(), ek }A(O) [/ 3H(O) , HIBIH( ) 1SBN(979-11-955447-7-6)
wEI|SFTUATFAY zSEIM

R&D /18CTAP-C141606-01

EEAHE M= AT = T

ZISEIM

2020. 01. 13.




TENFRG 59 F At

TS BaULSREY AWE FHAY ANAHE T CONT %%‘ S A
A (ATAL 713F 1 2018.04. ~ 2019.12.) FHA Y] HFR A 105

E AZE JHE}

2020. O01. 13.
jt—‘.—i' ‘
ZRA77)AY ;. B2 stE AEGD (ER) F A& 1)
ZRAT7AYR} : 7 3 9
A7Y @ T3/ AT
&AL
ZEATAYA - A =
AT7Y . d =2 /0 = @
274 M0 4
ZEDEEAT AT LAIY 2G3E H38=0l| w2} 2 SETA Lo
Zo|stc}




HIOAM QUM

_ | 18CTAP-C14| 3% &4 2018.04.17 -
HA 1 HE A T B 2)/(2
A LA 1606-01 AL 77t 2019.12.31 I 2)/2)
A
A A7
Al F-AFd 78 FENEIEZAATAY
o) A
A7 2A s o dadeFue AUE 2370 A42Te 5@
e CNT 228 EFANE Az d7& AL
A 370,000 Y
E o al 7} 3 2
A & 9 X S TeHA A 124,0007_< sl
) WE. 9 1 2 H 9. EaRtl
oA % A7) _
QF: 09 o = A
. =] &
o173 0) 7] 2 5 o A: 494,000%
A 370,000 Y
=>=. juz] U]Z__ H_O
2 am7t % 94 ] 11 71 124,000 €1
aeane o U 0@ F AT AR A4
EUETE T gm0y Ao 2
Al: 494,000 Y
oy =2 el 7]
Q7718 2 . EHEE _
g BAH F)FAAAYA Y ASAAFE &
ZABEATL o =m3: A= A3
olered A7 HH: AT A A
2 - 99 AE i Ao ATALAGA 7AE eor TS
AT A 7}
RebsF 8 d
AL+
o 43 5% - sgHE
_ Ao xpel NEES
o o oo,  EIM  ATAM  J|zeer 4ZE , _
TEEE SN ae me e wo TEESE 4B s
S=.7
B s
TN E G RA 2] SR ATAN - A B
L HTAA 72 R . FelotA | Felx BT NTIS
TENE D g (emwe) TP TEEEE e (ma)  (umms) s=ws
QKATARARE FHOR N2 o R4, 5004 oW HPFYUH  HaA WE




O & e AMEMME Y 2 8875 T A LicAX &8 nM8s AMX
A Z|&ol Z|gtet A2 A, CIEL EIALIEE 2 (MWCNT)E A|lHIERQF w2
MatstezM ZFEIE ETchAof EEeo| 24HM 810l Nano scale #2/e
EAMEEE2 g2, 0| AlZstste] EWolks Ae |EEZ Shoh
AN FF BAMME 50| SEE EFEAHEE 1BAHE AL SUHiE CiH] 130% O] Ate
ot 3 QMU UH S M SE=Z o)

O EsH JieE SSAHEE 236 nZdE 2 5% 7|sd Z32E Hig|s
= HMAl, ole] Ms™IIE AA2Z XM, CNTs—cement particle2| W=f 21X 7|
=ofl tHsh ARENZ 2 dsHASS et=Eeict

O ctaat et RE uEs ZAHE M= dXMI|s dEE s daA
RAT|s ¥ AXE Jsie MR EE oSt ot

O 1AHAE © MWCNTs W&s SeAHE M=7|H 2 244 "Ipo|y g
- SEAIHE M= @7 ¢ Azl ERYH(Reflux), SEES0H(NMP) W =5
o 7| S ggst hagas MA, Ft2sA7] =08 o
ALY LHE - MM HIPIY o 2l2Hraman)E2dH, X-M ™AL 2 Nano SEMES ARESH
Nano | HiESAM AlZtst 7|8 S
O 2xtAE : MM =F STAIHE MM AZE Mz 2 2 MdAI|IH &
- ASA =5 STAHE A Plant 725 S48 AIME HZE
- 0|27t J|&o| MM ABo wWE Mg E& 2 siZEZA
HE Sohalel z[H uigtdA =&

(M T}]
- AMEAl =Fo| MWCNTs WEH ZEA|HE 7jgt
- CNTs W& SSAHEE X5t Z32|E uigadA & Ms"ot
- LAY EMEM AlZtst
o oH ek o}
[ ]
- dfelste=2 3d AN =2HH, 3H MAS
- FfstEX| 7|8 E27(A 14 A
- FESEH 3A
O g28A=
- eV se| E5 Y AME CIXIel S522 AlEst =2
(Ssd77|2tnt 3522 FHES L AIbsE SA| FXY)
- A|HE 44 Mete] §XM7|s 22 Fuf 2&35t 2
g2 ¢ O 7Zli=3}
i &3} - BHAZF2|E Foty3t @ CNTse| 5t AN &8, AT 2 2
TE ZHez 9d Jls (2288 M)
- IZE 3 AEHdo EZFEIE : CNTse =2 Q&UTE &g, 232 EQ
22 orelMde MMsts dEAME 232 E M=
- 22X HE ZUEHY : CNTse| £2 MI|MEM2 &8, 232 E FHE o
TM EXZ Hskslo], st 2 gAduMdof st AME ZUEHE Jts
sHAO{(571 oluf) | BtALIER/RE 2ok SEAHE imES; 7led LR




{Summary

Purpose

O As this research project is based upon the application of 3D nano-scale
materials on the basis of high performance construction material
technology, the purpose of this research project is not only to secure
technology of agglutination between cement and Multi-walled carbon
nanotubes(MWCNT), improving dispersion performance of MWCNT without
any additional agent but also to provide the visualized confirmation of the
dispersion performance.

O Afterward, using the MWCNT blend cement developed in this project, ideal
concrete mixing technology for high strength and performance is provided
and the performance evaluation of the prototype is performed to verify
agglutination performance between MWCNT and cement particles and their
physical properties.

Contents

O The essential technology and research contents by year to secure source
technology of blend cement agglutinated with MWCNT are the followings;
O Year 1: Development of manufacturing technique and dispersion evaluation
method for MWCNT agglutinated blend cement

— The source technology: Removal of Van Der Waals force using a special
solvent (NMP), Functionalizing MWCNT's surface by applying carboxylic
group to it, technology to solidify MWCNTs in a mineral material

— Evaluation method for dispersion of MWOCNTs: Raman sepctroscopy,
Visualization of CNTs arrangement using X-ray Computed-tomography (CT)
and Nano SEM.

O Year 2: Production of a prototype in lab scale and derivation of optimized
design method.

— Lab scaled prototype

— Limitations and solutions obtained from practical verifications

— Derivation of the optimized mixing design for various MWCNTs functions

Development Results

[Qualitative expectations]

O Solution of CNTs dispersion is a major issue in the world. Once this
source technology is successfully turned out, it is possible to take a
leading place in 3—D nano construction material area in the world and to
secure IPRs (Intellectual Property Rights)

[Quantitative expectations]

O Since this development itself can be source technology, it would be
possible to register three patents and publish four journal papers

Expected Contribution

O Application plan

— Promotion of commercializing the products by the patents
(Planning for registering in the international patent with the collaborator)

— Promoting standardization of the product in domestic areas

O Expectations
— Thermal stability for mass concrete: using high thermal conductivity of
CNTs, it is possible to decrease thermal stress in mass concrete
— High strength and crack control of concrete: using high tensile strength and
fracture energy of CNTs, it is possible to control any crack on concrete
— Monitoring internal concrete members: using high electrical conduction of
CNTs, it is possible to monitor and manage deterioration and cracks in
concrete members

Keywords

Carbon , i Blended o Functionalized
Dispersion Agglutination .
Nanotubes Cement nano material
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33, 471477

10) Liu, J.; Yan, H.; Jiang, K. Mechanical properties of graphene platelet-reinforced alumina ceramic composites. Ceram. Int. 2013, 39, 6215
6221

11) Inam, F.; Yan, H.; Reece, M.J.; Peijs, T. Dimethylformamide: an effective dispersant for making ceramic-carbon nanotube composites.
Nanotechnology 2008, 19, 195710

12) Laurent, C.; Peigney, A.; Rousset, A. Carbon nanotubes-Fe-Al203 nanocomposites. Part Il:Microstructure and mechanical properties of the
hot-pressed composites. J. Eur. Ceram. Soc. 1998, 18, 20052013
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H(MWCNTs)= CHEAPTUBES Inc.(Grafton, Vermont
AZAIA AT F4 AR @I

AE 27 @D Zdol=

#® 3-13 2o

Aol A AEE ThEN HabeR
oo A AZH == 99% o] AL ARESHAT
(SEM) ¥ &3} Az du|Z(TEM) SH O 2R E 2] %7] MWCNTse] F

Wt 28nme} 225 4m M2 YEET A3l AHEE MWCNTse| 54

[# 3-1 M=ol HEE ofESH Bt FE(MWCNTs)Sl 22[-9 st S4]
2]7d (Outer diameter) / nm 20-30
W7 (Inside diameter) / nm 5-10
4] (Length) / um 10-30
=% (Purity) / % 95 o]/
(Ash) / % 1.5 "k
1322 (Specific surface area) / m’/ 110
7] EX (Electrical conductivity) / (S/cm) 100 °]%
Fu U= (Bulk density) / g/em’ 0.28
ZU % (True density) / g/em’ 1.7
MWCNTs®] b 2] & 913+ 4F8tA|= The Science Company (Lakewood, Colorado, ¥|=)l|
A Az AWENOYT FAHHS0)0] 72 AGHUOm Z7he] 2el-ghety SHe
329} 2t
[E 3-2 ¢EMElol AtSE ALE & &itel =2 -3245HH EY
=7 Z4F (NITRIC ACID) 34 (SULFURIC ACID)
%} 812 (Chemical formula) HNO; H,SO0,
(Concentration) / % 68-70 58-98
9]3% (Appearance) Aol B 4} FA o] B A4
F20] 25 % (pH at 20°C) 1 o] 0.3 o]
3| = (Solubility) o 34 7% o 34 7%
1% (Specific gravity) 1.41 1.48-1.84
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op

2}

& A
HA =

R

A g #AFE ok ¥ 339 vERTh Sk ZARS 3FIhE &3
ol 200mloll 2ge] MWCNTsE FU3 T 70C ZAdA FFE P33T} o]F o

B3] FZ2E CNTsE 100C o]alol| A 24417t 7k A zxA #HTh

CNTs ofz}

0) BR %

————= Toxic vapors

2 \‘:—- ‘Warm water out

Condenser = 8

e) CNTs A=

[2& 3-3 MWCNTs Abx 2|
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3.1.2 =3 (Ultrasonication)

(bath), &3]3 (probe) L&

o Ar], g3 Fx

w-

i
WX
T o

™ W

|

A E Ak
2

o] %

T
)

]_

so] T3
A - O
L a

C 5}
o5l AAHE 7

3f
oju 3ol
NE A

_Z.__l
iy
=

7, s WA

gol

9] Peeling off(

3k o] E4FH CNTso

oM ET} e
3]

ol
=

B
o HHE fA8 o

o

e

Al
bl

2] AlZko]l AUA|A

s

ARV
7% CNTse| 13| (graphene)

2]

28 A

[e)
3%,

He

7 AE

| ¢33

< ©

3
pul

=

3 =]

AT

5

&

Z]
o

237 NMPY 2&H=

o AHg&HE &= ol

3}

KeN

T

Bl

5 B 9

e

&

]

=
E ©

A

;g—

)

FZ2 vacuum 4
gtk 285 MWCNTsE dzx7]d £

S

—_
o

R EE R

b
oF 100C oA 2417 & HAZAA HF CNTs &

2

5
T

2] 2+

%

=

_30_



e) O{IX| =

[22 3-4 MWCNTs =21} ntd]

3.1.3 CNTs AA| 4+ A5H7}

AT A= CNTs 2 A|WEES
E Sy ol AAe] AFHIIE sl dEE AYE S5 T

=

() 23 5 o8 244 K9 B}
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[E 3-3 ZIfA|ZHof| 2 MWCNTs 24t S0oF Hot
of| §-&(Ethanol) NMP &4
TR
25 24hr 28days 25 24hr 28days
ol Bt QA= glEl= NMP NMP NMP
T ——
P-MWCNTs
o|Er2 ofl &=
F-MWCNTs




CNTs A & E2dE oz s Axe & 339 Zth. MWCNTsell 754
Fol 7ok F#Egle]l NMP &olA &4k HEd AsE 28Y¢ A% Fol= AT B4HA
< YERTh 28y dee §HolA B4 HElE P-MWCNTs Alg9] A9 EakAe 7
FAZE 24413 0] A AE o] FRE] B4 S FASHA Edte Ao E YEyT 9, olekE
BAo A E4F AelE F-MWCNTs Al59 Z3-9¢ ZFAIzEHRe Y A9 Gujjol] agle]l &
S AL FASE AoE Uyt AR ow dAAe TR Folx E4HEES ALHA
A A e A E &9 TRV AFHE AV e AS & F doH, &
3| AbAE] SRl Bt FAHE a3E YeEpY S s H

(2) FeloE HH EFHFT-IR)S &3 7154 H7t

MWCNTs®| /ol 2+87], & 74 Fo SAE
stz flstd He)d E33H(Fourier Transform
Infrared spectroscopy, ©]13F FT-IR)& 13 3-5a)ol4 <} 2
o] Shimadzu IR Affinity ¥FAS AF&3le] 2ecm” &3
ToE £tk olF A% AMERE 17 3-5b)9F 2ol
MWCNTsS &3 BE312F5KBr) 23N A8Z A4
2bsto] A sk T

I
1]
2
A
N

b) MWCNTs / KBr E28tA 2 £¢ c) M
3

4 A3z AAeld F-MWCNTseF dxjg] o] @] P-MWCNTse] IR ~HE-HS 19
3-6°] YEIROom, Aol v YR EE F 349 2}

P-MWCNTS] ~HEZHL Zh7} 3420 E 1640 cm' oA O-H 21EXF 2 W 14
o]FTAZR C=Coll sFH= N=E YEPHAT. T, 2bA2lE F-MWCNTs®] 4-¢, 7=
A OFAA FAE 5 & O0=C-OH A=3F3 ddE 1730 cm'o] Fojo] B2

o

Jt > N2 Lo

P-MWCNTs A&2 ®£H HES SAAT F Utk ofL2, stz o F7} &

gele 4 8l C-0 ASEH} B0l 9em F-MWCNTs Al &0l
O-H % C-0 }1\_]—3‘1‘73%31]‘ #¥E 1265 % 900 em' 2] FrHH o] WEE o], COOH} +HA 2]
ARH oz FAT F+ YAk

> o

<
2
@
Z,
?
5
2
2
[y
zl
i
3
oo
mlo
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100

98

96

94

92 7"' e

910

90 1

88 1

Transmittance (%)

86 1
P-MWCNT

g4 000 = e F-MWCNT

82 1

80 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

[O28 3-6 MH2| M -Fo| MWCNTs FT-IR A E2 (4000-500 cm™" &¢])

[E 3-4 P-MWCNTs2t F-MWCNTs AlZ2| M2 nj3of wE a4 i)

=5 Peak (cm™) Interpretation from reference

3420 v OH
P-MWCNTs

1640 v C=C

3340 v OH

1730 v C=0
F-MWCNTs

1270 v OH

910 v C-0

Note: v, AZHE: B4 o] e 912 9 Zole] W
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(3) ZHiH(Raman) EFHE ©] 8T 7154 BVt
MWCNTs®| 31812171538 H7FE A3 = g8 F5o
E

2 2t 339 (Raman spectroscopy)
O 379149k 2ol Sl4nm o2 #Ho|A B3I HwuH o
7 Is1

2%l Raman Renishaw 2000

52
X B 289t 90ET =4
/é]

4715 Agstel RASHATE b, eyt EB

% sojolmFEso GEAA S99 Az

N A o

N

>
of
i)
tats
B o

gyt E3He daA =29 vAFRE 543 sk A}%ﬂ—t— %—3%& H]ﬁ}ﬂ 7l&
oty 1% 3-8 P-MWCNTs Z F-MWCNTs A &2 <
vebdch oA Aol 9= e 27 ~HEY Zho] XPSPEAK 4.1 A
fitting Y-S B3t AEHJ oW, ID/IG HI&, § DWHES GHES] AXHIE §F AXESY)
o5 AREsted AHAEHAT. P-MWCNTs 2 F-MWCNTS«] gyt ~FHEYPL Z47; oF 13359}
1337 em™ (D ¥WE), 15733 1575 em” (G W1=) 2 16142} 1616 cm” (D¢ WHE)E YENRS
th. D =+ ZAdo] = CNTs ¥ HIZAAAY ghi(sp3 Tholot#=d &), G Wl
Aol sp2 A YAt ?iﬂ noo gy, DM=Es 1A AdAg o] gl
48t gael #do] St ofed, SR FEA X E(Disorder, C-C sp2 =m|Qle] H
7E #7718l D WEek G =S A& Alele] Mg (IDIG)E A&AT °l= G
D gﬁ o] 7= Alo]o] HSE =4FH sp3 BAYUAE =X 5o 2 H xLQ.7]’ = CNTs
o] 7] =do AFgEE yekd o Ao oA e, CNTsoM IDAG] Hl&°] %2 7
%29 BANE 2712 YUY o= A3 mx= 3o Edte] CNTsol 7535
AL ougty, F-MWCNTs 4% 1.38, P-MWCNTs9] A% 1.15¢] IG/IDS] H|E H]
st 7153t vhES Fal 7153t Rkt A A EHATE AES 5 F AT

AN
=
t

_I

XE Li.l ot

o
©
7}
ol
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D
1335, G
% 1337 1573,
N Y A (— P-MWCNT 1:575
£ F-MWCNT
w2
g
E
=
=
£
3
7
1200 13lOO 14‘00 15‘00 16'00 17b0
Wavenumber (cm™)
[O28 3-8 P-MWCNTs2} F-MWCNTs2| Raman AHEZ ]
[E 3-5 P-MWCNTs2} F-MWCNTs2| Raman &4 §4]

S XD, cm’ XG, em’ XD’, em’ IG/ID
P-MWCNTs 1335 1573 1614 1.15
F-MWCNTs 1337 1575 1616 1.38

4) AEF AL 2H(Zeta potential values)E ©] &3+ 4 H7}

MWCNTs 2] H7ts fs A=
ANA EAE 19 399 o] T4 FAS
Z+ %) 2} Beckman Coulter Delsa Nano 47| &
Abge AAERT. AR AHE Sk
MWCNTsE 1 mM(pH 6)2] d3ZF(KCl) &
Mol FAMAIZIIL, 7] 25°ColA 15°9] Zt=
2 A St

=]
A

=S|

(22 3-9 MEF MR 2A S5 AR Fx]
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- AlgE A9 FEOE YA AlolY AHHVH 3L AEE UEE A ®EolH,
MWCNTs E£H| 4kxg] 9 el FZo|t AxHoA Hifglawk2 o X33t &
2 AP Y T Byl S8 AHgH T

E 3-62 P-MWCNT9 F-MWCNT ZHzhe] Algo thak Aet A9 #S Yepdth. P-MWCNT
AN veRd AEF A9 FS 075 mvelHon, o] FXi= P-MWCNTsS| & 37} o}

H 282 Jlof] g §F Aol EFESY FEo|t Aol BluF Wy Hrtd
Atk W F-MWCNTsoll tigh AlEl 9= -19.5mVE P-MWCNTse} vl ste] A3 v
e YEAT ol AP E CONTse F9He 32 WA et 5437 A= e
= Ao =2, F2olt HoA 7I2EA7](COOH)7} X Z E3H(deprotonate)st] 3] =
e Ue oudtt CNTs7} 48 FE&A(liquid)ol A2 B4 AP L Ae A9t} =&
FHAATE dEs old ATFE EoH gl o™, MWCNTsoll FoJd AXz = 3135+
71549 AZFA $TAEs ASSATED
[E 3-6 P-MWCNTs % F-MWCNTs AlZ2| HMEl M| X Z2}]
=5 A el A2} (Zeta potential value, mV)
P-MWCNTs 0.75
F-MWCNTs -19.5

[S] RL
Ue2AY A5e E44ES EAF F = FAF @7 (Scanning electron microscope,
SEM) Al&d3} EF3} A A-#v] 7 (Transmission electron microscope, TEM) Al@-S 2+7r A A it}
=7 AW 2 SEM (Hitachi S-4300), TEM (Hitachi HF-2000)2 Z}Z} AM-&3F3i T},

Sanu:llePr!q?b_.‘nk S

TEM grid holder for sample

\ Y
L] . ® e se wh = ﬂl\ T
-'.-'.". *I Sonicaﬁuﬁ\ T B se® a Sonicate 2
. i e |

Sample Prep. k— -
Copper slide

solvent

oo % ] < NMP
r.%éd.‘oj solvent ?
¥

\éEM - ‘__Cnati ng —

MWCNTs 4FAEle] o]24 ZAE U 2AY EAets 23S
2 g @AZold Loz FHFHE ey Fisd, EH wE
2 AAAE EFol#le HHolth. F-MWCNTsS] SEM % TEM B7F Ad= o573 2t

=
=2
X
1o
L
w
>
2

13) S. Chen, W. Shen, G. Wu, D. Chen, and M. Jiang: A new approach to the functionalization of single-walled carbon nanotubes with
both alkyl and carboxyl groups. Chem. Phys. Lett. 402, 312 (2005)
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18 3-12014¢ Zo] SEM HIE EIAE %
MWCNTs7} A& Az A7l o= F4kdo] & FAH
CNTs9| 3DTFEH4¥ E4HdS a1 913— TEM®] 7
HoFa1 lo], o] A3 &84

& e 2SS TASHA F2 ALw UrE} o, %Al o MWCNTs 27 %o oz}

Fol Fdo] BEHAUR. o= MWCNTs/] Az Al FEAA A = Sle I B
olgtal & Utk 1Y 3-13914 MWCNTs®| EHe] Aol 3oz =4d &

13N oM, MWCNTsS| B+ A& ¢F 20-35nm= Y EF T

/X000 ) Ixinm

0.0 =

[28 3-14 MXz2| M/ZF2| MWCNTs TEM O|o|X| H|w]

14) Baughman, R. H., Zakhidov, A. A., & De Heer, W. A. (2002). Carbon nanotubes--the route toward applications. science, 297(5582),
787-792

15) Treacy, M. J., Ebbesen, T. W., & Gibson, J. M. (1996). Exceptionally high Young's modulus observed for individual carbon nanotubes.
Nature, 381(6584), 678
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(6) A2 MWCNTs®] A2 &4

A o2 AHE AzAALS AWE AT HHIIE fste] 1o AAAA
(1,250~1450C )= AXth o] HAFoA &7l =8 YA MWCNTse ozl 213 o] o4k
StekA, AFA 8]l R 4FSH(oxidation) HEES oA FHIAE VHAES F A= AL

2 BudEset o}

C+COx(g) — 2CO(g)
2C +0x(g) — 2CO(g) (*2)
C+H;O(g) — CO(g) + Ha(g)

CNTsE 3 E 94 HAog A EYste
CNTs7} AHE A 729} 34 243HL A
olo] M e]H MWCNTsE o2 JAE Z
(argon) 7t~ FHISl F Ao tE A S
A g3lHom, Al 8 4 (thermogravimetric
analysis, TGA)= &3l HF&EAS AESIATH

a9 3-1691= TGA AF 235 el
g A o] 7] FolA AAG AAE
ol °F 550ColA FHsHA AP
°F 650C A& thFEe] MWCNTs7} 4+s)E]
AL AT & 9tk oA, v 1A
ob= 3 7t BAoA oF 20%9 MWCNTs7t

o

rr

23 @ AL g9l o 2F

25 8 AE H9 AU ol CNTs 23 (28 3-15 AlRI 24| ZH| (Shimadzu
EFJAME &4 Al CNTs7F 20% 7HF 4 DTG-60H)]

2 g AdeS Uede 2ol

120 -

100 1 _\n\

2 &

Weight loss (%)
=
1
-]
=

0 200 400 600 SO0 1000 1200 1400 1600
Temperature (°C)
[O3 3-16 TGAOl 2/EF MWCNTse| S
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o
i=1

=

3+ (Reflux)

A

Mo A= CNTs ®™
3}H (Ultrasonication)= Zt7t 7483 CNTsoll 2 &

A Qo= CNTs ®Ho| 7]53E 9

7 &= 2

=

Hlo
il o
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aelm A AR TEe 247 S
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A=t grol 0.75SmVE YERG

Uk F-CNTs9 7% -195mVE A3 E& S e o] CNTs

Axoz el
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-

T
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1 ghe ARP-ONT)OlME 283 A2 & 2447
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[

s

AN & (F-CNTs)9] 7% Ho 28
A A

TEM °|v|A & &

= A
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il
A, AAg
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o]
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ol FEo
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7% 0l
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3.2 CNTs w2 EFAHE A|x % H7}

3.2.1 CNTs & SIA|HE A Zx3}7

CNTs u2y EFANEES A =x3t7] fsted ¢4 vl=9 G ANEAZRE g%
AAZ2E 3-17 D & 3-7)°] AAEE MWCNTsS AFE A F i8] 0.25, 0.5, 0.75, 1
1.25, 1.5wt% = Z+7ZF H7FgE 3 rotary cup milling FXE ©]&3t ¢ 75 yme IA7|E 13
EHE AAEAT (28 3-18). ©]F jar ball milling 7&%](:18‘ 3-19)E o] &3l FYS AWE
dA = 22 F4et A MWCNTs9| 221 #4H8 53T MWCNTsE Z§eh= 3
ANHE AASE oeb&ES o] &3l 12 if&?‘ﬂt‘r ol AWE s W T84 =2
9] o] WA #% AolH, eI 1EA EFH MWCNTsE X35t AFME
AZE 9F 20-30mm F AL HAEFOo=Z AFste] 112 furnace® °oF=E 7l A A 1450C
A AS ST (O™ 3-22). I8 32405 &4 g5 Fo MWCONTs o3 AHE &
BAE HEHAS. o] AINME FZAS} ARMESY F4(flash set)TAE #3 A (gypsum)

rlo

-

m

i) r&ﬂ

5 F97 ti¥] ¢ 2.54%5 EFSH 12F rotary cup milling@} 2%} jar ball milling ©HA] 38
st B = 3 HIREWAS e AMEES Az 13 325011/\19} Z°] MWCNTs L2
3 AMES 79 OPCe Hluste] 11E ZA& Yehfa As FAg = AAH. o=
22l ® MWCNTs7F AlRIE] 124 £X3 o=z P F} At
ool = AHE Az AAHe Aoz YERAIAT
Clay(alumina source, Ales) Limesto m source, CaO)
: : : Silcon stone ' \vsqurce, Si02)
Copper slag(iron source, Fe2Qs) |
[O3 3-17 A|[HE XZ]
[E 3-7 MWCNTs &g STHAHE HM=Z 25t Mz sttt 2 Z28H|8]
:’1% SIO2 A1203 F€203 CaO MgO NaZO Kzo SO3 Ratio
Limestone 0.05 0.04 0.01 53.79 0.3 0.57 0.08 0.43 78.52
Silicon stone 92.85 3.95 1.25 0.1 0 0 0.95 0 11.12
Copper slag 31.5 5 56.7 2.8 1.6 0 0.9 1.2 2.98
Clay 45.4 38.1 0.87 0.1 0.05 0.03 0.25 0.01 7.37
MWCNTs Cement AAE * 0.5, 0.75, 1, 1.25, 1.5 %
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(22 3-19 Jar ball milling]

HU

(a3 3-20 XY

[218 3-23 of= 2 J}A]

[a8 3-22 &M Furnace]

-4
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Aol APA 57 ANEES AzHUA F)E ZEAS ANET} e S REHS
253 QEA AYoR FESHUG. APFRL WF, AEN, S I9n $ANT
Soln] REXENCANES 712 MTow 24ste] Kso oA AgAPe A5

(1) AIFE H]5 Al (KS L 5110)

a9 32791 MWCNTs9] EJEE w3 A|HES})
15 AWES] vHlFAd 23 s Yetdt 438 A,
OPCY A 33]9 H #ol 3.17& YErU S,
MWCNTs w23 AHES] 9 EYEH Hof 3.159)
Al 3179 HlF #hs WERASITE oo AdA A Az
H EFAHNEI HA vFTE 7 Aoz FRIFH

&li
CNTs W&t =AHE]
4
= 1A} =24} " 3x} =ga
35
3.17 317 3.15 3.16 3.15 3.16
g 3-
=
=
=11} 2
B0 2.5
=
i
2 21
wn
1.5
1 |
OPC MWC 0.5 MWCO075 MWC1 MWC1.25 MWC 1.5
[O3 3-27 A|HES| H|SAIY A1}]
Q) AHWE EZ% Al (KS L 5106)
APH FFAA Az TF ANESY EEE 4SS 9
& 7] T3 AAo g% AlY WS AASAT o] Wl
AEEE B2 37 B AA(3E 328 9AT FE
< ZEE Y& AWE HEE Fole dAFY] FUIE FY
stAl st =S BFold E2& 3719 £xd ug EEE
5 AR5 B2 A2 AWE FY¥ALY 1, 23 milling Al
bs AARstr] Al FAER JAFHPeH, KS F4H #d

g 4 J=E HZA miling AES AAHIA
= A

b sk ok
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KS 14

w1k w2k} =3k sHF

0OPC MWC0.5 MWC 0.75 MWC1 MWC 1.25 MWC15

[O3 3-29 A|[HES| E2E Al AD}]

e

o
o,
b
>

(3) AHIES 2EZYolB HHT 2
(KS L 5107)

MWCNTs 228 A|HE A 757} E3Hsta Q)
(Ca0) H A3l 71| HMgO) == o F 7HA] B o
A A Aol ARE Gotir] YT LEZFHolH AF
e AN A3 A ZE AFAAA KSollA
I e 0.8% ©lstY] #& UEE ZAoE sttt

[12] 3-30 @EZ=0|E AH|]

0.9
m 14} m 2k} EEY mgd7 Ks &
0.85
= 0.8
&
I 0.75 -
[
o g7 -
|
=
= 0.65 -
0.6 -
0.55
0.5 -

OoPcC MWCO05 MWCO0.75 MWC1 MWCI125 MWCI15

[O2 3-31 A|HES| otME AlE A1}



(4) ZEE29] SZAANI A (KS L 2436)

ditdor AWMES FAANS 48] st Ao A o3 AME A
SATHEES At oy, AV dirder Aol Ao va AAGAH]
254 vuE

< H
S Uehdth E ATeAe & MWONTsE Z§ates AIHESE OPCREY| &
‘Ef =]

|

bl bl
o 243 MWCNTs n2tq A|HES} XFALE ALE3E ZZELZ9] AJA T e SZHA
e ZA3NAT (O9 3-32). AF AF} MWCONTsE E33 BE A@AA oPCe o5
TA SAEAE S UElle Aoz SdHUH

5

== 0PC =l=MWC 0.5 =de=MWC 0.75

== M WC 1 === WC 1.25 =—0=MWC 15

2UME (iPa)

(5) 22 A4S AE (KS L 5105)

MWCNTs w23 AHES] &A= Z38ES fste] ¢844 ANME 2829 &7

N A FASE v KS EFo oA AFES AT AEE& AEA AAE
EEE AMESTh AldAle F71H0A 2443 B & gy S 3

s
A3l 50x50x50mm Y
of A 2322C BAHANA FFFAE AYPsHA .

)
W
A
R
AN
W

!
A
o
N

b) ELS At 72t A

]

_45_



AEE 7 vige] dFAEE 2™ 3-349] e ST OPCS} vl sl MWCNTsE E
gste BE AIFACAA olE AIte A= s UEoH, 53] AWME tiH] 1wt.%9
TYUEAA T =L AEE(143%)S YEHHATE CNTse] E£4&0] S7/METE 52 4=
FEE U 7|2 AFES 28 Iwt%dAE SES BAEoE A9 454 =E Ed
5 Ul Ao = AsdY

ob=ZtE (MPa)

——OPC == NMWC 0.5 == MW C 0.75

—===NMWC 1 —+==NMWC 1.25 ——=MWC 1.5

g s

0 5 10 15 20 2
M (days)

[O8 3-34 22El2 A=UT AlE ZD}]

160 -

138.2 431 138.9 139.3

140

126.3

100
100 -

2= SR (W)
g

20 ~

opC MWCO0S MWCO075 MWC1 MWCL25 MWCLS

[T8 3-35 HigfdE RE2EE &FZT STE]
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(6) RE2ELZ9] IS AF (ASTM C348)

MWCNTs 223 AWE RZEZ FFE AL AFA= AHME A AFAA AL
83 254x254mme] @HF F& TH AL 254mmE ZE £ o83t HAFIIY =
ZHl= FHd 1000 kN 35S 7Fd 4 = electro-hydraulic servo universal test %] &
ato] 2% 890-1800N2] o= A @A 7F oty & wi7tA] 7hetstoh

a9 3-374 Al 28 7 iRt FAEE U T”edA e} Zo] oPCet Hlw
3l MWCNTsE X33te ZE AlgA A OPCE A33tes FHEE YERHon, &3
ANHEZF thH] 1%2] MWCNTsE H7FsE Al@dAloA 71 =& 382 158%F UER A

=

3FL
O' p—
2bd>

41 3)

S

14 -

g B

A E 28 EZ = (MPa)
=]

il

OPC MWCO0s MWCO75 NMWC1 MWCL2S MWCILS

(28 3-37 ZE2EI= AT AY ZHD}]
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180 -

158.2
160 -
141.8
140 - 131.6 1367
121.5
s 120 4
o 100.0
W 100 -
A
Ko g |
u1
2 @
m]. -
20 -
0

OopPC MWCO05 MWCO7S MWC1 MWCL125 NMWCLS
[0 3-38 HigtE 2=ElE HUE SXE]
(7) X-ray Fluorescence (XRF)E 83 A|HES] 335HE4

MWCNTs 12 ESA|HIE 9] A 2 3}7] of A] ?i%fz }9} o] CNTse= AHE A4
oA 4tstE 7] W&o ol& WA ] nAg A A AATIHE A

tlo o ¥O |1

o 7]l YErE = e vEHE ANE dAs ZH%H sl 5l gEdbo] AgE T
A AHE 243G &7 FolA o] Fo|x7] wiol Eekat 3A

ot R ZE E
A A3 ek L B AT A9}
SolAE A& A
A% golsty] wel

#o| of23rlx A
He 43 7ol
A FFoA AxH AWES TAHAAHE
<+ AENE 2871 Jo

A 3 WL ANBEE= HE J_%%EAIUJ

=

[28 3-39 XRF &&=417| (RIGAKU Corp.]

ot M8 2= 7t

[28 3-40 XRF 24 HZ 4|1ty
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¥ 3-89 XRF &@FEALS 53 v Ash GroveAle] HEIZEWNE= AWESL MWCNTs
w2y ARES] F8 2hstES WEEE UERNITH

ZEWNE ARE st el #3 =W KS 74(KS L 520)A4 = 1§ ZEASARE
of i3l AtslulIulEMgO)H H4EstEr(S0;) I8 G tig 71Ewte] AA =] 9
o ol Z+ZF MgO 5.0(%) ©13t, SOs 3.5(%) ©13t, FEE 5.0(%) ©l3t= 7] FAA =4
B A= olE 2R ﬂ&é—%}% 102 Uttt 7]&o f+E5 = OPCel HIsl A3 olA]
AzHe AFAWMEE JUF o2 Ca09 HlFo] ul$ S Si0,o] HlFe] =& HoZ
Ebtom, ol X349 43l P g@EHEERH(A] 4)0] D53 o] WEoE dAdETh

CaCO;(100g/mole) + Heat — CaO(56g/mole) + CO,(44g/mole) A 4

[E 3-8 XRF & =Ag S8t AIME =tstxd H ]

TAE AL 7E A9 A
T8 s E
KS L 5201 ASTM C150 OPC CNTs W ZAHIE
CaO - - 62.16 57.52
SiO, - - 21.16 23.89
ALO; - 6.0 max 5.50 4.05
Fe, 05 - 6.0 max 4.30 3.52
MgO 5.0 °]3} 6.0 max 1.78 1.30
K,0 - - 0.75 1.45
SO; 3.5 °]3} 3.0 max 2.09 2.54
Na,O - 0.22 0.50

8 = 2

2 doAe CNTs n2 EFAWEE AP FFodA] Axsta old THE F Ue
ol iAol el Hrletd ok TR A xH EIAAMEE 48 OPC B AP A ANA A
Z3F CNTs FE& AMECS} Hlwsle &893 Hes A5kl 85Utk
EEZ 2
A%

=

WA @_@@_oﬂxﬂ CNTs 2 Al °} CNTs7h 2719 242 % ©f
ol A 4bstsE = EA-e] HAE A A3 oF 650C WA F43 A3yl
= YE oiF 4 CNTs7} *Pﬁ‘rﬂoi °F 959 -“4 THALE UEH Zojt. oo Ao
|ebstar lem, ol <F 150
0ColA 80% 7F&FS CNTs7F RAE+= Zoz AT watd SHA LA Ao
Furnaceol| ¢o}27l2E HEE FYste W2o= AFPo] MPHFom, o] me} 2ek4t
3ol ALE 71E AME 979 A4 d5S A5Y 2aUt Uk

1
r
=
gt
2
N
é
of
okt
W
-0,
o
o
n
K
N
N
¥
il
X
O’fo
=
rlr
N
i
ftlo
2

HA, A x7F $5H CNTs 2Lz A4l il A3 ZAS "= A
o7 FQgiom AWIES 7|EZ EACl H|Fy Bux W3 AL g SAAL 5
oA KS 7|#S& EF W3t Ao Z YElyt. 53] AWME B34 CNTsQ] & 2
Aoz Qs = U 5o %}E%*é o] 11 ﬂ%ﬂl 2453 & FF0F YEgon, =
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323 CNTs & AHE BgA o Bk ojmx] Alzt3}

(1) SEM ¥ TEM

47 A% Bl A CNTs<] vz v
Epd o2 A AHME EFA U CNTs E4to
ol g wAte] FrEo YA AlAHS |
U2 SEM¥} TEM 23S €83 CNTs a3 AW

A
—— I !ﬁ.‘l_ 4
a) SEM A2 OIRE b) AlZ H|o|A Zrx c) Nano—-SEM ZH|
[a22 3-41 Nano-SEM & 1N |

.8727/2619 HV |spot| mag det | WD HFW R0 —
3:33:32PM | 10.0kV | 3.0 | 30000 x | LVD| 5.5 mm |[10.2 pm | Raw materials with 1% CNT

[28 3-42 P-MWCNTs & A[ME HO|AE SEM EY Znt
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" d‘/ﬁ.‘ R e 3 h& £, 4 = 5.1 g
10/26/2019 HY |spot| mag |det| WD HFW — 10 pm —
11:15:39 AM [ 100 kV | 3.0 |5000x|ETD| 4.8 mm [61.3 ym| Cement with 1% of CNTs

10/ 6/2019‘ HY |spot| mag |det| WD ‘ HFW }_»—'](me—c—
11:18:.07 AM |10.0kV | 3.0 |[5000x | ETD| 4.8 mm |61.3 yum| Cement with 1% of CNTs

[18 3-43 F-MWCNTs W%} A|HE HO|AE SEM &Y ZAx}
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A7) 18 3425 AAE olde] P-MWCNTsS Al AME do]|~E° SEM &%
Aoy, O3} o] E4bERA] B3 CNTs7F Ho]2E vH 72 U AN A2 2l
HRow, FHol AWE 3} YA W CNTs9 Bridging 3= 79 JeR}A &gkoh

a9 3432 AAEE F-MWCNTs7F w2td AWE #Ho|~E9] #HY ZAifo|t}. CNTs
dAe] 32 BAlo] FERIF o AWHE YAZE AZAFH A& Bridging 95 itk
FEolA FAE 4 Atk SEM ARl Ak g Fio] ofd Hujd H§e FES FA
AT F AEE FY HAY AHME YA} ONTsY n2HES 81 & = TEM &
d A= oty ¥ 3449 2o By FY AAE B AAdAE AWE YA Y CNTs7f
ZA wzEo A2 AdZdEH e BEEs g ¢ I

(2) Micro-CT

MWCNTs®] #4FEA ol thet Al ZteE 913t Micro CT (Computed Tomography) &R &
(Nikon Metrology (X-Tek) MicroCT) 483t MWCNTs 223y A|FES Y CNTs9 wlE %
4o AAH W AAEE HES FUSAT. MWCNTs w2 A|WEo] dis] 13 3459
Micro CT, Nikon Metrology X-Tek FH|E # 83} T}.

XT V160

[O8 3-45 Micro CT, Nikon Metrology X-Tek &H]|]
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O AEA F9]

71548 B 2 E4AET S st dA-EE MWNCTs 233 ARMEE thde
1% 3-46a2)9] matchstick-type =5 &3 Xray CT Y-S AASHY. I AL} 2 ]
AME W&ol HF X5 AF 9 0.65mm (x and y direction)®} =©] 5mm (z direction)2]
s AHESAT Xeray CT 27S AASH] A, 19 3-46b)ell A&t o] MES X33t
matchstick =Z.9] finishing nail F&< X-ray CT 09 v2E A|F T

@ 3D X-ray microscopy

B A¥e v5 FEFE Al Nano-Fab AlE]e] X-Tek V 160 X-ray ZH|E AF-835le] &Y
HAo 29019 #4S 4000 projections, 60 kV voltage, SW power, 1422 =& A|ZF 2 404]

& H=d=2E AHEste] 360° 3 A& Tt FHACH, T 20d ATE oF 1642
APHATG. T o & 2719 MELS micron ©|3He] FHFER oH|XFE NPT HS, =
M AlRto] SE= FrhstH o= Qg AES =W Elo] 93] MWCNTs #id 9] A7}
o] FNA A & TheAol At B dAFdAE matchstlckEﬂ MES FA-AES A5ty f18)
o X-Tek CT AHlo|A Aozl o|m|AE MO =E  FEI Inspect 3D AIZE(o] H
Simultaneous Iterative Reconstruction (SIRT, ¥H& 2|4 7]¥H) 7|WHS AFE-3] MWCNTs 12k
3 ARMES CNTs HIEEA 2 AZFS 43530

MWCNTs
T AHE
sample
mEAHE
sample
Bead of epoxy

adhesive

X-Tek CT scanner
objective lens

™\ 01.24x19mm

finishing nail

a) Match-stick® ME=CL

[12 3-46 MWCNTs &S

od
>
£l
Im
0
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@ CT 7I8F o]m A A4S 9% 7] formation
ojgtgo] F sl ©FE Y (tomography)©]#F slice ¥ 2D HES
=29 7]?3& A =A o /]§ X-ray &

gl YehtE o] ] A& FBA (projection)zt ¥
1A= EAS @H ou X2 AP, FIA= Fd=

HE B A Ao 2 EAE Tl AA (line) A& (O™ 34702
Aok I9 34744 JdERE A HELS T 2 59 Zo] AHejdn

oo A oL
oo 1r
i)
rlr
&

o
R

Mt
=

N of of
o
=

p)=f  reys *l 5)

Aq71A, & p, ()= flr,y) T2 2F=A3F (Radon Transform, Wl AHolH g4 f&
Ho| 9= A9 9] ©

AT & 2D olHAE
olu| 2| &) Alo]:=1# (sinogram)®] 2}l % ?l—E]-. Abo] =1L o3t o)A E A FA3}7)
of stte] ¥ (slice)oll Wsl = E HolHE FAStE d2=Fdo] fF3olth Ato]=1
2D oA 2A 7t2SE AE7]e] JFRE YAE UEHI, AE2SS A=V 4=
o)-&-¢tc}h. @El §H<= (Dirac delta function, 6 function)S /\}%715} p,(t)= 2 63 o] WghdTh

+co
:f f(z,y)6(xcosd +ysind —t)dx dy 4 6)

y Py (1)

F(x,y)

olM FHA| o|o|x|=t]

ale

[28 3-47 f(x,y) &

o
2~
o
r (]

N
=
e
=
ich
]
filo

webA Aol pt) FEE T FAHeR &
AHEFOBA flry) FHES olMAE HA ATFAHY F Aok

_54_



@ HbE A4 71 (Simultaneous Iterative Reconstruction, SIRT)
F719] olm A A4 formations HIEOE, BHE A4 7IW (SIRT)= A

]_

s 7
A~
T
q

o olo

SEY (C)2 AY BAE 9= A74 o 78 14 HE fla,y) s ¢
2 FAst BEAMAG " EFAS FE Aolth ¢agE 7EE dd |#
&2l EYA (projection)E H7] 3} X-ray

o Fste FF #ol AA F8E F
o, 1 Ade 7] ABE F8 e T8 AEE F4 e AABset ARE
T4 gkol 19 Z7be wi7bA st o]of tigh A
walolth, o= A 73 22 Ay WAL Al

J2]

AEE 4 83 Zo] yehd < Ut

T
2~ =
=T

r dp S

of M 2 X o

o i
o
v
r
k)
oxl
o
m
I,
o

A11f1+A12f2+A13f3+'“ AleN:pl
Ao fr+ Agofo+ Agsfs+ - Aonf vy =Dy A7)

A]Lﬂf1+AAﬂf2+AJLBf3 AZ\ﬂVfN:pm

N

j=1
A7NA = BAE me) 29E gl Yehith T 2, Folxl el Ae] £
o olmAE Pol AANA @t FAF B T oA M FIL FF T B
e et A= 590 mE 23

f('k+1) :f(-k)+()4 A 2] 9)

A7 f0w fUe zbzr gmE 2y F24A B ARe FAAE Jepan.

i A FA o] el i JHEA HAE YEHY. pe i W TE FA
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1% 3489 X-ray CTZ ZF WA F9H 2D FIAE Yepd et 2o A9} 2ol
N@A e Zp oA dojzl T FFA wro=w
_L

I=]

ZEYE T3t 18 3-49d)0 HF =2 v|AIA 3D o|nAE YERY AT o|r| R T
St HE AIoA CNTse wide 54 WIAHS 2 X= %= o= Yelygon, 274 9
dol= 77y B 9 Tnme 18 ymZE EAHJT. ESF matchstick ¥ =0 Z3E CNTs
W&E AHE Yol A CNTs7} x}A 8= &3

[O8 3-48 X-ray CTE 0| 8¢+ Alx
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[28 3-49 SIRT 7| 2 AZEQ0|E 55l0f MAME MWCNTs WEHS A|HE L} CNTs &4t
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323 CNTs 22 38 E uidadA L A5H7}

2] BRHI NMP S U 259 AE & ARE dAFte] A4, milling 3 5
AX AskEl ONTs 22 EFANEES &g ZIGE] MFHAE &Pt 71+ wd=e
AE5H7ME A Y. 284 FFEA AFE CNTs & AlWES sidet= 7€ opCr) 2t

= Aol A48& T3 vEhwgt. ey
Aol AS AlFEE= OPCF AFAA AHA|
= AWE(OPC()9t A g A
gt 2 AdAgstat

[ 3-9 CNTs W& ESHAHE M2 Z2J2|E HIL AHE]

3 5 AY FF
AA71E% = (MPa) 3 21
w/b (%) 3 43.0
gz 53 £92Z (mm) 1 120 + 30
53 F71%F (%) 1 45+1.5
CNTs €UE (Bxwt.%) 5 0, 0.25, 0.5, 0.75, 1
ZA g FIYE sHx, F7E, AN
A= 7 ] ]
A5 =aeE wERAL TR
[E 3-10 Xl Aol M85t 232[E i gt]
w/b S/a Air W A (kg/m3) SP
(%) (%) (%) (kg/m?’) C S G (Cx%)
43 46.7 4.5 172 400 803 928 12

_58_



[E 3-11 it 22X 2 232E =487 21

o Setting time (hour) ;
o) 5ta) = Slump (mm) |  Air (%) VG (S
Initial Final (kg/m’)
OPC(a) 125 5.4 8.0 10.5 2,246
OPC(b) 120 5.0 8.5 10.5 2,237
MWC0.25 120 55 75 10.0 2,251
MWC0.50 115 5.2 7.5 9.0 2,245
MWC0.75 100 5.4 7.0 8.5 2,252
MWC1.00 100 5.6 75 8.5 2,251
AHAAY F7F, SAANYL T ZAFLE ZIYE EA WA $ELE 95 W
Ae AFE Bl A ool ETE W3yl HAHA Fpoy, €92 A9 EYFol 7t
A4E &Z AEe AFS e Aok 71E AFodA s ZF5AY vHes YA 48
P AN €HZ SAHFS ONTs E4E 1% W ANA 9F 40-55mm 7+ A AdtE = Ao =
Hyg vf ok olo] Hlg] B A9 A Hudy 35 FE9 FedS el Ae=
ALREH, 2% RRSHI olyo AARE YET
ATZEL o] Z23YE YA A ONTsE HEE Z95te= 7|1E Wamte) Afold 2|3k
2o 2 #sta At ojn =g A g9l st o g ARIES dASHEH CNTse =olv A ¢
o A2 g o) EElEA g3 ARE Ak} A= Qo] As ojd EAdol| ¥
< PAA E3o =F CNTseF AREZE wzte o] Alzxd AWE Z-7E $42] milling?
AE T HEEAS 7E OPCY FYF FFoE ZHsIA7] wZo It OPCet A
729 F54S U= Zog #ddy. ZI4E YAHRHNA CNTsS EY3tE= 71E 7]
Hol A9 ONTs9] @ d=xe} €50 =2 ngdz oz s EPZy} nje & o=z A
&2 & Atk ol B AFolA AtsHE A milling o1 F e CNTs E{lshs B2o2 3
dd g 9le ZolH, A4 millimg AR HH FRE & A 24 54 Tl wE
A g dAEojof & Aotk
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HE

g4

<

MWCNTs 22}

ﬁo

oju

2 WA,

W, 24 AWAA FFFNQ0£1.5C)

4

50

- 0OPC(B) ——MWC 0.25 MWC 0.

- 0OPC(A)

--MWC 1.00 --MWC 1.5

—-—MWC 0.75

Wy

il (=] L) 0 _3 (=]
on o ] [gn } — —

(e JIA) YSuams aarssaadwo)

Wy

vy
(]

15

10

gl

Age (hour)

50

MWC 0.

~—MWC 0.25

---MWC 1.00 —-MWC 1.5

~OPC(B)

- 0PC(A)

--MWC 0.75

Wy

=+ (a2 [

(B4 A yIduaays ajisua],

30

vy
™

10

Age (hour)
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Flexural strength (MPa)

y = OPC(A) +OPC(B) MWC 0.25
/ MWC 0.50 -—MWC 0.75 - MWC 1.00

0] 5 10 15 20 25 30
Age (hour)

[18 3-52 232|E gz 5T Zut]

3 E7sta AgaloA Alz" CONTs 22 EFAIWE]
= © ABAAM &3 et ok EAE 025%2] W
Al OPC(a) TIH] AEFTE 120% WIE Hola o, I 9 TYUE 05% olFdlAes &
A= SRAE0] 125% °1, I B AFBE SFEC] 145% ol gE UEa v 53
SYUE 0.5% ol deldes e AFAM AL FAR AFE Hola . o= &9
Al olm] ZAko] Fis] ¢EEHO| CNTs9 bridging &2 S = U= AR
o2 Atgdth ool MWCNTs w2t EFAIMES] 3 2 2
S5 H, AME 24 25(1,450C)0 A CNTs9] 4Fsk&-o] oF 20%=2 YERd AS 7etst
E % UMl °F 04%°] CNTs2EE T2 A=W E 7S o e Jlo2 dddn.

>~

[E 3-12 CNTs &

THI
L
n
[m
10
oy
Hn
0l
S
o
Mo
=
oy
N
(@]
ne

, A" ]

AT OPC(a) OPC(b) | MWCO0.25 | MWCO0.50 | MWCO0.75 | MWC1.00 | MWC1.50

Rl 100 95.0 118.7 128.4 126.4 128.8 124.1
2N = 100 94.1 123.5 144.9 158.1 155.4 156.6
= 100 98.8 120.2 145.7 160.7 154.8 153.6
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® 3-1391= FAANE7AE E3] Hr7lE CNTs 2% EFAHES] FEEAS YeTh
Ag71#e AAAASIAAHAATATAEKC) o Fete] PP o, 28¢7F &-FE 20£1.5C,
65£20%(RH) =74 S & ZAHHJT. F8H ZIYE iy AFAHE ol 3xo
et Ao (FABAA F5

r

1 O = —

(£ 3-13 B2 "ol X2 232/ 3]

o] =gk 3
wib S/a Nk W =9 F T (ke/m’) SP
(%) (%) (%) (kg/m?) C S G (Cx%)
55 48.2 45 165 300 871 947 0.8
E 3- wE 23|E0 ZEEM (MY 28Y, SeAEY|H _
[E 3-14 CNTs m& Z32|EQ| (M 28, |&7]2h)] chel: MPa
A OPC (MWC 0.0) MWC 0.50 MWC 1.00
i 21.6 22.1 21.3 244 24.4 24.6 26.6 252 27.3
FEZ=
Ave. 21.7 (100%) Ave. 24.5 (113%) Ave. 26.4 (122%)
2.8 2.3 22 2.9 2.4 2.7 3.6 2.9 3.0
2N} =
Ave. 2.4 (100%) Ave. 2.7 (110%) Ave. 3.2 (130%)
25 25 3.1 2.9 3.7 4.0
LR R
Ave. 2.5 (100%) Ave. 3.0 (120%) Ave. 3.9 (154%)
U A A AFAAETGE 259 3 FEF7HES BIoY, AR & 4=
Z7MEA S el At dEAE0AE ONTs UL 1.0%00A Hi 122%, ZAJNAD ==
130% 283 FAEAAE 154% T =2 AEEAS YD Joh S5 5 vl <
A9 AAEANA 7% A5E FI3st= dle CNTsY vAl 72 U bridging effectol] &gk A
S ARHY, 2 EYEAE F& FFY AESIE 2 AHE EFA W 2440 &R
HAdss A =2 e o
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o

(3) AIZAZE =

& vkel Zo] CNTse 1AEAH EAZ € 9 AVIHAEETE Hoju 71& A+ FolA
CNTsE ZAYE EYsl mi=FA dtPPE FEsHAY 2vtE XIH Az Fol A&
H vk . AFeAE FAAF A Y5t CNTs 22 THAIHNE A A dAEES
Hretd o AlgS KS L ISO 83029 27 TaurusAte] TLP-300 #H]ES %ﬁo}%orﬂ A4 3
A wet FREAT

lr

A BE GAHE APA g EAE gy
st AlEAE BHste ERFe S5t olE Fd
&S A skE otk AEAY EHo] 2 A
LS 53 48 J2Y F oy FIYE AFA
o] o F= % nAxgrt BEFAE F9 AFA <
N ol ARES AAH AMAE FFsta AFE R/

At A A= ONTs EYES 0, 0.5, 1L.OWL%E 7

A3k 100x100x30mme] Z|SHA| AFAE LA
QMW 7eWH ALewe PHLE 9 IBLS ¥
2} 100 oA A E=LWmK)S A s

ol

[18 3-53 AT =& Al &Hl]

0

Q-d
A= W/mK 2 10
= =gy, WK 4 10)
E 3- mx 232E0] FHE SY (BUAHI|
[E 3-15 CNTs @t 232|E¢| (ZIAIE712)] crel: Wim-K
ARG OPC (MWC 0.0) MWC 0.50 MWC 1.00
0.4774 0.6701 0.7677 0.7620 0.8154 0.8316
QA&
Ave. 0.5738 (100%) Ave. 0.7649 (133%) Ave. 0.8235 (143%)

dEHAE YeidlE 938 H7PEAY ONTs S50 w2k 133% 2 143%2] S7HeS
(BE2E =N (ﬂomzw 5 Fx) FIEY dAEEAS Brlste V1= ATdMe
2B 5o LA EMNS FQ HrigAow aH, Ao e dHEE A AdHe
271w %Ter ol wek ZAold A vehd 5 o o]l 7]
77 232 ES] A mAs dFe TGSt HE e gloy
%58 CNTso| HE4kAdol 23k o2 #dd F o

)
o
A&

1 43

=
=
LN

(e}
H

=
Wi
o o Lo

T
ool 1o fu

dor 4y kT

d
el

b

X

of
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M4Z BE LHE Y B Lo 7|0

-y
L]

ATMNE Hxe| EH=

J ™A=
I e P SRl
= =) SLr=E _ _ =3 AH= 3HI:|- off Ab
CTE T 1= M = A = =S 5 S ot
(CTE) Iy Yo E 2Ex | 243 b e 745 e (ekel)
_ Mxl2l = _
zmst, | @ |00 T OONTS | SS e on| xmam | moMd | 10 | esuEm 0| =
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