powder content. However, it is noted that the density of the composites samples is less than the
density of ALO; powders (3.61 g/cm®) and slightly higher than the pure epoxy resin (1.176 g/cm’).
The hardness and tensile strength of composites sample are in the range of 84.7 - 102.3 HV and
129.8 - 290.3 MPa, respectively. Furthermore, it is observed that the impact and wear rate values
are in the range of 3.7 - 4.3 J. and 0.2074 - 0.3924 pum?, respectively. It is observed that at 10 vol%
Al O3 powder content is minimum hardness (85.0 HV) whereas tensile strength is maximum and
much higher than the pure resin (887% increased). Besides, at 20 vol% Al,O; powder content are
highest hardness, which increased to 174% and lowest tensile strength (102.3 HV and 129.8 MPa,
respectively). Fig. 3 shows the photographs of the width of wear track of composites samples. It
exhibits that the wear rate are dramatically decreased with increasing of Al,O; powder content
when compared to the pure epoxy resin (from 2.9100 to 0.2074 um?). It might be said that the wear
resistance of the composites samples could be improved by using the Al,O; powder filler. The SEM
micrographs of composites samples with the different AI,Os; powder contents are shown in Fig. 4. It
was found that the small amount of porous appears at the contact area. It may assume that
composites show good adhesion between reinforced and epoxy resin.
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Table 1. The properties of reinforced composites.
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Vol% of | Density | Hardness | Impact | Wear rate Tensile
ALOy | (o) | (IV30) | @) | ) | e
0 1.176 37.3 32 2.9100 294
2 1.265 84.7 3.7 0.3924 255.8
5 1.312 87.7 3.9 0.2970 282.4
0 1.339 85.0 4.1 0.2573 290.3
12 1.363 90.6 4.0 0.2271 282.0
15 1.436 92.6 4.1 0.2074 212.1
20 1.476 102.3 4.3 0.1575 129.8

Fig. 3. Wear track of composites samples (a) 2 vol%, (b) 5 vol%, (c) 10 vol%,
(d) 12 vol%, (e) 15 vol%, (f) 20 vol%
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Fig. 4. SEM micrographs of aramid/Al,Os/epoxy resin composites (a) 2 vol%,
(b) 5 vol%, (c) 10 vol%, (d) 12 vol%, (e) 15 vol%, (f) 20 vol%.

Summary

Aramid/Al,Os/epoxy resin composites were fabricated by using the ultrasonic mixing and casting
technique. The plain weave aramid fiber and Al,O; powder were used as the reinforcement to
promote the mechanical properties of the composites. The results revealed that the aramid and
Al,O3 powder were well-dispersed within the epoxy resin matrix. The tensile strength of the 10
vol% Al,Os/epoxy resin composites compared with the pure epoxy resin increased 887%. The
hardness and impact were maximum at 20 vol% Al,Os. The composites samples with 20 vol% of
AlLO; show the best wear resistance with the wear rate 0.1575 um?, much less than the pure epoxy
resin (2.9100 pm?).
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Abstract. In this work, barium zirconium titanate (BZT) ceramics were fabricated by using a
ultrasonic ball milling technique. BZT with the ratio of BaCO3:ZrO,:TiO; was 1:0.05:0.95 was
mixed in ultrasonic ball milling for 1, 3 and 4.5 hr and calcined at temperature of 1000 °C. Phase
formation of BZT powder was investigated using XRD technique. Moreover, physical and
electrical properties were examined. It was found that the tetragonal structure of BZT can be
observed. Particle size of sample powder obtained from new milling technique is smaller than that
of powder obtained from conventional mixed oxide method. Moreover, this new technique also
requires the less time fabrication. Furthermore, the dielectric properties are increased with milling
time and sintering temperature.

Introduction

In the past, innovations in many applications for example, actuators, sensors, hydrophones and
ultrasonic transducers have been the driving force for new developments in piezoelectric ceramics
[1]. Lead—containing materials including mainly lead zirconate titanate (PZT) and lead-based
perovskite compositions have been the mainstay for high performance applications due to their
excellent dielectric, piezoelectric and electromechanical coupling coefficients [1,2]. However, from
the sustainable development point of view, the toxicity of lead oxide and its high vapor pressure
during materials processing may bring serious problems and the growing of concerning on health
and safety worldwide have drawn the attention owing to the need for environmental protection
[2,3]. In recent years, lead-free ferroelectric and piezoelectric materials have received much
attention to produce the electronic products to protect the environment and human health.
Therefore, it is necessary and urgent to develop lead-free materials with excellent properties for
replacing the lead-based materials. One of the most important and promising lead-free materials is
barium titanate (BT) and its solid solutions for example, barium zirconium titanate (BZT) [4].
Normally, the fine, high purity and uniform BT and its solid solution powder which is advantages in
many engineering applications can be synthesized by such chemical methods for example, sol-gel,
co-precipitation, hydrothermal, the poly vinyl alcohol evaporation route, spray dry technique and
spray pyrolysis technique,..etc [5]. However, the chemical synthesis is not suitable for mass
production due to low yield and high cost of powder. Therefore, the solid-state reaction process
using oxides as the starting materials are more favorite to prepare BT and its solid solution powder
because this technique is very simple, low cost and can be prepared for mass product [6].
Unfortunately, the conventional method requires a high calcinations temperature to synthesize the
designed BT compound, making the fabrication of BT ceramics very complicated and time-
consuming [7]. Therefore, in this work the authors attempt to prepare the BZT powder by using
ultra-ball milling technique. The effect of time on formation and morphology of powder was
studied. Furthermore, the physical and electrical properties of samples were also examined.
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Experimental

BZT with the mole ratio of BaCO3:Zr0O,:TiO; was 1:0.05:0.95 was prepared via the ultrasonic ball-
milling technique (Figure 1). BaCOs (99%, Fluka), ZrO, (99%, Fluka) and TiO,, (99%, Reidel)
were employed as precursors. The starting powders were weighed according to appropriate molar
fractions, mixed and wet milled (in ethanol) for different time (1, 3 and 4.5 hr) in the zirconia
grinding media. The mixtures were dried, calcined in closed alumina crucible at temperature of
1000 -1250 °C for 2 hr with heating and cooling rate of 3 °C/min. Moreover, the calcined powder
was sieved and sintered in closed alumina crucible at temperature of 1300 °C and 1350 °C for 2 hr
with heating and cooling rate of 3 °C/min., respectively. An X-ray diffractometer (XRD, Philips)
and a scanning electron microscope (SEM, Philips XL 30 ESEM) were employed to study phase
evolution and microstructure of the samples, respectively.

Figture 1. Fabrication of BZT powder using the ultrasonic ball-milling technique.

Results and Discussion

The phase identification of calcined and sintered BZT ceramics were conducted by X-ray
diffraction (XRD) technique. Figure 2 show the XRD pattern of BZT powder which milled for 4.5
hr and calcined as different temperature. From Fig. 2, the series of peak can be matched with the
JCPDS file no. 83-1880. It can be seen that the uncompleted perovskite-like BZT phase was found
in powder with a milling time of 1 hr and the single BZT phase was obtained from a milling time of
3 hr and 4.5 hr (Figure 3). It can be seen that the ultrasonic ball-milling technique take the less time
consuming when compare with the conventional method which normally take 24 hr for milling
time. This may be due to that the ultrasonic processing may promote the ability of grinding,
breaking down the agglomeration of powder. Next, effect of milling on particle size of BZT
powder was examined by particle size analyzer (Mastersizer S ver 2.19, Malven Instrument, Ltd.) as
show in Table 1. It can be seen that average particle size of uncalcine powder and calcined powder
are in the range of 0.83-0.16 um and 0.72-0.22 um, respectively. Besides, it is also found that there
is a significantly change in size of particle with the further milling time of ultrasonic ball mill.
Table 2 exhibits the density, dielectric properties and Curie temperature of BZT ceramics. It can be
found that density and dielectric constant of BZT ceramics is increasing with the milling time which
effect from the decreasing of particle size when the milling time is increased. The optimum values
of density and dielectric constant (77.67% and 1555) obtain from ceramics sintered at 1350 °C with
the milling time of 4.5 hr. It has been observed that density of samples is not extremely high which
may be due to its sintering behavior of the oxide mixture which shows the volumetric expansion
[7]. Moreover, there is a significantly change in Curie temperature of BZT ceramics sintered at
1350 °C which may be due to the density of sample and the Zr concentration from the media. The
relationship between dielectric constant of BZT ceramics and temperature is shown in Figure 4.
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The normal curve of dielectric shows that higher dielectric constant values obtain from ceramics
which sintered higher temperature.
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Table 1. Average particle size of uncalcine and calcined BZT powders

Milling Time (hr) Mean diameter (um)
Uncalcine powder Calcined at 1000 °C
1 0.83 0.72
0.18 0.23
4.5 0.16 0.22
Table 2. Density, dielectric properties and Curie temperature of BZT ceramics
Sintering Milling Time Density requency Curie
Temperature (h) (%) (1 kHz) Temperature
(°C) ’ & tand (°C)
1 67.62 866 0.38 130
1300 3 71.69 970 0.35 130
4.5 73.08 1308 0.60 129
1 74.72 1128 0.19 123
1350 3 75.16 1193 0.13 126
4.5 77.67 1555 0.25 134

The SEM micrographs of as receive surface and fracture surface of BZT ceramics sintered at 1350
°C are shown in Figure 5. There is many pores appear in the bulk which may be due to the effect of
low density of the samples. However, this problem can be improved by using higher sintering
temperature. The time employed in the ball milled method has the effect on the porosity in the bulk
(not show here). The grains agglomerate in irregular shape. Furthermore, the average grain size of
sintered ceramics is about 1.2 um. Therefore, it could be concluded that the ultrasonic ball milling
technique could produce fine powder but consuming less milling time when compared to the
conventional technique.

Summary

It can be concluded that homogeneous and fine powder can be obtained by using the ultrasonic ball-
milling technique which could be fabricated in mass product and low cost. The most significant
change occurs in the size of the particles. Moreover, the ultrasonic ball-milling technique results in
smaller particle size and less milling time than the powder processed via the conventional ball
milling method.

Acknowledgement

The authors would like to express their sincere thanks to the Thailand Research Fund (TRF) and
Department of Physics, Faculty of Science, Chiang Mai University for supporting this research.

References

[1] T.R. Shrout and S.J. Zhang: J. Electroceram Vol. 19 (2007), p. 111.

[2] J. Wu, D. Xiao, Y. Wang, J. Zu and P. Yu: J. Appl. Phys. Vol. 103 (2008), p. 1.

[3] H. Yan, D. Xiao, P. Yu, J. Zhu, D. Lin and G. Li: Mats Design Vol. 26 (2005), p. 474.

[4] Z.Yu, R. Guo and A.S. Bhalla: Mats. Lett. Vol. 57 (2002), p. 349.

[5] J. Lappalainen and V.Lantto: App. Surf. Sci. Vol. 154-155 (2000), p. 118.

[6] Shirane, K. Suziki and A. Takeda: J. Phys. Soc. Jpn. Vol. 7 (1952), p. 12.

[7] L.B.Kong,J. Ma, H.T. Huang, W. Zhu and O.K. Tan: Mater. Lett. Vol. 50 (2001), p. 129.

r
c
El
I
=
|
3
3
E
2
'
-
c
3
E
I3

o
—
g]
(g]
Q
o
Q
(@]
~




Advanced Materials Research Vols. 55-57 (2008) pp 553-555
online at http://www.scientific.net
© (2008) Trans Tech Publications, Switzerland

Mechanical Properties of Hemp Fiber Composites with Carbon
Nanotubes Reinforcement

H. Longkullabutra, W. Nhuapeng®, W. Thamjaree and T. Tunkasiri
Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

®nhuapeng@yahoo.com
Keywords: composites, carbon nanotubes, reinforcement

Abstract. An experimental was investigated the condition of reinforcement of hemp fiber and hemp
fiber/epoxy resin composites with carbon nanotubes (CNTs). The CNTs were mixed with several
liquid such as ethanol, latex, water glue and epoxy resin. These mixtures were added to hemp
fiber and prepared the hemp fiber/epoxy resin composites. The mechanical properties of both
fiber and composite samples were measured. It was found that the mixture of epoxy resin and
CNTs with CNTs ratio of 20 vol% in hemp fiber showed the highest tensile strength of 25.43 N.
and the same mixture in hemp fiber/epoxy resin composites showed the highest tensile strength of
31.82 MPa and elongation of 7.40 %.

Introduction

Bio-composites are the smart materials of the future. It is only through these materials that the balance
of'ecology and economy can be maintained. In the past decade the interest and research in this area has
grown exponentially. Natural/bio-fibers offer many advantages such as energy efficiency, low cost,
low density, high toughness, acceptable specific strength, and bio-degradability [1]. CNTs have a
number of properties (mechanical and physical) that make them attractive for use in a broad
spectrum of applications, especially as reinforcement in nanocomposites [2-6]. There are two
kinds of carbon nanotubes: single-walled carbon nanotubes (SWNTs) (one graphene layer) and
multi-walled carbon nanotubes (MWNTs) (many graphene layers) wrapped onto
themselves.They can be produced in various ways such as arc discharge, laser ablation, solar
energy, molten salt electrolysis and chemical vapour deposition (CVD). The nanotubes are often
with more or less impurity (metal catalytic particles, amorphous carbon, etc.) depending on the
synthesis method used [7].

There have been many attempts to incorporate nanoparticles, such as metal-oxide nanoparticles,
nanoclays, carbon nanofibers, graphite nanoplatelets and carbon nanotubes into the polymeric matrix
of conventional fiber-reinforced composites by impregnating dry fiber preforms with the modified
nanocomposite matrix or introducing nanoparticle/epoxy films between composite prepreg plies [8].
The aim of the experimental was investigated the condition of reinforcement of hemp fiber and hemp
fiber/epoxy resin composites with CNTs and mechanical properties of them were measured.

Experimental

The CNTs were produced by CVD and burned at 430 °C for 4 h for treatment. After that CNTs were
mixed with several liquid such as ethanol, latex, water glue and epoxy resin by CNTs ratio of 20 vol %.
Hemp fibers were impregnated with these mixtures and tensile strength was measured with
Hounsfield HIOKS mechanical testing machine in order to choose the best of liquid for prepared the
hemp fiber/epoxy resin composites. Then, the epoxy was chosen for prepared hemp fiber/epoxy resin
composites by two conditions, untreated and treated CNTs. The CNTs were dispersed in the epoxy by
ultrasonication before being mixed with the hardener by ratio 10:2.7 by volume, impregnating the
hemp fabric performs with the nanocomposite solution and the matrix (epoxy resin) was mixed to
hemp fabric and CNTs by hand lay-up technique, the flat sheet samples were produced.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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All the sheets were allowed to cure at room temperature for 6 days. The dog — bone shape
composite samples for mechanical testing had the gauge length of 30 mm, width 14 mm and
thickness about 1 mm. The tensile tests were conducted on a Hounsfield mechanical testing
machine using a crosshead speed of 2.5 mm/min and a 250 mm extensometer.

Results and Discussion

The Table 1 shows tensile properties of the hemp fibers, hemp fibers with several liquid were
un-reinforced/reinforced CNTs.

Table 1. The tensile properties of hemp fibers

Reinforcing hemp fiber Force (N) Elongation (%)
Hemp 15.01 6.67
Hemp + ethanol + CNTs 17.47 7.07
Hemp + ethanol 17.16 7.77
Hemp + latex +CNTs 21.56 14.40
Hemp + latex 25.57 14.08
Hemp + water glue + CNTs 23.61 12.37
Hemp + water glue 24.67 15.93
Hemp + resin + CNTs 25.43 10.80
Hemp + resin 26.53 14.03

It was found that they are slightly different because of the strength of hemp fiber have more influence

than CNTs. However, they have better strength than hemp fiber, hemp fiber with ethanol + CNTs and

hemp fiber with ethanol. It is possible that the reinforcement was effect from several liquid and CNTs.
The resin liquid was chosen for hemp fiber/epoxy resin composites because of its high strength

Table 2. The mechanical properties of hemp fiber, CNTs untreated/treated reinforced hemp
fiber/epoxy resin composites

Reinforcing hemp fiber/epoxy Strength (MPa) ~ Modulus (GPa) Strain to break
resin composites (%)
Hemp 25.34 0.18 13.74
Hemp + resin + CNTs (untreated) 23.58 0.18 18.61
Hemp + resin + CNTs (treated) 28.63 0.20 21.29

The average values of the strength, the Young’s modulus, and the fracture strain of these composites
were shown in Table 2. These results show that the addition of the CNTs (treated) increased the
strength and the modulus of the composites. The tensile strength of CNTs treated/untreated reinforced
hemp fiber/epoxy resin composites are values of 28.63 and 23.58 MPa respectively. The decrement of
the tensile strength of the composite may be due to the impurity (metal catalytic particles, amorphous
carbon, etc.) of CNTs (untreated) that disperses into the matrix [7]. The CNTs were burned to
improve the purity of nanofiber.

Scanning electron microscope (SEM) images were obtained to study the dispersion and
mechanical role of CNTs in the epoxy matrix of the composites. There were some zones have very
high local CNTs concentrations, as shown in Fig.1. The distribution of CNTs on CNTs (treated)
reinforced hemp fiber/epoxy resin composite was more homogeneous than CNTs (untreated)
reinforced hemp fiber/epoxy resin composite. It is possible that the particles of impurity of CNTs
(untreated) disperse into composite instead of CNTs. Another parameter is the CNTs added into
resin with CNTs ratio of 20 vol% in hemp fiber was very viscous and the homogenization process
was difficult.
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Fig. 1 SEM images of the fracture surface of (a) CNTs (untreated) reinforced hemp fiber/resin epoxy
composite (b) CNTs (treated) reinforced hemp fiber/resin composite.

Summary

CNTs were dispersed into epoxy resin better than another liquid. The mechanical properties of hemp
fiber composites with CNTs reinforcement made by hand lay-up technique and CNTs (treated)
reinforced hemp fiber/resin epoxy composite was higher tensile strength than CNTs (untreated)
reinforced hemp fiber/resin epoxy composite. In order to make significant improvements to the
mechanical properties of the composites it was found necessary to CNTs treatment.
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