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Mechanical properties of aligned carbon nanotube /epoxy composites
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T, Y2 7% 89GPa, BIEV ME 2839 MPa &t WO RHE LN, ZTHIERMO
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M CNT # & #M BB W T, — i CFRP B8 3 X O L% 5 CFRP 5 8 ARk & [F]
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This study examined the mechanical properties of aligned multi-walled carbon nanotube
(CNT) / epoxy composites processed using a hot-melt prepreg method. Vertically aligned
ultra-long CNT arrays (forest) were synthesized using chemical vapor deposition with
high growth rate, and were converted to horizontally aligned CNT sheets by pulling them
out. An aligned CNT /epoxy prepreg was fabricated using hot-melting with B-stage cured
epoxy resin film. High quality composite film specimens were produced. Tensile tests
were conducted to evaluate the mechanical properties. The resultant composites exhibit
high Young’ s modulus and tensile strength. For example, the maximum elastic modulus
and ultimate tensile strength of a CNT (32.8 vol.%) /epoxy composite were 89 GPa and
239 MPa. These values were, respectively, 36 and 5 times higher than those of the epoxy
resin. CNT orientation angle distribution was quantitatively examined. Mori-Tanaka
theory was adopted to estimate the elastic moduli of the composites. The estimated
Young’s modulus of CNT was 680 GPa. The numerical calculation results suggested that
the Young’s moduli of unidirectional CNT composites (32 vol. %) and 2-D randomly
oriented CNT composites (35 vol.%) are almost equal to those of unidirectional and

quasi-isotropic CFRP laminates.
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1. BB

A=W F ) Fa—T7(CNTs)IZmMER GREL AT 5720 EEME O
ELTHETHD, LorLAanbilE 108U LIcbl 288 M E~ 0w -5 o
MR, BRI CNT TIHHBEMEE L TOMRERPBO TREMNTHDLZ LR bho
T&72[1-7]e CNT EAEMEHCI T 2 LG & EEICH O TV L MR - R
L OTEBEIL, (1)CNT OE mPE, (2)CNT Oy, (3)CNT &~ h U 7 2 L D#HEHA
HICERN LTS EEZLNTWDIL, 6],

T A AR LB ARR CNT ZRBHIRICYE 48T 2 2 & X —f&kic
WD, DI, CNT D~ — b (Buckypapers) #Ffl 45 Z & 12 &
ST, HEMBERETLIRKRZRLERTWDI8, 91, LA LARMNbL,
Buckypapers Z i ] L T & MAMEAE R & LTI 10%RRE 2 ZER T 5 O 2R RA
ThO, 72 CNT BT U FLIZEML TS 2 bH>T, HMIFFTF21TLED
FEOHBIRES N TR,

AT 10 FIE RTINS Si HO MK EICEE CNT(Multi-walled CNT,
MWNT) % % B 2l A i & & 72 [CNT-array R 81k o #F7E 3 #H{R & EH T
FEmlicED LN TS, mEAM CNT L., Z OFEFM2 5 Forest & & M X4,
FIZEFT AL A~OWEARHFFEN T WD, CNT-Forest i fH L 72 & M
o bbb Tnd2n, CNTEEIRHEETH 2~5mm THDH I &b,
N MM AR Ry T /ET L2 2 L IIRETH - 2[10-12], Zhic
% L T North Carolina /i 37 K% ® Bradford 5 i%. CNT-forest % £} J [ |2
HLBEFZ ko T, CNT A —FHICEFE Ly — h&a®AfEL, i CNT/
TR VEAMBERET D Z L ickB L18]l, 2O/ E. CNT o & &5
32wt% D TR F A M BT W T, BIE D RE 402 MPa, v > 7 3R 22.3 GPa

EVIOIMOD THWEN GO TS, HHERKFED Wang bbb, FI /B LIEL
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WHFAEED CNT v — FEFEIC OO THE L TV AH[14], 2h & o # & i3l
M CNT Ot & L TOBERNZRBLTWVD,

2005 (2 ALA CNT & — F O RAEICE 4 2 B A9 72 7725, Texas KRF D
Zhang HIZ L » THRE SN 72[15], # 51%. CNT-Forest 7» 5 CNT % £ J5 1A IZ
gl itk oT, B CNT »— b28A{ET HZ LB L, FRED
FHiEIC X TELNTZEMR CNT > — b2 #EH L-ESMEHCE T 285808,
HH KO Cheng & Fan b D 7 b — 72 L - THEMBWICITHR T 5 [16-18],
Bl 21X, CNT 16.5 wt%a M L= A EAEMEBHIZH W T, BIEY 8 E
230MPa, 75V #ME =R 20.4GPa E WO EBNTZHREREGELNL TV D

DX IITLECNT-Forest » b EH 2 CNT v — MIES M B O @i &
LTHETHLD . CNT 2 @ R CEEREMKESEL ZLRETZTLIEER
Gl Z LTI RY, TS L THERFEOH oL, s LT FeCl: & i
ML, CeHe Z BT X & L72E CVD JEIC LY, AR TRERMEDZE
CNT-Forest # pk R S 2 WM e 2B L7219, 2o FiE2@EH T 2 &
PTN203L W) ERFHTEZECNTZH mmOEIETHESEDL I LA
BECTHD, ZOHIETHELL CNT I 1R T X 9IS M ~Ek L TH
EHTZENAETHLY  AHITES CNT > — M2 8AET 5 Z &3 T& 5[20],
ZORMPO b EMBRENTH D, Bl CNT ¥ — MIEEM OB & L
TOIEHR I TE 5,

EHEOLIT, FLEbICk o THEISRZEHE CNT BEIEIC K > TRES 2R S
CNT ¥ — b Z# M L7 CNT/Epoxy #HEGHM Bt ORIE L FENZ Mk L THED TV D
211, EAMEB 7 a2 L LT, REBIEZ 4 V22 HW0izd v kA MEI
L7V TV OREFELZEA TSI L TR I CNT KEE 4% H T 5 CNT/

TRIFVEAMB AL ENICRET S ZERAEERSTWVE, Z0RE o v 2
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TECIFEME T, 2O@BED CNT/Zm AR VEEMERESCHELRD, I
EFTOMIT, CNT % 2lvol. %M L= EHAEME T W T, ¥ 7/ % 50.6GPa,
BIEE Y MR 183MPa L WO H WA B LA TS, ZhiIF=HAFUBEO Y 7
FBIRVBELLEKL T, TN TN IIBRBIC 29 bOMEERD, —HITH
KR CNT & 10~20 vol.%!E & /p B L 72 B w] W v« BApg AL MR Bt R o0 v o 27 38 - i
O EE IR LT %~ %R E TH Y [2-7]. B CNT # & 8 ko5 A X
NFEFHEOmM BT THRATH 5,

LOLRns, EELOMBICBEVWCHIESINLZEAGMBOY L 71, %
M EDERBCL > TFHEENTZ CNT O Y > 7 KT HE ~230~380 GPa f £ Tdb
DR2IIVEGHI B L OCERM R FETRESINLTWVD CNT O Y & 7 % (500~ 1500
GPa) &M+ 2 LKK L L T/hEWv, ZOFKE LT, CNT B3, CNT
REEAVMBFEEORBERENBZONDINEENRFMIC OV TIE+HICITD
nNTWwZwn, 22 TABEIE, MH LY bm 0 CNTHRBEEEZA T 5EEHME 0K
TELREMZAT 9 & &b, CNT ORMAE P MEZFEHL TRADOITHS>E & E &
FCEEM 5 %5, 5 b A7z CNT BLm 4 o f & S M EMEGZEEMA T 5 2 LTk
ST, B CNT/ZARF VEAMBICB T 2HMERORBICHT 2 ERN L E R L

TOZEEHRAMLET D,

2. EBRG®
2 —1 FEHICNTY — b

CNTE L OB FICNTY — F O ®AEFEIC O W TIE, CHR[19, 201 LW T, 2
CTIEHABT 2,CNTY— FOSEME R Z X 2 2  MABRMIZIL TS b DD,
Z<DOCNTIE IRV EFLTEY, FEERMAENLTNZD | ANICHKEAEE > T

7270 F5CNTHLBEZINS, CNTO E&Z1X50-70nm. £ X 1-2mm<TH Y . CNTE
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TIEHRFICRERT A7 FH(>20,00028 L CTWnWa, EERIIMWNTE L T
FTREHDTH D,

2—2 TIVTVITBIOEAEMEORE

CNT/Epoxy 7 L 7 L Z ORAAEFIHIZ oW T XERINCTHEL WS DT, =
CTIEHFELVHEBHIEIEKT S, B30 g/m* O KRB R BAE T 4L L L CNT
—brEERAAGDE., 90C3pIELERYy P L AIZTME - MET 5 Z & TCONT
v— MICHHE A &R L7c. CNT-forest2» & 5l & Hf L7ZCNTY — b & | 208~ 3004
rEREY—F2HELE, =R UBIBETB0CHEMAEM TH L, Hone 7Y 7

JiE, HEEE PO EZHIZHB T L2 EDBAEET, Fv—"M, v 7MHE BIFT

bole, 77U TV &130Cx1.50/H ., J£70.02 MPaTMEA S 25 Z L2k - T,
CNT/EpoxyE AWM B 7 4 v AR B A (JE &25~40um) % &7,
CNTOEESFIL, AR (TGA) Lo THELE, £ T g7 rarh
SO0CETCMAL, TOHEERMPVENSLCNTOERYFREL RO, £, CNTOH
ExE2g/em’s LT, EESENLERB Oy REHR LI,

2 — 3 NI FYEREAm

BWEMELO DR IESIEREYRBRICK > TREML A, BEAIE, ESmm, £ X
45mmD 7 4 A ARTH Y, ONBWHIIFEF 7L LTERS L ITT7T L IRE
AL, RBREICIT R MBI N0 B ER#E (Model 5966R (4502c%). Instron) %
AL, BEMEESmMm// THRVRBREIT o, BEAOREICIXIFEEME T 4
it O*%t (AVE, Instron) Z M L7, % 7 M EHEIZ30mm, #F 2 HEEEIZH10mmT b
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CNT/Epoxy EAEMBIONENRIE ) — O T HHBEEZK 312, MEBSLIVOY 7

FOEEHMAE LR 1ICTRT . CNTOEAIZE2MEBIOY 7o FE LR Lk
MDHERIND, CNTOKRESRLEY U 7ROMGEZR 412, 51880 ®E & o R
Z 512" d, CNTIRREER 328 O BEEMEIZTE W T, ¥ 7 %R 89 GPa, Ik
DERE 239 MPa L WHERNHELNLTWD 2V T EY), ZThiFEM oKX
UHIRICR LT, TN ERM 36, M SHETH Y, B CFRP ICILE T 2 fii ©
»H D,

X 6 (25| 3E Y k% O O SEM B HE AR, W EICIEBEHE R CNT 05| &
hEr@BOOLND, SIEHITREIDOFELHMEILHN 4uym THo7-, CNT OHHE
BH1~1.5mm TH D2 &b, 5lEYRBRPICEIT S CNT O % HM W o 7 FE
MEBRInNs, BHLTWSD CNT AL EMBEZOENITHL Z &6, CNT D
BRI E LTI, 20845725 lepm BRE & PRI S [22],

EHEDIL IR EEZAM LI REN O CNT = A X U EEMEHTX L CFEil
BIE FEME (TEM) B2 21T, WTATIC CNT OLEHEAEAEL TV D 2

EHEMICHERL TWVWDH[23], £ TEMBELEWVWOIRONTZHE T d 528,
W% o CNT B EI28 30~40um THDHI EbEHRLTND, ZHbOFFET
CNTHAMBHIZE W TS EMAMERIEEEME O @EbE T L s LB GR 28 M T &
DA REME 2 oRIE L T W B [24],

IRnEEMIC, FELE S FHABEME (AFM) AU F Lo — & iz CNT/
~hPV AR EHOEAMBREEZRE ST D HiExERL[25]. CNT/=RF T EEH
B Fm S ABRE & LT 20 MPa & W HEEZ TWVWAH[26], Z DfE &L CNT O
By (26nm) B K OVRTIE OB FRMER S (16um) 225 CNT #E & L THK 12.7
GPa & WO MENHEE SN D, MWCNT D55k D MEIZ DWW TIEER & e 5 28 72 S

TWD D1, 27-29].CNT AR BIRNMICHELAML VWD I EE2E LD L,
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COBEFHARYTHLILEZ TV, BaMboREZm LS 27210,
CNTHREODR L, CNTEZ/NSLKTLZLERADTHLIEZEZAOND,
3-2 CNT O B [ FE 5y #i

CNT/Epoxy A # ¥ (Comp-#2, 10.4 vol.%) O > 7 /L £ H SEM G FH 5, CNT
B h) o B oy AT O E BT 21T o 72, SEM HHE O —f#il % X 7(a)lc/”rd, SEM G E
PHLHENREOIC, ZLDOCNTIEI>RY (HhFE) 2L T, ZoO&IN A
Eofize —RWICRET D52 X TERVY, £ T, SEM FH % M K F il )7 m 1
2um B CTHBEI L, ZOMICEB T D CNT O MM EEZHE LT, TR T &
S 2um MR THNIX CNT O RO EBIZT /NS BBLRERTELELT 2 2
ENRAIRETH D, Vo7 AHIT 455 TH D, CNT Bl A O BRBEME 2 X 8 (TR
T, SEM EEOME E#HIALOXLR3H L0 T, AEOHEMOFHENE R &
BROLEDICHMEMBEME L, ERDMERELL L EOEEREIT 31.8°ThH
ST B CNT E 5o TH WMHAESMPERL T/HISLS 2V ENEMEIND,
3 -3 CNT Ed [ 43 Afi O BEE 2 J 1T 7 52 2

ARECTEEMAES M EZHT D CNTEHAMEBOMERTRGFHREIT )., E46H
Bto kR P Hc X, SM A EYHG (Eshelby / Mori-Tanaka i) % H T 5
[30-33], Mori-Tanaka i@ i KV ITE S M EOWIMT >V v D iX. Eshelby 7 > Y
NEaSETHERATEFTZLNTE D,

D = (vDo + vp{DpAL)) (vl +vp{Af)) " (1
A, = [1+5D;}(D;—Dy)| (2)

WAT m, fIXTNENEFME CNT, v 3BEHORMEERE TR T, 4 XN EY
DEHARND/NE WG AHITH T 5 dilute approximation (2 S W THE SR 5
Concentration 7> Y L Th b, X(HFD{ JEEHLLET VY LVOHEKEL ST

Y, EREERT NV E m ETDHLEABOT Y Xy W LT T O X
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I EE SN BH[32, 33],

Xiji} = f f f XnnpgMmi My Mprmgn (¢, 6, p)sing dpdode (3)
22T (o, 0, oHE, MRLETIHEOIXMTOBOMEN 1 D27, &K
MICET2EMDMERTEETH D,

FPEICH L7 CNT B X O R % DB IR O MR A2 £ 2 (2", CNT O B
. Lu biZkoTHESNTWA R FEI A FIETTHREINEETH 5[34], 2D
2L CNT ES HFIMOHMEE (E) 20Tk, EREELEDOT 4 v T 4 78T R
—Z L LTV, =mARFUHBIBEOMMERITIENMETH 5,

HFRICHZ> TIEZRTFERWN (0=2/2) TO CNT OEADZHAIZDONTDOHRE
L7, M8IC/RT CNTORFBAE N MOBERMKELLZHATEML, ZhzxHK
SLUTHAKMATHRKIET 2 2 blck o TRMOME2ZHT M n(o) 27,
Bl M EEAHEE L AMEOBREZK IR TN ERINEERERVBPRVSIENEZRL T
LTWAZERbND, ZOXHSICLTHELNTZ n(d)E., Q)XNITRATHZ EIC
Lo THAEMBOMERZFHE LK,

FTRICHIZSTIECNTOT AT MHERET HLEND H, CNT BELRIC—
WM L7ZsE D CNT/ZRIFTEEME OV 7R ROFHEMER LK 10 125
FTo TZTHEIICNTOT A7 bHETHY . CNT AR 0.1, 0.2, 0.3 O FFf
ERREN TS, FEBEEFM~Q)XE, 2R LEHERERZHAWVWTHEL N
ETHO, BT LBBRIZAMLEbOTEHRVWZI E2ERL TEBL,

INLOFHBEMELY CNTOT A7 M 300 %225 E, FEMEICKE
FTTAXRT PHOEBEN NS LS hoTL 22 brd, HIZE2IE. CNT 7
AR PP 3002 FTHEHDE) TONT. ZOZELZ TRICHELRTNTRER
W, CVDIETHELZCNTOESIE Imm L ETHY | BEEMNK S0nm Th 5 2 &

M, TAXRZ MHIZ 20,000 L B, LU, 1ZEAEDCNTIZY 2
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DEHELTWAED, TREES Imm OEERNED EIRET H 2 & 1213 5,
D, Flmidl L7z X2k BRI CNT OZEBK A REAET L L0b,
TANZ FHFSIRVIENE E IR T T 5, 51D & O CNT 5l IR S
X EHTA4m BBETHHZ LD, CNT O RAMMEE ST loum BE L THE I
Ho ZTOEET AN MHIT30RE LD, ZlCx LT, A% T CNT @
B AEE 2umBICHEL TS, MT7TE2RAEEBICELIPLEVKHBTH
FRTEIA AR E BN 228, 16um VI RSTCNTREHETHDIMNE D D H
Wit d" L T&E2R0,

— G T HAEMBOIENOTHBK (K3) #H5E, BKENE CHRIZESDZ
ALTWDHZ ERbND, 2O &L, CNT OZLHEMK (7 A7 MEDKT)
WCEES MME FIXBICiE B2 < TEWVWZ EE2RBLTWVWS , ZZ T FOFHA
T, HETOARHEESTHLb00, SlEHITRIMOHES LB ABMMER S 16
pm (7 A7 R 320) EWHfEEZHAVWCEHEEZIED D,

M~ R Z2HVWTHAEINRTEEEHAMETFRANOY Y 72K 4 ORKTRT,
EBRERIIERDEL 74y P LELEDCNTOY 7% (E) X 680 GPa Th »
72 CNT @ 5|98V Bk SR HE E Al IC K IE 3 CNT &R 5 s (£ 2 © E2) ORENR
BARSN7ZD T, CNT® E, %, 1/10 (41 GPa) & LG AOHAEL LY TEN
L7, CNT RFEE 04 T TOHMETHNIE B, 0O ITFFE/RICIT LA LEE
LgWnWZ ERER SN,

HeE 7= CNT O ¥ v 75 (680 GPa) (L. CHKfE (450~ 1200 GPa [34-37]) O
HERNICH D, £, BEZBOWTHAEMEOY 7 ENPEHEI N CNT OF
> 7 OME (100-500 GPa [1-8]) LT 5 L REXDOETH 5, LR D FH Tk
RBAE S HFMICEIT D CNT B oA o 22 M4 L, N <o koo B m 4 A

DHEZBELTWND, LALARNDLEROESHE TIX CNT 1T =Rt I B M 45
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HLTHEBY, ESFRACONTHAESMARHD, ZOMRBEEBET L2 LT, &
DIERMEZ2 CNT BMERDO TP A TE 2R & D,

B 420X, 1 HmE A (Unidirectional) . 2 Rt 7 % AR A (2D-Random) ¥ X
W3WmL 7 v Afdm(3D-Random)Z RE L7 A O A RICOWTE 8 TR
L7c, 1 AmEEmMBION3IRTT V¥ LAEMOFFERERIE, Bm CNT EE6 M EHS
BUULOIEHNBMERD FRBLOTFTREZEZ NS, — KA REELI%E S CFRP (V50
~60 %) OEANEMESR (E) 2 50~60 GPa ThHDH I &b, 2RILT & LELH
CNT &M B D% E . CNT R 35% CFFEE O m N EE 2S5 535 A RE M 2 R
Enb, Tk, +OIC CFRPOREME L2 ELIHEETH D,

WA B 7 A BE AT DS BEMERICRIETRBCOWTHBICERT 2. KPR HE
PRI RSB, Ao fie LTHEAMICERDMEBRELEZSGOFEMEEZN 11
WCRTEMAMOEERAEDNEAMBOBMERICKESSEET L ENREMRSH
Do IEWEMRAE 318 BEBEORMMAESMANOH/BOLLETHY | ERER BB
DRARWHIEEZRLTWD, EEOREMAESMZ MV TEHEIALME (K4) &
Wl 2 & G RAE I TR D & 2o T 528, 2 AUIXEC A4 B 45 A 28 I L4 A7 5 6
BB L TWDZEICERT L, MILOFHAEMRERD &, RICERETr XD HK
BARLCICLOEMAESMOEEREL 10° DNz bhniE, EaHE oY
VIO RFHEUEETERTLIILENAAEND T HEREE32%DE M CNT
ST ARFUCEAMEICB W T, — 5\ CFRP (Vf 50~60 %) & R%EDY 7 F
(150~152 GPa) "/ LN D AREMEDN & D,

ARWFFECHAE L 7B 1m CNT,/ = AR EHEMEBNA T 5@ VLRI, CNT O
BlmEns X0 b, ZORERT AN MUIZAD EZABKE W, BIE D #REIC
OWNWTIHHERLIIEORMPHL OO0, WHERIZOWTITCFRP EF &I~ 2% L

NRNVIZELDOb DA EERRB SN, SIRVBBEOR EICHBWVWTIX, CNT &
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NJEsmEom EE CNTOMBEILLDIREHNTHDEEZTEBY ., BHE. CNTRE Y

B AEZPLICE LRI BRRAT ZAkB T TH D,

4. #®3
FiM CNT Z gl L7z CNT/m AR F S EHAaM B OMIEL D EREFEMmE1T 5 & &

HIZ, CNT OB MAE S MZERWL CEMOIEIL DT EZERMICEMLZ, 55

N REZLLTFTICHRET 5,

1. V7L 7ECIs CTRIEISNZERN CNT/Z=RX VRN, @0sEs v
VI EEATLILEEERMICHER LI, CNTRKEE 328%0EAMEHICE
WT, Y 7 % 89 GPa, B8RV BRE 239 MPa & WO R HE L. T NIL R
DTRFIBICAHLT, TLENRN36HFE. KHSHFETH- T,

2. HAMBICHET D CNTEREMAESMEZEET D & & bIC, HMAEDIERIC
LT CNTOV 7 REHE LT, #E S N7z CNT O #PE=R L 680 GPa TdH
D, CNTORIEY BERE L THRESNA TV LHMEA (450~1200 GPa) O fE
To T,

3. REEER 32%0 —Fm CNT EEM ek (BLm A oM ORERZE 10%) . BXLO
REEER 35%D 2 kL7 v &4 LE R CNT HEAMEHICEHE W T, — 5 CFRP & JE
WIB XOHEES CFRP BEREFEEFO Y VFREPBEI T LA EBELN R I

7=
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Table 1 Young’s modulus and tensile strength of alighed CNT/Epoxy composites

Young’s Tensile
Number of CNT CNT Number of
modulus strength
CNT sheets (mass%) (vol.%) samples
(GPa) (MPa)
Epoxy * - 0 0 2 2.50 54.7
Comp-#1 * 20 7.3 4.5 3 18.8 97.4
Comp-#2 50 16.3 10.4 3 27.8 153
Comp-#3 * 100 31.3 21.4 2 50.1 181
Comp-#4 150 413 29.7 2 73.4 193
Comp-#5 200 44.8 32.8 2 89.6 239

* The data of epoxy, Comp-#1, and Comp-#3 have been already reported in Ref. [21].

Table 2 Elastic moduli of multi-walled CNT and epoxy used for calculations

Elastic moduli (GPa)

Poisson’s ratio

E1 Ez G12 V12 V23
MW-CNT * 1190 ** 410 540 0.28 0.28
Epoxy 2.5 - 0.96 0.3 -

* The elastic moduli of MW-CNT are cited from Ref. [30], which were estimated using molecular

dynamics simulations.

** E; was treated as a fitting parameter for calculations.
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Fig. 1 Scanning electron micrograph showing vertically aligned CNT array (forest) processed by CVD

using iron chloride powders as a catalyst

CNT 20.0kV x2.00k SE(U)

Fig. 2 Scanning electron micrograph showing horizontal aligned CNT sheet made from CNT forest
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3 Typical stress-strain curves of epoxy, and aligned CNT/epoxy composites
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Fig. 4 Young’s modulus of epoxy, and aligned CNT/epoxy composites as a function of CNT volume

fraction
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Fig. 5 Tensile strength of epoxy, and aligned CNT/epoxy composites as a function of CNT volume

fraction

Fig. 6 SEM photographs illustrating fracture surfaces of aligned CNT/epoxy composite (Comp-#2) after

tensile testing.
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(b) Schematic drawing of CNTs for measuring the orientation angle in every 2 um

Fig. 7 SEM photographs of aligned CNT / epoxy composite (Comp-#2) for measuring CNT orientation

angle distribution
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Fig. 10 Effect of CNT aspect ratio on the Young’s modulus of uni-directionally aligned CNT/ epoxy

composites. They are calculated using Mori-Tanaka theory and elastic moduli shown in Table 2.
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Fig. 11 Young’s modulus calculated using Mori-Tanaka Theory as a function of CNT volume fraction.

STD denotes the standard deviation of CNT orientation angle for normal distribution
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Captions

Fig. 1 Scanning electron micrograph showing vertically aligned CNT array (forest) processed by CVD
using iron chloride powders as a catalyst

Fig. 2 Scanning electron micrograph showing horizontal aligned CNT sheet made from CNT forest
Fig. 3 Typical stress-strain curves of epoxy, and aligned CNT/epoxy composites

Fig. 4 Young’s modulus of epoxy, and aligned CNT/epoxy composites as a function of CNT volume
fraction

Fig. 5 Tensile strength of epoxy, and aligned CNT/epoxy composites as a function of CNT volume
fraction

Fig. 6 SEM photographs illustrating fracture surfaces of aligned CNT/epoxy composite (Comp-#2) after
tensile testing.

Fig. 7 SEM photographs of aligned CNT / epoxy composite (Comp-#2) for measuring CNT orientation
angle distribution

Fig. 8 Cumulative frequency of CNT orientation angle distribution (Comp-#2)

(Number of samples; 455)

Fig. 9 Frequency of CNT orientation angle distribution and the regression curve (Comp-#2)

Fig. 10 Effect of CNT aspect ratio on the Young’s modulus of uni-directionally aligned CNT/ epoxy
composites. They are calculated using Mori-Tanaka theory and elastic moduli shown in Table 2.

Fig. 11 Young’s modulus calculated using Mori-Tanaka Theory as a function of CNT volume fraction.

STD denotes the standard deviation of CNT orientation angle for normal distribution
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