1ModayH ¥4 ainj}onijsedjuj

2ok oA (), €8t 4HM(O) 7/ SHMO), =HIBH( )
FENSI|ESZTINFAIY MH2X = FBFEIM

FEATIR | B2
ZEATI [ HO|ANHI|SEBE
TEWNST




FL

o
=]

=
=

02. 02.

|

A A =7

o
=

=

=]

I

HFEh
Z=H M
2018.

E

11.24) 1}H 29|

H = &2

11.25 ~ 2017.

JHer (Ao er 7|12k 2015,

‘5BW-50C2 A7

A
=
Ct.

ol o

MJ rJ

0f0 0f0 ~ M

K Kd F oo oo

= 3 o Kd K1

I = o o

= F < K

~ ~— m_”_ m_”_ ..

} _ T OOw K

] ] I_M I_M —_

_u_m. ! _u_m. | N N ol

~ N #H

! ! T oF oA

% % L

v 2 53

_W _W Kk M0 K

=l &

s s

rS ™~

=

11_ >

~ =

- ]

3. ~

w3

HIM 2o

=
S

S

™ HM3g=of 2}
Lt

=

S

WAl 29

?_

i

O

t

TENsSFL




ol

o

B

= ol of of o | of ofl of o
| = KRS ORD R rORD R R
ol o o o == o
K0 oo S O S o o o
- = = Ss S 55 S 4
o u N R SR B B i
0 T o- 30 0 .. | oF 80 O .. BO g
® fol WNKMET RN RT S
Hr SRm 5
x _ T EiE) ik .
TH W T I ol o n ..
T = 5 o = s & g &
T < oD T = @ on | B
o B = 5! - e
(& © Ko o s H
K <0 3l H
s ~ ) 0 R I ) W owMEE
! g0 00 o g0 [0 o = o 0 ol 3K 31 &
RS w_ﬁ © e« A = n W g oo W&o
=T < 7 W g 3 Higr X W
© - | T N #o oF 1+ Ko 1k - K= o 3 U m = S
S B 3 T A T o R g W W< oo
2 K4 ol = =5 Tl < Tl - N =& o -
— N = — — —_ __o_u H._AH o, o |
Hr N T o D — ~ G| = o) = oo &
N o = Kq = o 1ol i = N Toll = X0 10 o K =
TN = T = < Mooy A Ho <0 oo o gyl od 2 — © O
RN i B N X B M L i N
R o | B3 W LI B S o ® WEE g
U I = I ) S Wg = =sgpwn3T? oq°
% 3l Iy ke Ll 10 Bl 5 L H 3 5 ST phRrRos=x S = - M
—_ = I __A._o = 0 ol o Il R o
L N © Ul ol T M © 3 oo W e oo 5T
© I o ar 9 o_:_m_____h%ROGCEﬁ 0l 3Bl
X o N S o ur ._m_. ~ 2 Ol MM B3
% S ™ ol ™ To T T oo™ _op o o
2 38 o 31 50 = T > o2 o B & 0 ge
SS @ & = G _ Lo 3 e gy W B Sy Hoy o o
! < M i's — 10 o K ol N K
_Plv ﬁ _A_.O = = = o = _.._I ok 'K =_._._._ K | nV.uJ |__O [} ~N < o__._._ H
© S T - R =Y WO o X gy
2] W o S w5 S Jjo N <
o _ mRAEW T o 2 0T L =
% 5 5 =3 s oW o o mow L H D
] i B0 K oz | B g o= W RConoop & 20 ™ = 1y Rl
o L 3 ol I w oz 2Trw MrmIiifm o
< H & i = |3 Tl o ol — < o o T M
M - = i+ N % ul 31 —~ © W s F o w3 MW _Ml 53 14 om
= T 3! 3 T TR ME R 8%
] 8. ol H Mo 3o S K WAL B
| | |




Qo
HAFL=E
= A= 7|ES ONT 2 AlHE =2t d7ets M5 chg M2 7Hde] A+
2M, d7Zxo| I =2 EHESID Us (NT-A/HE HEZA 2M7|ss 7|t
o LMol IEZ aAME HEHX S50
JHestn ol

BALI-SH 28
(conductor)

A::AA/

VooV
Joule heating

|a|z.~_x+o| M A 2 X I

L HTPLE

« ONT-AHIEA SgtHel HAAME &2 7Y g 2 AP |UEA A ofgH| =&

- =4 2 matrix control Z[Holl o|gt A E S J[H i 3 X AHjgH| =&

- of 2E (&, 2% 3)dl ot SgtAe] M| SM AT (23, 2ES )

- 2™t ONTe| ZlZkof| wZE CNT-A|HEH =§hd e Xp7|wd 3 MI[H
HEty §M AP

= ONT-A|HEA Sgxel wEotd M Hrt 2 diehtubx) A|=HE A &

od
= o | |
- Cyclic heatingol Cist S&txel wdoly M 2 SMHEs ijAHYE 2M(F
st= ,morphology)

- ONT-A[MEA S2ME ol S8 HIH o] M HA et =&

- HISHCT ASRES] M W WHMS I

- AT sWolM 50C A|2Ho| Jhseh CNT-AHEA SeMe M= (s &

i Sy |
O|E o| 8¢t 1R E HIFEYA AXE

8 SF2E ATISMA: ONT-AMEH 23
A|4H| 80| HAIKO

——

ag

e EE YT, IEEE

HE Z28 A8z AlE8e E

58 APlue M52 2E INT-AIMEH =8 HE7|4S bl
£ 1 9 Al - APT(of: AFS|EotRte] AjatA}

o
Ate|H ZSai At SRISA] sfaoll 7[0fE 5= US W= MYFH.

Egopiof M7 || E ZH2t 3.3n°E 700W/h2t 550W/hel A |
Mok |&0| M= Hishtdix)= 2k 5oN/hel AH|FEHo =z =2l

o
Mol cHet Ho| J1S310 oA 2H|E HAUMoZ MU = US.

Al

= HAIAM gl nk-%- -50

Eé[—'_ﬁl I_OJ_/SA-IX —I—-AC-’A-E_LLSW 50T Ab7|ehed H|—E|'“'—I_|'%|'IH
lzix“ 1o I:I)




SUMMARY

- Purpose

This study is a shift paradigm from existing studies of CNT-incorporating
cementitious composite, and is based on our technology- CNT dispersion in
cement matrix. In particular, we aim to develop a world s best heating
element, in which dispersion and continuity of CNT are highly enhanced, with
optimized resistance (>50Q) and capability of 5W-50C. We expect that the
developed heating element can bring 30% energy saving, therefore can be
utilized as highly efficient floor-heating system.

- Contents

= Optimizing the resistance of CNT-cementitious composite and its mix
proportion
- Optimizing the resistance and mix proportion using dispersion agent and

Purpose &
Contents by means of matrix control
- Investigating its electrical characteristics (polarization,
depolarization) induced by external environments (water content,
temperature)
- Exploring its self-heating and electromechanical properties , and their
dependency on the input voltage and CNT contents
» Evaluating the heating stability of CNT-cementitious composite and
developing its prototype
- Exploring its stability under cyclic heating conditions , and the
principal mechanism involved in the mechanical property change (degree
of hydration and morphology)
- Finalizing the optimal design of floor-heating system using
CNT-cementitious composite
—Developing its prototype and evaluating its heating performance
Final outcome
Results - Developing highly efficient floor-heating system prototype derived from
CNT-cementitious composite with heating capability of 50C at 5W input
power
O Potential application
e Deicing system for road and runway: a dramatic reduction in the deicing
cost and its associated envrionmental concern can be anticipated with the
use of CNT-cementitious composite in deicing system.
O Social benefit
Expected

Contribution

e High heating efficiency of CNT-cementitious composite can mitigate
concerns over heating bills and associated events, thereby enhancing
social well-fare.

O Economic benefit
¢ Hot water circulating system and oil-fired boiler consumes 700W/h and 550W/h
per 3.3m%, respectively, while this technology only consumes 50W/h, therefore
energy consumption associated with heating can significantly be reduced.

Keywords

CNT-cement Dispersion & |High efficiency

Composi te cont inui ty (50-50C) Self-heating |Heating element
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, & AE. =e gygue CNT %
©]39) 714 wrdAs A = © ©
- CUEEET R gy wgae anaegel o
Tt e AE #91
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. gk CNT &9 &B5hA19] 7]
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=40 3 5 o S TE CNT AWE E=E2 Ay
R o] dHzAel FUtete Ae F
el
. g9 =% &F
X 8 =i AN I
O &5 A2 719 = AMA
AE 78 urel (cement* OR mortar*. OR concretex*) AND
S wo (conductive*) AND (heating* OR self heating* or | (1,385)865
Ce floor heating* or joule heating*)
(cement* OR mortar* OR concretex) AND
CNT-AHEA &34 (CNT* OR MWNT=* OR MWCNT=*) AND 3,470
Az #AH =3 (dispersion OR composites* OR conductive* OR (2,455)
piezo*)
(cement* OR mortar* OR concretex) AND
CNT-AWEA &<dA (CNT* OR MWNT=* OR MWCNT=*) AND 150(85)
#dE =5 (conductive*) AND (heating* OR self heatings
OR floor heating* OR joule heating*)
FHA 5,005
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@) 13 9= A7 W9 2 AT Y P
AT Fa B
Q7 W9 AR FARA U
(o] 24 - A= HH)
24 2 matrix
] Uv-Vis #4], AlBbZ e, pH =%

control 7|l Z 55349 Z79 silica o b 2, R

o i} Lok o] v A& 2 SEM image #4&
g AAAT A Am Aolze] A A
_ _ o AMEA A5 HFdA CNTE &4
s 7y A 9 gy By ! o
Aque] £2 AeE ar

B sl A o5 5 O] B 5 H o

B 3ol 2|3t BE Ao B s 3] CNT7} =99 AdEA E3HA) HE
u Ao 4714 AEd WMEND B4 2ES AR

. me BgAe £ % gRF|
5% R-ETCE N 98} Azl me Bl A% 274 o
ERE R R SRS A4 24
e e Joule W Aol o4 CNT/F £48 BgAe 2ag 98] DC
212415, CNT] _ ] L ,
oy e] me HAE = CNTVZF €949 power supplyE ©]-8-3to] JHAUE
ONT sy VREA HEAS LUK AV A WS FAO CNTS
= ) E = ol=] ol&l x] ok w 5 0] gk O _ L= = =S %) Ke)

WA o) A7 urel HAES] 98 dEdg 2 | E9FL 06 207K WS Fo] BA e
) AEL o) page wre  wa mae BE we ewe 24l
9 As)A-oan S
= o BgA e TAEA 2 A7 H | H3A| i‘i‘j‘dcﬂl K-type thermocouple®&
— 54 24 Paeel AT,
% AT 09 9 E N AANA Agsgon, FuRAL 7 AT ol

A 8+

H_ A

Ak 2

P

1) 2E2kA

matrix control 7"l °J¢ HAH A w7y AL R AN =FF

Ho&& Kim, GM. Nam, IW., HN. Yoon, HK. Lee (2018) "Effect of superplasticizers type and

szlzceous materials on the dzsperszon of carbon nano tube in cementitious composites”,

Vol. 185, 99. 193-202.-& L9kt A9l

1.1. A9 m 7

Composite Structures,

19913 Lijimaol 3] ©@AU=F{FE(CNT)7F 245 o=, 1 Hojd 9st4- 7|4
Aol Bwe dA3xEd e dEF%HAcHdjima, 1991). CNT9 Young's modulus: oF
18TPa °o]aL A7|HA=AHL &3 FARE 5l th (Meyyappan, 2004; Dai et al., 1996).
593], CNT9] %2 HxEWA wie, 4 F& CNT o= AWEA 237 yid
A HEYAE g8z 44 & 4 Ath(Kim et al, 2005 Kim et al, 2016). 12
g W dA7AEe] CNTY Hold 5AS ol &ste n4dx ZAYE, hA3 AA,
HAA, A AHARE 5 &MY dHAAR e W »=¥S 7EATHLL et al,

2005; Yu and Kwon, 2009; Teomete and Kocyigit, 2013; Kim et al,,

2012).

CNTE 4 AA}o] o

[e)

=

A Aol Hobd

al.,

e g, A

7]—

o

(Sanchez, 2009; Ko et al.,

E=

2009, olele SHE
%2 ol A CNTS] ¥Akol
Sa | AGE

7N A

2006; Bai and Allaoui, 2003). Vaisman et al.

2016; Nam et al,,
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= ARl o] AL, olmls] =Zo] EFdEYE s THIARKIm et al,

2014b). 22lE R, g3t BT AREA AR HREeA CNTE F4A17171 91 A
EE AT

CNT #2bo] Ab8-5 &= 49 #AakAlE Ald Aot Felv 22 Ui Ald
A A 7F CNTE #Abo] 712 d&Fo] HAEH M Vaisman et al., 2006; Rastogi et al.,
2008). AlWIE 22 io] CNTO| 4t SHAA, o]efd AHSZAES F3igs W
dfstar, W & VIEE WA, st Ao vkgd ¢ Q7] W] A
Aol v AHow wu¥ i rHSobolkina et al, 2012; Yazdanbakhsh et al., 2010;

=

Yazdanbakhsh et al., 2009). &5, AIWME AbgdiEoboll A ALE-% &= Z3-fF53HA 71 7l
HAEAHAZHN AIME 22 YHo CNTE 3oz FaAd & us A& B
A HKim et al, 2014a; Kim et al., 2014b; Nam et al.,, 2012; Kim et al., 2016). —L# 9|
T B3, 2aaEsiAe EF7F ANME 22 oA CNTe ZAabd mx&= odakz)
A Aol gisiAe AL AT HA g
AHIE ZZ o] CNT9 #4te] o] &5+ EOE gixid FAAE 73 AgA &4
ojtl. o]d AFENA, CNTE E43 AMEA EghAo uA o] AYsA AEE A
£ A9 FAEE Aoew BRa FHAJHKim et al, 2014b; Kim et al., 2016; Nam et
al., 2012). Kim et al. & +8¢] A& 7% o] ball-bearing effectol] ]3] CNT & FAlo]=
HAFEste] CNT f4Ap3te] A& 7“]7]_ Ao 2 Higth(Kim et al, 2014b).
o[ Aol M=, RiFEsHAY F T A7 AEE AMEA AR el A
CNT9] #4kel m A= @3 4k %\’/]Oﬂ sl ZARSEATE B AFdAE A7 FH
2L ESHAIZE AFRERI e, AT AREe AE7Ed YA st AREE
. is 2FEY FAE S AVHA ZLfFEstAel ek F8o 4
Bl A CNTO #4F 545 HESAT AlWME 24 oA CNT| 4k E3hA ] 4
g3 A@rbEdon, A ghAl Azl ©g CNTe #4F 54&
electron microscopy (SEM) °]v] %] #4& F3] AU

A

A

o
o

scanning

1.2 239 Wy
Ak

FARE 1% BE FEVE AUESL AR AsE et 2
2 AR EAJATHKIm et al, 2014b). AEl7bEa U= Erbe] vl e veS 77 21
3 22 o, vEAde 27k 150 m¥Y/g I 150 m¥Y/gol Atk A tES Y=gt
A g 747k 100200 nm 9} 1040 nm vk 1Y 18 2@ gFE YAt SEM

images Xt AFFe 231F53 A (Hanil Industry Co. Ltd.)7}F CNT2] #2H& ¢
gl AF&E ATt o HAFANA AFEHE ZAFEIAE o 2

®  Lignosulphonate including polycarboxylate (A)
®  Naphthalene including Lignosulphonate (B)

®  Polycarboxylate (C)
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a9 1. (247534 (b) Y=2 8712l SEM image

ol AN E g dBAyFER(Hyosung Inc. Korea, £% 95%)7F A& $lom,
I MlFe 132, 2ol 10 um, A5 12-40 nm St}

—

T 12F79 CNTE &3 AMEA A Aol FulEdon, 1 wjgdeE &
of yvetdllth. 2 gk A vdS53 2ok AAsAWE, A4 Ax, CNT)E
ASTM C305 Aol F3te] 15 SutE YA E ARE3to] 130 rev/minS &2 vl §a} L
(ASTM, 2006), =3} %= | of 5&-&3st F7F= 281 rev/minol A 4l
g ST =4 &2 A wigES rH E=o AT REAES Aol R
o & FHolrER =xH F Jfe HFE& AYstAth(Reza et al, 2004; Vaidya and
Allouche, 2011). A=¢] %3 Zol= Z}ZF 30 mm, 70 mm (At AFAole] A=
10nm#z A A EACE AJHELS 2045 °Coll A 284 7+ FA =] At}

1. CNTE 43 AMEA 53A 2] g

Specimen cement CNT Silica fume Nano silica SKDeI‘Dl]gStICIZCeI‘ Water
PA 1000 5 - - 16 - - 270
PB 1000 5 - - - 16 - 270
PC 1000 5 - - - - 16 270

MI10A 1000 5 100 - 16 - - 270
M10B 1000 5 100 - - 16 - 270
M10C 1000 5 100 - - - 16 270
NI10A 1000 5 - 100 16 - - 520
N10B 1000 5 - 100 - 16 - 520
N10C 1000 5 - 100 - - 16 520
NIA 1000 5 - 10 16 - - 270
NIB 1000 5 - 10 - 16 - 270
NIC 1000 S - 10 - - 16 270

TE& AEH A AHEG A 93t CNTe ZAVJHE HAES7|f6] Aezald
UV-Vis &4 0] AAHA. o] 23S slaf AFER 2 Ame] 4] #5200 e
FEANe Az o]5o bath-type Zo 33 €] %32 (40kHz, 200 W)= Al-83}
FoAgEden, o] tip-type F&3AEA(20 kHz, 750 W, 35 %
amplitude)& o] &3t FAIZF Ft F7HAR A E FaAFAT. FA9 253A ] HA
< 9x9 =FFAY 11x9 FAVIE g Ato]FE ot wepA] HAAl 2859 A F
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= AIZE ol ATk 259 AEE dAE oz NE 3g9 %-o—ﬂ—g— 50g¢] &5 ol&st
04 slMatgon, Al tip-type ZSIAYFAE o] G3ke] o 1% Bk 2o AUE

AN AT o] §AS AEAd 4G u)(ELS-Z2 / Otsukael Japan)$} UV-Vis-NIR
spectrometer (V-570 / Jasco, Japan)& ©]-&3slo] &4 A& st pH7F A EFE
B o v 9SS HESZ] 918 0.1 M2l HNO39 NaOHE A}-g3ke] &9 pHE
W SEA 7 T

s

[0

F2. Aetxdd S-S AT FE&H9 wfei(g)

Sample CNT SP - A SP - B SP- C Water
1 0.03 0.5 - - 50
2 0.03 - 0.5 - 50
3 0.03 - - 0.5 50

EAe Ad FA-ol= two-rpobe method7b AMEE AT HE@A S HAZE 4 (D&
o]-g-&to] AlAFEA tH(Souri et al., 2015; Park et al., 2008).

4 (WAA p= B3 WAG @emE UERE, Re B30 wAT @2 o
9. Ash Le 77t A9 AEa3 Q= Ao wudd A5Alole] AE ofn @,
ol ol CNTZ £ AlWlE 2gael WA 374 Auel Jwake A4a9

L AMES AeA AR FEe pHA vIAE GFE BRI Aste] AFRFe
g2 Zulshark Azt Mg E 39 etk Sample I'e B3 AMER T

f90om, sample “I"&= AWMESH A27bF 183 &, sample ‘N7 Y@zt A
22 AR 7 S99 pH 24L& 647 Sob Al

moox 4 &

#3. pH 24< 9% 28909 ujg()

Sample Cement Silica fume Nano-silica Water
I 3.0 - - 300
11 3.0 0.3 - 300
111 3.0 - 0.3 300

CNT7F 0 AMEA HgAe] mA 2 E4= SEM oA &4 Ho] A3
o] E ol&sto], AMIEA AN CNTe ZAdHE A=A o 49
3l CNT7F &£98 AIEA 5= 2473 FAolFoll 4= 9laL, o] Fol opAlE &
of FAAZG. AHEL ool =4 o] FEs A fdl 2447 o e

oA Az=E A

3

S o
=

&
)

13 589 ulolA CNTe| ¥254

a7 29= CNTS A, B, Co f53hA7t
Atk F8ol dejel ] CNTS| #abdo] %
A osazk #AEn, Bggel £L4% YR AAEdY Zust

=
(Mendoza et al.,, 2013; Jiang et al, 2003). B #5342 &3t 8 A9 H-$ 260nm 3
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a7 30 ARME, Ae7tE, dedestEs £ 899 A7te wE pHe Wi E
vebdith AmESE =] E9dE #8819 pHeE 125704 w538 S7kshsla, & W
glol FAEAT F899 pHO F7he AME 97t &€ AR 5 5 UAthErsoy
et al, 2013). Bullard ¢ A7ellA AlE {Ix7} Gaj=wA BHe| 2879 A
& BANA pHE S/ B sk th(Bullard et al, 2011). A& 7tF2 Yede) 7}
E EYSIL I F89% [ 897 FA13 pH ¥3tE HojFdu) 360% 43 F 10 1I
Fgole) pHE 747t 124, 127 o9tk o A 274 ¢ AuE wEse] pH Wl
T AEhEd dxmAdegbe] 94 dagle]l F2 AME 9o gl dFe wevh
= 3 vEdh
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AFE-E o] FIH(Hu et al, 2005). AEtEelde] HAojge F2o|=A7 A
A SAEHY, o] AL Yedx7t & oA 2z & el
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1.4 CNT7F €998 AME H31A9] v A

2% 5% CNT7F &9 AHNE E3Ae] A7zt e HAZTES vediyg, 17
5@l A Holko] PC AlAL H|AES PA, PB AlHRT A SA4E A5, FA7]7H
P WA Fuh olol W, PA, PB AHES] 7] HIARES FAA T wEt F
shaitt. 531, PB Al¥ie] 28l 9] v A& PA, PC Al 9] wAZdRG w7 S50
o} 2894 o] PA, PB, PC Al39] H| A2 Z+7} 1212, 1946, 615.5%:cm ©| 3 Tth Al E
W EE 2 oA CNTO] AAgE ko] ofs) AR d4d3 A7 deA A= 534
o] 7] H] xif“-o— A7tk G A Jrk(Yu et al, 2009; Kim et al, 2016; Han et
al., 2009). =3 ol dATES T A7) Ax=d BAEE 7HAE 5&A 9] vAY
< dald AlFEde ST JFS AA v dEA Avh(Yu et al, 2009; Kim
et al, 2016; Han et al, 2009). ¢o]#3t AP EZFEH C F&53A7F A, B f-53A Rt}
CNTE & ZAA7IH, AHME mEg 2 oA #d3 7] deA d25 Adsi=r
7198 # e s FEE F A
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= 9k 100 A o] (Han et al, 2011; Peng et al., 2005), o] xeralr &
230l FARYG F4Y. F2F9 FA= CNT 94A Apole] whe =y

B U o] AFEoA CNT 4k Apolé] migladkz oA 72l 2.0-12.0
Aolal, CNT7F &8 A5 FHol wel Waldtta R uwdch(Arash et al, 2015
Zhu et al., 2007, Zhbanov et al., 2010; Huang and Terentjev, 2012; Somasundaran,
2006). ol# g AFERFH, AWME B3A oA Zejrteid Aol TIE A C

A9 F2F) FAL ONT 945 Alole] W 2ws o4 gy Aa 23
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F 9dd. ole® 54L& PA, PC AWolA ONT 4o 24+& @A % 3l ol
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Qae WAL wde), AME WEHA YNt F2 GALAEA CNT 2ol o
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CNT &3¢ 7] oF 3-5um ©lAth. ®=3 PC Al W] CNTO 53L& PB Al H]
wste] o] & FEEo] A, o] PC AlHe CNT 4A7F PB AlfHT o & 24k
A= AS YEdit PC A# Weo] CNT #4F A= PC A9 v A 3te] PB A|A R
o AP uE AR REHEE 1% & Q.

a2 609 6(d)v= MI0BSF M10C Al¥e] SEM ©]u]A|E& YERATE. MI10B Al el A
T AY7E dA Tl AMEe] CNT gAtEo]l ##HAT o3 C BY F53hA
7} CNT QAHE Atole] 1A S wHERla, 1+4 Alo]l&2 A 7hF AAEC] A58t CNT
JAE Alole] AglE T7HAAGE S YEFATHKim et al, 2014b). ool Hksl], M10B
AR e AegkE A= ONT 53 FdoA 3250} o] A& MIOB Al#H e g
7HE 9A7F ONT 53 W2 AFeA v A4S derdt) o4 obvl B f53)
Aol Abgo] CNT YA} Alole] S hAS A 714 B A92 2 5 Ut

a3 6(e)$t 6(f)= N10B9H N10C Al#H el SEM olu]A| & yebith Y=gl Jas
A 7HE AR vlus] BeHS wl CNTE 2ol s W&s| g8 a35 RoFAh
Uede7h 537 A= CNT i Exso] ddx, & F3JES CNT 53 +9
oA #EEAT ol AFelA AMgE AEshEe AEL 1007 200nm o] ATE F,
40-100 nme] AFE 7= Ydxe=dEgsr $-HES CNT &3 U
A =3, CNT gAkrtele] Al F7tel 7]ojskA] Rtk S o
=TGR Av|eh S5l EFA oA CNT +AHSA
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2) 9% Aol o BgA A4 54 A7

¥: B2 Jlg§&L& Kim, GM., HK. Lee ’Polarlzatlon and depolarization effect of conductzve athways
in CNT—mcorporated cementitious composite”, to be submitted, 2017. (SCI)9] Yl-§&<& QFsl A ¢
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d Chung, 2004). CNTE &3t A9l
A S o] gk o] %@loﬂ olg v AY F
of oJa M= UENAF AdAA R P HA
A etal $hth(Haga et al., 2005). wHa
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o1t CO.6W0.208] A3 % EwWst 542 o] EgA F354d AAJE Ao
2 Ao AMEE F3 A dA o] E& AvlstdA C-S-H A 59 3
S UE =7} =R " (Houst and Wittmann, 1994). —124t

A Ea, o2 8 =
CNT9 &4 FrE 93 E/AME vE oA g wet F3ukgdd A8 ¥ 59
ol #asA Ha o2 Q& FEEe o] #AEA ®H AR HAHKim et al,
2016). ol¥ gk 3t i HIA S X4 o] Joule-heatingoll olaf st AR
T oA wEA AHKim et al, 2016). ©] A& C0.6W0.20 Al ZEgt A4S
LshAl waz, o] daFo R s CNT A o] A7t F7ketdA Wifol d A3
AEo] Jd HAred vES AV aeEE o HAtHKim et al, 2016). AyH o=
C0.6W0.20 ©] A& 17 2(a)¢t 3oAHHA FAS A F7kskA = oL oy gk A3 Wshrt
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X ylg> HN. Yoon, GM. Kim, HK. Lee "Heating effect of (ﬂoor heatin materlals using
CNT-incorporated cementitious composite”, to be submitted, 2018. (SCI). 9] Ul-§& & LFsh A ¢l
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w22 dx

(1) 22k A= A 53 9 A3
TE(AE) AN FAE | AR AT HE AT 53 UE A AR
Zomm X 250mm X
2omm ¢ CNTE &
AeE A EA A
£ AFxstil 10mm
HAew FEw A
S5 E4F Foll A
S 2A7tEte] Joule CNT-AIRIEA B34
o] ot HEHA 9 12cycled Wid 2
CNT ATl x¥H 2EE %7‘?@.% Aol FAHNU
) o9} & AHAPLjow, FAXMT Hi e
Al e 2
Qb B o5 leycled 1A17HS 7_] o] 30% 013}% L}
5W-50C & 5 o FTow  Tto]  FE A %%‘%i
A7)k Ao 12cycles 3. E|CNT-AHWEA E3HA)
7 g 256mm x 25mm x o FHFo] FHAIE
2% A= CNT-A W E 7 285mme] CNTE & &<21g
@D g gz ogn A AWMEA B
HF e A As Azxste =4
EE Ik ojFe FEFE =
g3k vhds wighi
o tjste] Fx 54
KR Eoi7]-?ﬂ
CNT-AHEA A7)
BAAE o] &3 |CNT7F E9l€ AdE
CNT-ARIEA 33m*(139) jrxe] vhA 534S Asle
HEAE ol & HdtAE AFstamtedl Aol A7
HRERE A Al A SRS ket wHEAAI7E 50T o]/
Az g A 37 SddAe] Bd A Eddss We As
T, Al g ElE S
F7rE A
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@ A7 W % AT = Py
A7 9 B

CEERELEREY L)

A 99 TAAA S

power supplyE ©]-&3dto] 19
S5W= mAstg o CNTY &
0.3-0.67}#], Carbon fibere] &
CNT¢} Carbon fiber ol 0-0.371% W& Fo] E3bx e wt
CNT-AMEA =23 A71EEA ] 714 =4S §re B eno Ao

7] #) 9 ol B4 dbe] ol Al Ha] gl
Z

)y F ol
P Bl st EehA e CNT, Carbon =A% o|9 2 AHL lcycleﬂ 12172
54 A fiber, 22 ol we 7FEo 7 ko] & 12cycles FAT
F7H o2 FAE e 7] HF Multi-sclae
o] s E3dte] CNT-AIHES
A7 A A o] EdHAYSE ATE T
=

Ad 271575238, Flow test,

TD/DTG #+4S S8 CNT ¥ Carbon
fiber7} E£4¥ HgA o FH5F0 G2
2= JAAE AES ] 98] Alzte]
EAe 5% SAHT
CNT-AHMEA A7 LA E A s
CNT 7} 94 AHEA }%?HOHHA 5:4%4 B ew TS
CNT AREA Ay o wpoys s TS, 33m (1) AL HEEA S

7R AAE o] &3

2,

2
Ol

-

st AE skskel, vhehd A

o

] R=RBREIP EEPA P AR om= Wl A= o 3ALA 3 W= A A8
]‘;1]— o“ ]jE‘X-ﬂZJ;‘o‘]—Oﬂ ‘?1}057\3%‘3-1%‘ = = OO,E“]\_OOHEHL o]’aa]u
Al 2] Sade 1} Al A EWel k-type EHHE F-# st

o= . - -
B e SRS SAS, 43 THHEE
ol g3te] AL P,
¥ AT 2% 9 ¥ oAsE AAEA AHgeigen], FREde 2t A rele] Fud

A 8+

) CNT-AMEA A7 Ao el gy 2 qais 54 A7

X 2 g2 Kim, G.M., HN. Yoon, H.K. Lee "Autogenous shrinkage and electrical characteristics of
cement pastes and mortars with carbon nanotube and carbon fiber” , Construction and Building Materials,
under review, 2018. (SCI)S L9t5F Z12/.
1.1 a4
g4 v FH (carbon nanotube, CNT)= -5 71414, A714 524 3 & 518
A otAAS zZhe ) EA < B4 U A B o|th(Salvetat et al, 1999; Kuan et al.,, 2008;
Kim et al, 2016). CNT9] C A= 120°9] A2 & 2t C-C AF oz o] Fojx gldf,
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°F 1.0-1.8 TPa ¢ Young AlFE zZr=t}(Yamabe et al., 1999). CNTe] 7] AE%E+= z
Holl okgk m Aol EAs7] wjitel &4 A5 fFAFsttH(Yamabe et al, 1999). CNT
o] o] gl flv FERE H=E& A kAl 7%tk (Tang et al, 2003). A/HNE 53}
Azl ONTZ Hgatt A7E 20003 Zuke] A5 tHGlenn, 2004). B A4

e B AN S4e

E2 AHgodle A A1 717] 918 CNT2 A8 7hsAdel
TS TR, BEAe WA} e Y] AxAS F8ste] HIAe A A,
] o bAE Al SA i3 R 23S %A (Konsta -Gdoutos et al., 2010a,

Micheli et al., 2014, Nam and Lee, 2016, Kim et al., 2016).

H @A U FEE XISt AME B3} As5d g4 AFCHE #H7bsto X47]
FAA 7 HE A7 AEEH A Azhari¢t Banthiat CF9F CNTE AWE &
sHAo] 15.0 %S} 1.0 %9 v &= H7std A7) AL 34 Z7HA7]2 o A EA
S A S Adoar Bas Y (Azhari and Banthia, 2012). Kim et al.e] oA +=
CNTE Xgste AMEA EGFAdA Ay AR d@ddo dgt CFe &3 A7t

st o, B3 Ame CFE 7t 7|4 obAdAdo] ddsoe] AlF 4 AEAd ES
A2 A B ustgdtHKim et al, 2017¢). 28y CF Zol9} CFe CNT9 thA
H &3 22 tE Wl gk dieia s ALY dAF5H ko).

CNTS CFE 333t AWE B3 Aedis dutd oz A7) AL Az #+4
AE 1A 8l SAE 2FeA 7] witol, ArIeFe] Al A

et al, 2014; Nochaiya and Chaipanich, 2011). Z+ZF A2l FH 7= AWHME E3 A=
CNT % CFet #2 7] A=A dele dAa4dd ofdads vA A7 Agds F

T AHKim et al, 2017a). =3k w/c H| 9] HAste= AWEZ 53 AmoA +4

A ARE A= ° F83HH(Kim et al, 2014; Nochaiya and Chaipanich, 2011).

Tow/e Hlo] HAseE AWE 53 AgdA AAg AUaEEs o soE &
#4 dtH(Tazawa, 1999; Yang et al., 2005). T3+ Ux A8 CNTO H7te A
P&l 3k vbg 544 4FgS F 5 o, CNTS CFe B4 a3+ A7 +F

o &= vA & Adck(Morsy et al, 2011). 7|48 A= 2 185 A5 A5E A
T = ONTE & & AME A9 A7|e5 54 AA oA odg A
A

A8ots a3 eaoAR, dd Ay Ao FHHA a3
il

O:u:

n@

BN

%0

S 2

Qﬁrﬁzéa

i ok ox (M omQ XN oY 2 3

1_4

X HN'
ki oo _llm &,

B AFo A= CNTS CF7F 37 € AWE Ho|~EQ W& E}ggq A7 A B w0
ANF¢E EAS 2AF 39 Y. CNT9 CFe A2 ZY7t28 A<D a4 53t
Alet Aelghgol AREHAY. FAIH o ® CNTl ik CFe) l% H| &, CFe| #do] ¥
bz A FEo]l AME uﬂ o] ~E "W REEZS Ar|FH B H7]F EAC HA=

B9 mEBEe 4754% 54 AUE 9Re #g 5

| o] 2~
Aol B Fo] =2 FE ) d7]7§. EXL& twoprobe WS AFE-3Fo] ZAFSEA YL

E% TENE AEY AFAR ALY dEgtE 2 ZEvt8dAde] 14y

BobA 2 AL E A 28] 7FE (Elkem Inc. (EMS-970)9] ¥]Z3} v] %W A
o Z+zb 213 150m%Yg ol AAL 100-200nmeol At ASTM C778(ASTM, 2013)¢]
A ¥ 2T BV REEE AL AR AU A7) AR dYEe g
¥ CNT(Hyosung Inc. Korea)®} PAN 7]¥ke] CF(ACE &Tech, Ltd)7} AF&-F St} o5
¥ CNTO x5 oF 95%%aL v, 2ol % A4 1.32, 10um % 12-40nme] At} CF
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o]l vz ¥ AHL 7+7F 1.82 W 7.2umo| T},

= E dlo|x~Eet REERS] T3 H&L x 1o vk Stk
CFe} CNT9] &, CFe 4eo], ztxA o] WF= AE-H ATt CNTx CNT 39
0% WA 100 %< CF& A=A, CFe 3mel A 12m7 A& AFgEt AT B2
B2 AHS AFsE b AFEE FHEAl ] 2ol 0% oA 150%7H4 %
o BRE EFEAd M | AeutE 4 FE AMES FFe 747}
10.0% 2 16%= 4=t A7) b4 98] AFE® Ho]~E W w=E

2 AlHL 50mm x 50mm x 50mm =7] gon 275Es =437 9
7]

¢
_l

>
i)

.

.I]Nv o, Oﬁ' o
lrn

ol
_‘_,

m}n mlo Boooy
o2 Olr rlo rlr
2
N,y
o
° o

= E‘r

gk AlH-E ASTM C490(ASTM, 2004) 7l=ell @et 25mm x 25mm x 285mm =17]°] &
=ol AL A0E ALD) AT EF ENS Ge 2 AARCIAE, 297
F CONT, CF 2 R2ADE 1% B £8 @ ¥, 8 2 2454548 2ol 58

) 2w Easan, B4 e £REe Bod dandd. 23 And 4 A9
24371 fatel, A5} AUE B AR Aolsl AF AE Folsl Ad) & ol A=
g whe ¥ A9 Fe A3 AR ARyt AFe Zol ¥ EL 242 T0mm o
mmel 2, S Aelo] AL 10mmel . FEYE A % AR S0 A8
ABES WEH o 25C A ARE 717 Ber F HAv

#1. CNT9 CF7F &€ ARIE Fo]2E 3l R=ehz o] ufhul(g)

) CF Fine water/cement
Specimen Cement CNT SF SP
3mm 6 mm 12 mm aggregate ratio
NO 1000 - - - - - 100 16 0.24
N6 1000 6 - - - - 100 16 0.24
N6-50 1000 6 - - - 500 100 16 0.25
N6-70 1000 6 - - - 700 100 16 0.26
N6-100 1000 6 - - - 1000 100 16 0.27
N6-150 1000 6 - - - 1500 100 16 0.30
N5F1(3) 1000 5 1 - - - 100 16 0.24
N5F1(6) 1000 5 - 1 - - 100 16 0.24
N5F1(12) 1000 5 - - 1 - 100 16 0.24
N5F1(3)-50 1000 5 1 - - 500 100 16 0.25
N5F1(3)-70 1000 5 1 - - 700 100 16 0.26
N5F1(3)-100 1000 5 1 - - 1000 100 16 0.27
N5F1(3)-150 1000 5 1 - - 1500 100 16 0.30
N4F2(3) 1000 4 2 - - - 100 16 0.24
N4F2(3)-50 1000 4 2 - - 500 100 16 0.25
N4F2(3)-70 1000 4 2 - - 700 100 16 0.26
N4F2(3)-100 1000 4 2 - - 1000 100 16 0.27
N4F2(3)-150 1000 4 2 - - 1500 100 16 0.30
N3F3(3) 1000 3 3 - - - 100 16 0.24
N3F3(3)-50 1000 3 3 - - 500 100 16 0.25
N3F3(3)-70 1000 3 3 700 100 16 0.26
N3F3(3)-100 1000 3 3 1000 100 16 0.27
N3F3(3)-150 1000 3 3 - - 1500 100 16 0.30

72



ZAEAT AAY] A7 FEFE A FHo] dojd F
=4 = E} A7 FE AL A 1247 Tk 1A 2rF o2 A o] F ol 3 W
{Pﬁo& TEMO*E} A7 FES FA487] 8 AHE | AR A T SR Eds T
o2 HWEHAY

)

CNT ‘3-1 CF= %“’ St AHE #o dE A 918 e
Ald, TG/HTG %= 4= fred AP ASTM
C1437-07(ASTM, 2013)° we} Fa= oy, A x7]e] sHo]2~E AlAdA CNTS CF
o] 7 5EA4E A Sl AWE o] ~ES kAR AP 24N A3 & 54
oAk A1 Aol Al WS dAntste] FJF dtwol TASHA] FEE S ARE
HEAE7I(UTM)E  AR&stel s EHAS L= 002mm/sE 1 EH AT
TG/DTG A& (TGA/DSC 1, Mettler Toledo)< $13] #Ho]~E AlHS 3,6, 12 2 2443t
B3k A 5 Fafjsta opAlEol] Y AW AR E AASL F3F vbEs A
7171 §18] oAl Ed HA ® HEE 24A7F FoF IF A Aol E o WOl FATHKIm et
al., 2017b). TG/DTG AE &<t 719 Feok A4 7b2 §3FE 722 10T 9 100ml/min S

ZAEJHKim et al, 2013). o] AFoNA] 2 w/c H&(<03)S 2 A/ME 7
o] ~E Q] 4RAZF oje] AV|FHFHE 28Y FAE AWE HolxEd HlE 30%°l A
50% W2 484 ArHGao et al ., 2014; Kawashima and Shah, 2011). w&bA CNT ¢}
CF& X33 AHE #Ho|~ES] FA 2719 vhg 5EHS A sttt

CNT % CF7F €9 & A¥E Ho|~E 4 w=F=29 7] A3 fAd ¥
El(Agilent Technologies 34410A)E Al-&3ste] =4 3tth. 2 AJHe 7] A2 28
FA F SAHAY. A7) A SAHES AW A7 A DRV ddeA =
A ol A A7 AFgS FTUAIIE 25 2987 BT S QY] Wi, 5 &
5 FHaslstr] 98] 1.0x ol 43 At Cao and Chung, 2004).

_EL
2.4:
ol
o)

=)

o wo

13 CNT¢} CF £¢ 9 AME Ho]AEQ utg 54

CNT¢F CF7F £90% AME #Ho|2~E9 f54d Ad ZAae= 1 20 veERLTE NO,
N6, N5F1(3), N5F1(6), N5F1(12), N4F2(3) ¥ N3F3(3)9] f&4d2 77 SWIE=
(220mm ©]4), 100, 110, 112, 108, 125 % 140mm ©]t}. A8 A= AME FHo|AE
ol frE5 57do] CFe| Zol9 Wslo= dFS AA FAAR AHE Fo]~Ed H7t #
CNT staFo] F7hshel] el A4S Hol#th. Manzur et al.e] Aol A= CNT YA
°1x}94 & v ZHACE QF W ¥ & Ho 3UH, £3E e &% CNT

] 4 "o ®Rudc(Manzur et al, 2014). =, £3% W9 CNT A= 24

omn ol AWE Ho|~ES 528 7HA A7t} (Monteiro, 2006).

o

=

2. CNT9 CF7F €99 AWE #o|~E 54 Ad A7

Specimen NO N6 N5FI(3)  N5FI(6) N5FI1(12) N4F2(3)  N3F3(3)
Flow (mm) > 220mm 100 110 112 108 125 140

29 1& CONTS CF7b 299 AWE slo|~Ee 4 3 6 12, UM Fo
TGDIG 242 nelZt 24 AaAE SHECSHAL ANE $5 AmelA
Fo A% WA, CSHAY FS UEhlE S5 W9 g 50THA 200T o]t
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(Kim et al, 2016). =% ®eldA e T&F EH42 C-S-HE9 T05olA9 =& 25

Yebd tH(Kim et al., 2016).

105
——h-dnrs e O-Ers - .= W12k — —hi2ihrs
. - T M5B - = NE-1Zhn — —NG-T4hn
i | ——K3F3-3s vunme NEFS- TS = = W3IFI-L2krs - o= HIF3-20R18

Weight loss [35)

8%

o 100 200 am a0 500 B0 0 BOO 500 1000
Temperature [*C)

(a)

Dwrivative weight loss

——MNo3hn e hedLhry == NO1Thn — —HO:24hrs
-1.40€-04 - MB-3hrs HG-Ehr R 170y HE-2d4kry
——NIF3-Barg. e WIF3-ghry == WI¥3-Lthre — —N3FS 2k

[ 200 00 B0 800 1000 130
Temiperture {°C)

(b)

2% 1. CNT@ CF7F 9% AIE #o]~E9 A 3 6, 12, 24A17H2] (a) TG, (b)
DTG =4

>

1% 29 N6 % N3F3 Al#¢] C-S-H &l izt TF &
2 CFe T%FS 13ty 158 =AU Ald 23+ AW
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A Azl 7NAA 5A4e FAA77] 918 39 o)l Aol CNT 3&ol 02 =+
F%e et FIRkeS JAStEE. H7lE CNTY Add e 02 3% 7w
o] AtHCwirzen et al, 2008; Nasibulina et al., 2012 Luo et al., 2009; Bharj, 2015).
Morsy et al.2] Aol A= B2 4o CNT (& 0.2 wtX)7F AlHE E3Aod 71 @ o
CNT 4#7F AlWE 4x1E HojA AHME JAZHE Ca, Si, Mg 2 AlY 2& w34
e &8s ATy Bugdh(Morsy et al., 2011). A|HME Fo]~Ed CNTE #7}
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3, NoF1 Ald Alde] b= A= N6 Al vls) ok =kom, CFe Zo|7}
S7Hol Wt AME Fol 2Bl b ATt FUbehe Ad ¥l #EEdT. =, N6 A H
] Hlgl CNT ghfol gt ¢3h ibgol &4 & ¢ o, CFot s3t= ke 7tal

7= CFel dol7t doldss 4 HAu.

fo

1.4 CNT¢ CF £449 ANE do]2E9 AYH R AI|F5% 5A

a7 4= CNTS CF7F £949 AME #Ho]~E9 7] vAdS HoFEr. 19 4
(a)oll M oF o] N3F3(3) AlHAS A9sk NO6F1(3) ¥ N4F2(3) A1| 2] 7] v A4 g2 N6
Al el A7) vl ARG vkth NSF1(3)¥ N4F2(3) Al el 7] vl A e 7HAa= CFY
A7F7F CNT9F CFe] 24 ao] 719st7] wjio|th(Azhari and Banthia, 2012). =,
AlH ZH7F ®l CE7F CNTE Z£3tsl= A|WE ol AENA A7) AxA HEE IHEA
71 Ao g BIt}H(Azhari and Banthia, 2012). 3F#H, N3F3(3) A|#H o] H] A2 N6 A]H 2]
H AR th =kt Nam# Leeo] dTollA+= CNT7F € AANE H3HA|9 54 5
e BEAY veAds FUHA7IAL ARG dYe dAA8E #HAaA77] wWEel, CNT
AR FAHE A7 A2 A2E E3A0 Y2 R (Nam and Lee, 2015). £ ¢
T A N3F3 Al@de] &5 o2& Algde] s5HY =3t 2 ). 5, N3F3 Al
Hel CNT dAE $H3E 9o CNTS CF2 74" A7) A% AR27F &40
(Nam and Lee, 2015).

o

=

10 1]

I E %0 |
BhE 216
w00 |

8

Electrical resistivity {(3:cm)
Electrical resistivity (£2-cm)
&

400
216

z 148.5
= | 123
I LI BOLS
il B
B [ | ] o
MG N5F1{3) NAF2({3) MN3F3(3) MNEB MN5F1(3) N5F1{6) N5F1(12)
(a) (b)
% 4. CNTS CFe bhdst E3h] &S 7HA & AME slo]2EQ] 7] ¥4 3 (a)}

U CFe] Zeol7h &8 AHE #ol2Ee] 7] HAF (b)

¥ 4 (b)9 CNT % CF7} £9%8 AWE #Ho]~E(NSFI Ag]=)e] A7) v A&
N6 Al# o] A7) vl A& R} ettt N6, NSF1(3), N5F1(6) 2 N5F1(12)¢] A7) B A3
e 7h7E 2160, 805, 123.0 H 149.5Q-cmeo| itk A, CFe] Aozt #olH ol wel CF
°of 4EH 71 S7tste] CNT 4A7F AJME H§A o 245 A0S wf CNTSF CF Afol

st o] Z748tA ¥k (Chen et al., 2004). 2 A3}, N5F1(12) Al# ] A7) v A&
& NBF1(3) Al e A7) v AR} =5kt

a7 5% CNT % CF7F £ AME o] ~E9] 28¢ &2t Ar|¢FaFS R

t} A& A= CNTe CF2 #H7betA &o NO A 3T vls] CNTS CFZ #H7}ebd

l‘

¢

A7VEEFe] At Aos yeiyt AMEA AR Ar|eHS FR2 OSSHE F5at
A7NAxE FHor ]l °1E7IEJE‘r(Gao et al, 2014). AIMEA =49 384 F5L F
sF wbg Foll FakEe] Ao AlHo] A =d(w ® AME)9 AH EE} ZrobA] 7] w
of F3ukgg et ALHow AR H(Gao et al, 2014). 3t W Fol| HHEI
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2 7zt YAHW sehy S oEel A FR

7] MyAaA2E A PP 2 7+ aA 71K Lura et al.,, 2003; Zhang et al.
2012). 1 A¥, A7 FHFL 7] A AH %%‘94 e ol e %,
29 5 (a)9] NO Al#o] H]3s) N6 Al A7|4Z5] ZaE CNTS H7EE Qg Ao
2 Hlt CNTY H7be= AfFrae] 48 dAeH 1:!——1—}‘]7]-1——’ ARE 42E 94 H
w2 £33 whgS A vt (Gao et al, 2014; Morsy et al., 2011; Monteiro, 2006).
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[} 1 fi L] 12 1% 11 i i 2r n [} 1 f L] 12 1% 11 a1 i ar n
Time |Days) Tirme {Days]

(a) (b)
a9 5. CNT¢} CFe] tdst & &S /A= AWE ol A~Ee A7|F5F (a)
st CFe] Zol7F 24 AIME do]~E9 A7]|4Z=7F (b)

N3F3(3) /\]35_54 EFEANA A Fiol A 7] GAlA 3 vhES d 277
A o7 FRIITE AR E B8 ar, N3F3(3) AlH el #7452 NO, N6, NoF1(3)
2 N4AF2(3) AlHE 2ttt ol& F8 He(CNT 2 CF)¢ 3 AdE Alole] B
9= N3F3R) A8 7% ghadd 9E8s Fues 2As 45 4. 2 TG/DTG 4
H2HEH F2 & 4 drH(Konsta-Gdoutos et. al., 2010; Bouziadi et al., 2016).

A, AHME Hol|2Ed H7E ¥ CFo ZHole A9 Ard JdFs FAH. 1
d 5(b)ell A N5F1 Alg]= A9 ZV]TiO AHIE o] 2~Eo] H7F ® CFe ZHol7}t
S7Fghol whet oFxt FFAEAT s A AF}EHFE NOF1 Algl= AlfolA CFet
st B &3 CFO Zol7p S71stel wet & 2 + AdeS 5 & & don,
ol AV|FE=EE 7 7HAaA 7Y (Kovler and Zhutovsky, 2006).

Aoz & Aol CNT ¢ CF7F 948 AWE Ho|2ES] Ar|4H 54&
CNT #7P7F 3t wbg 54 v X= Faol] o3 A=Ak ANE E3F A= 9
CNT 7= AME g5 9 AfF 7o S Sdo=24 F3 &S AAdH
(Gao et al., 2014; Morsy et al., 2011; Monteiro, 2006). CF #7}+= olnul= CFe} 43}&
Atole] 7hal & (bridging effect) = 13 A7145S 7FAAHH(Kovler and Zhutovsky,
2006).

15 CNT¢ CF7F 98 AWME =g =9 #H7|3
I 62 CNTe CEF7F 948 AWE HEZELE 9]

o] ~E9l H7] HAZe g C %

NSF1(12) Al#12 o] &olA A=At AlF it AHME &

7V 70 %% E Z3stH N6 Alg]= AlHe] d7] v Aol AA S7Hghs YEpdti( 19

4 #F3). N6-50 AlHe] #7] A 6792-cmel AL N6-70, N6-100 ¥ N6-150 A]#H 2]

A7) A Z+2F 4169, 4959 % 7,095Q-cmo| Tt CNT7F &% A|WME R EEZ9]
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A7) ¥ A3 ZF7hE ofutE CNT YAE Apo]e
7R Q13 CNTRZ FAE A7 AEAd 4d=29 %*JOH 7]
al., 2017a).
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19 6. CNTe CF7F &9 AHIE 222 b ool oish d7] v A

NzHo 2 FFA FHFe Frhd didt NoF1 Alglz= AlEe A7) vjA&e] Frhe
N6 Al o] Ao ula] €8}t NSF1 Alg]= Al# el d7] v -Eg ARE B2

of A7 | J=Ae]l Yol 100 %7 2 wW7bA ozt FHEh Al@ A= CNT7H
dE AME RZEg2o) CFE HUbshd dFAe #H7E2 Qg ofddto] dslEA S
bl gk, CNTVZE 37 | AlME REEg 26 CF7F H7bE o224
= CFS CNT9 A&k njgo] F7hgtel wep HAaE Ak N3F3 Algl= Aj#e] 74
N3F3-50 Alse] d7] A8 951.5Q-cmo] il N3F3-70 Al A7) A3 2,7602-cm
oAt CNT e Aoz I3 HE4 o 4w ofvbi N3F3 Aol d7] W A%
o] 718 9ozl Ao =Z HQITtHChen et al, 2004).

9 7S CNT9 CF7F £9% AME HEE 29 A7]|5F5E HoFth o AlfdA
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S st A=A, &, A7) AgEo] 1500Q-cm "lRrol 7 W hEA T
S 7HA = Aol AldS fa A E A AlE Ao w2¥ N5F1(3)-100 Al <] =}
NeZEe te AR s 714 wekon N6-50 2 NIF33)-50¢] AW FEHL 1)
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2 Z}7} oF 2800, 1,926, 2,329 ¥ 2,666um/mol Atk 5, CNTS CF7F £9€ AlHME
22 Ar|eSEe A ko] Frbst wet ZHAsdth A9 FHUbe Al
E S a7 AHMEA AR H7F @ FEAls ANE #Ho|2E S Apr]|gFd
o] % ®H WEE Assrd= Zlo] F d#A Jdvh(Tazawa and Miyazawa, 1995;
Zhang et al., 2003). = A3} ZA9 H7te AHME BEEEL29] AU|FEHS HAAAY
(Tazawa and Miyazawa, 1995; Zhang et al., 2003). 28 4| 2] N5F1(3)-100 A|#H o] #}7]
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3) CNT AMEA A7adA e g7 AN 54 of=*

¥ H &S GM. Kim, B.J. Yang, HK. Lee "Synergistic effects of carbon nanotube and carbon
fiber on heat generation and electrical characteristics of cementitious composites”, Carbon, under
review, 2018. (SCI).9] 1-§& & 29Fst F ¢

31 A
CNT-AREA A7Dgdale] waddd e @d 44S Fs A3 CNTsh
CF7h £8)8 AWE sojxs Bgaold ONTe) §ao] 05 wiv o] aolw walhd A
of HuHt AL HAGAT. ONTANEA A7 Al o] g Had by
x

g g ol2H el = 17 1o Yo ) a9 1
REE QL AIWIE KA ‘% A0)E Hebd ek Bl T2 wiEkE o 943 o] CNT(¢
A D, AR = AdPdor el TR wdE CFR(HEA 2), w4 4 Bd
9 G9e etk Ao DAs] o RN thet gol 47k4 meASE AR
t} (1) CNT¢} CF= #71A-g ez ) o] 6§ Z=3Iu= BA
GeFae) wee) Aol meh gebdch (3) F4d CNT e

& e AA AR (1) §99 :

o,

Thermal
X PRMEIEN
s Expanded
funmeling N'_I!Ii.:"l_:_:_
Straight, chopped, and @ oA
Straight, chopped, : : >
= inclhusion of
randomly oriented carbon fiber ——— .L : e
ik EE waved (m)CNT
with mterface resistivity i
., Thinly coated iy, Thinly coated mterfacial
interfactal resistivity of resistavity of CNT
CF

18 1. CNT9 CF7} 9% AWE 2alao o=z w2

Aol A AF3 nHALES A Este] ARMEA Hd g i f71 AVAEE

(¢ )7} &3 o] £ ° = gtH(Wang et al., 2014).
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3(1 — ¢3)(o —a')
O, + 20

ﬁ 2{('52]51 - a*} + (52:153 -’
ot +{(g2)]; — o'} + (5211 o +{(02)3; — '} + (S2)3

(1)

o, % ¢,5 gAY AVAEES} Fu R&S vehn, i ae]

Pan et al. (2011)°lA #& & 9t} 0,2 CNTE 3t ]?*JE Aol A7HE

] &3 o] EdE 4 JrHKim et al., 2017a; Wang et al., 2014).

3(1 — ¢,)(0p — 7,,)
gy + 2o,

P1 2{(1)i1 — O} (91)35 — Om
3 |Tm T+ {(Ul)fl = 'G-m} + (51]11 Om + {({71)53 = '-'-'Fm} + (51)33

s 2)

Xia et al. (2017) M2 A Ao EA4AS AW (Xia et al. 2017; Yang

et al, 2017)M A7 2 Fo AVHAEAHoR 7led 5 vk

(@5 = Tent @ent (01 )i
' renr@ent  (S1)u(01)u(1 + 2acnr)p(b:)
(0,)5, = Ter@er(02)y
" repacp + (52)i(02)i (1 + 2agp )ps

AME 53 Az CNTE 42 uj/ws

rob i #Wele] WA EHv o] o
2017), chere oﬂ Weh CNTe 5 £9ve &
2

o] sine 2 748%™ (Yang et al,

Z HAL Kim et al. (2017)°] 71<5 o] ). s 7}
of AAoln, ol DI acr=Lep/Dep(L 3 d = Aolst AR Heo] I F 9l

FAHo 2 A (BlM & plg) T3 o] 4o & 4= Jvh(Xia et al. 2017).
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4 @A AMEs ZAs Hdg Aol Ae] ONT Ha@)e 24 ogow
A Aa sk gy WEe 2% AW Anse wdow WAL TAAYG. waA

=
& 2f el ol A= (Sellevold and Bjentegaard, 2006)3] % Ao GA 4 =% = A7k #A
o ulg} Bdd F99 w3l ¢=F3 4 WA o3k CNTe 33& 7tdtslA dwysk
At
6K t+ 3K + 20
y(t) =K T+t and w(t) = 0@+ 1) (¢p; =0)
2(30t + K + 15)
t) =K T |———— d t) = : 0
v(®) (exp(¢2-tfj) and. @ () K2t +1) (42 #0) (5)
o7l K, T, t& 22t 433 A, 2%, A7HS Yeidt, 53 A5 A2 v
Aoz HE Aoz
1 Le!er
R=—-
ot Aslec (6)

A7V, Leteey Aciee= A= Abol o] 2xA I Al v & A=o] "H4S on| g Al
] o

A7) AL (o) & 2 (Dol 298] ArE 4 v}

4 L
2992 B¢ 3% 298 A wuse] Avd wde) FAPe Brlstan
H L A} ) cEA MgEE 7o)

7}
wel vae g 16 vgedd
T 24 ge FANoR 74

| o] Al 4%5]0;11:} H] aLo] *}%1 Ag 3 24 vy

;
U4 s ddd B nAe pE w@e A% SUe neen, dde 041101
WE BgAe A9d Ads & ANFS &+ Ak

F 1 FY Fy B, SREAS, A s fe Aekd 2de] H8H 2= gt @)

CNT volume CF volume T - dient
Speci fraction fraction Coefficient of thermal cmperature gradien
pecimen ’ ) 4 2
expansion (E-6/°C) C)
$1 (%) dr (%)
N6-50 0.786 0 18.23 0.0108¢ + 43.862
N6-100 0.593 0 9.42 -0.0425¢ + 59.904
N5F1-50 0.655 0.096 19.10 0.0556¢ + 60.138
N5F1-100 0.494 0.072 8.65 0.0006¢ + 64.96
N4F2-50 0.524 0.192 14.78 0.0703¢ + 59.101
N4F2-100 0.395 0.145 18.00 0.0276¢ + 60.58
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AA A Aol vluET o F Ede AA AF dolEel Aol AT H
w, RdES F3) ArEdA] A A7) SA4E dSo] 7wt AeE FRlE
Al
(1) Wang, Y., Weng, G.J., Meguid, S.A., Hamouda, A.M. (2014). “A continuum model

with a percolation threshold and tunneling-assisted interfacial conductivity for carbon

)

nanotube-based nanocomposites.” Journal of Applied Physics, 115(19), pp. 193706.

(2) Pan, Y., Weng, G.J., Meguid, S.A., Bao, W.S., Zhu, Z.H., Hamouda, A.M.S. (2011).
“Percolation threshold and electrical conductivity of a two-phase composite containing
randomly oriented ellipsoidal inclusions.” Journal of Applied Physics, 110(12), pp. 123715.

(3) Kim, G.M., Yang, B.J.,, Cho, K.J., Kim, EM. and Lee, HK. (2017a). “Influences of
CNT dispersion and pore characteristics on the electrical performance of cementitious
composites,” Composite Structures, 164, pp. 32-42

(4) Wang, Y., Weng, G.J., Meguid, S.A., Hamouda, A.M. (2014). “A continuum model
with a percolation threshold and tunneling-assisted interfacial conductivity for carbon
nanotube-based nanocomposites.” Journal of Applied Physics, 115(19), pp. 193706.

(5) Yang, B.]J., Jang, J.U., Eem, S.H.,, Kim, S.Y. (2017). “A probabilistic micromechanical
modeling for electrical properties of nanocomposites with multi-walled carbon nanotube
morphology.” Composites Part A: Applied Science and Manufacturing, 92, pp. 108-117

(6) Xia, X., Wang, Y., Zhong, Z., Weng, G.J. (2017). “A frequency-dependent theory of
electrical conductivity and dielectric permittivity for graphene-polymer nanocomposites.”
Carbon, 111, pp. 221-230.

(7) Sellevold, E.J., Bjontegaard, @. (2006). “Coefficient of thermal expansion of cement
paste and concrete: Mechanisms of moisture interaction.” Materials and Structures, 39,
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4) CNT-ANEA A7 LAAE o] &3 upehddb Al A1 &EF A &>

X ylg> HN. Yoon, GM. Kim, HK. Lee "Heating effect of (ﬂoor heatirg materials using
CNT-incorporated cementitious composite”, to be submitted, 2018. (SCI).e] & & L 9Fa #¢).
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“Synergistic effect of MWNT/fly ash incorporation on the
Construction & Building

Synergistic effect of MWNT/fly ash incorporation on the EMI
shielding/absorbing characteristics of cementitious materials

LW, Mam, HE Lee*

Deg o Chil omd B I Ei

g, Karea Ady

df Prstinare of Science asd Tecknokgy, 207 Derdal-ro, Yusmng-gu, Dagjeon 34041, Sosth Kares

HICHELICHTS CEAPHICAL ABSTRACT

= A sperimen conssting of CNT UGS, 5F

20%, and FA 734, exbyibited the best

EMIL SE.
« Synergistic effect in EMI SE was

attributed to CHT netwaork and Fey(y

in the matrix.

s The computational simulation work
1o the experimental

Ebdl 5 resuits.

‘ - MWNT clumps —|

M Wi N'] Lhulezs
2 Hli: 'ﬁ

s

a.!.!*

- ‘,‘& g % coment/fly ash

- =T
Symergisne effect of disirs incorparating e SYNETHIETIC Mo synergistc cffectof
MWNT and fly s (mcompormion | pon oide | SEtlemeneed MWNT md fy ash
om EML SE Imcorporstion on EMISE
(=.4., C-FATS-SFI0) (=g C-FATS5F0)

ARTICLE INFD

ABSTRACT

Article hisrory:
Received 1 Decenier 1015

Received in revised form & Apri 2016
Arcepred 0 Aguil 2016
Availaie ooline T8 ApiE 2016

The present study aims o develop electromagnetic interference (EMI) shielding materials of which the
EM waave shicldingfabsorbing capabilities were emhanced by a synergistic effect of muldtewall carbon
nanatube: (MWHNT) and fly ash [FA) im terms of EM characteristics. The MWNT[FA=added cementitious
materials were fabricated with various content ratios of FA and silica fame (SF)L SF was incorporated
ax a dixpersion agent of MWNT and EMI shielding effectiveness [SE) of the cementitious materials was

d in an effort 1o determine optimem content ratios of FA and SF. The best EME SE was achieved

m:wm by the specimen comprised of MWNT DU, SF 206, and FA 755 [C-FA7S5F20) 25 exhibiting
c e —80 -~ -57.1 dil at a frequency range from 1 to 18 GHz, indicating a synergistic effect of MWNT and
M| shieidinglabsaring FA. The superior EMI SE of the CaFATS28F20 was asseszed by three different tests, e, SEM observation,
Ay ash energy=dispersive Xaray SpeCtrIscopy a.n:ly:.u, and electncal B electromagnetic properties evaluation.
Cemenlitieos maresial Furthermaore, a c it i v weark o | that the experimental EMl SE resalts of

the CoFATS-5F20 mrre:pmd to the sumu]:!:nn. Tesults.

& M1 6 Elsevier Lid All rights reserved.

L. Intrisfuction

The rale of efectromagnetic interlerence (EMI) shiefding i3 1o
shipld andfor absorb elecromagnelid waves pmanating [rom

* Coamesporaiig authir.
E-mal address: leeh kaisac ko [HE Lee)

hitrp: e dedotagl HL V016 osnba ild mar 20104082
[S50-051 870 2016 Biavier Lrd All righs rescrved.

electrone: [acilities, digital deviced, ete. [1]. Swch shiekling is
accamplishied by using materials with high elecirical conductivity
or high permeability |2.3 |, Electromagnetic waves radiating [rom
electronge facilities and devices may interfere with adjocent elec-
tranics | 2], Similarly, the électromagnetic pulse (EMP) caised by
a nuclear bomb can destroy any tvpe of electronic device compris-
ing electiic circuits (2] EMI shielding is alo crucial to prevent
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4. Nam, LLW. and Lee, H.K. (2015). “Image analysis and DC conductivity measurement for the

in cement matrix,” International Journal of

Concrete Structures and Materials, Vol.9, No. 4, pp. 427-438.

evaluation of carbon nanotube distribution

Intermational Journal of Conorete: Struchures and Materals:
Vol 3, Mo.d, pp42T=438, December 2015

DO 101007 =40088-0195-01 21-5

155N 1578-0485 [ elS5N 22341315
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Image Analysis and DC Conductivity Measurement for the Evaluation
of Carbon Nanotube Distribution in Cement Matrix

I. W. Nam, and H. K. Lee"

(Received September 12, 1013, Accepted November 36, 2015, Published online December |8, 200 5)

thesd dor the evaluation of the litowaBed carbon il

Abskact: The present work proposes a new image

i

| MWNT) destribution im a cement matrix, In this method, white cement was used mstead of ondimary Portland cement with MWKT
in an effort to differentiate MWHNT from the coment matric. o addition, MW Teembedded coment composites were bricaied
under different flows of fresh composiie mtures, incorporsting o constat MWHRT comtent (06 wits) v venfy comelation
between the MWNT distribution and Sow. The mmage analysis demonstraied that the MWNT distribuison was significanify
erhanced in the composiics fabricsted under & low flow condition, and DC conductivity resulls revealed she dramaisc increase m
the condactivity of ihe composies fabricsied under the same conditeon, which supporied the image analyss resulis. The com-
posiles wene also prepared under the bow fiow condition (114 mm < flow 2 |26 mm), incomponting vanoss MWHNT contenes.
The image analysis of the composties revealed an moresse in the planar cocopation ratio of MWNT, and DC conductivity resulis
exhibited dmmatic incresse in the conductivity (percolation phenomena) s the MWNT content mcressed. The inage analvsis and
DC oomaductivity resstts indicated that fabrication of the composites pmder the low flow condition was am effective way io enhance

the MWNT distribotion.

Heywords: coment o carbom

1. Introduction

The elecirscal and mechanscal properties of cement come
posites wilh condoctive fibars ane significantly influenced by
the fiber distribution {Sorensen « al. 2004; La et al. 2011;
Lee &t al. 2008} The electrical properties can be ehanced
by the formation of conductive fibor petworks, The
mechanical propertics an alo be improved by the effect of
fibers brdging microscracks, whemnzas they detenomied in
the base of a nonsuniform disribobon of Abers (Sorensen
et al. Jild; Liu et al. 2011} Accordingly, evaluatson of the
fiber distribution is important in understanding zis mfuence
an the physical properties of the compossic materials and
making full use of fbers (Liu et al. 20014

Evaluation methods for the fiber disiribution con be classie
fied mio fwo calegorses—mage analyses and elecirical props
erty analvses. An image analvsis entails acguisition of mmages
vin @ micrescope (optical micmscope, scannimg  electron
mecroscope (SEM], etc.) or o tansmission ey amil image
processang and anabysis. Lee etal. {2009) and Kang ot al. (2001
ohmed oroes sectional imeges of composite materials via oo

Departmest of Civil and Esvirenmestol Engineering,
Borea Advaneed Institute of Soence and Techeslogy,
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tubes, disiribution evalmation. image analysis, elocmnical conductiviey, Snidiny.

optical microscope (Lee st ol 200%; Kangetad 3011} Lee etal
{2002} and Liu etal. {20 | ) obtained images via degital camers
{Leet ol 2002; Livetal 2011} RBedoo etal. { 1999 used Xy
photography and Fam et al. {2000} used a SEM o capbune fiber
distrshution imxges (Redon et al. 1999 Fanetal. 2000}, On the
other hand, the fiber distrilastion stabe can also be evaluated by
the [} conductivity or AC mmpedance. Li etal, { 2007 janabymed
MWNT distrittion states using the DC conductivity and
Oeryurt et al. (2006} evalunted the degree of carbon fiber
clumping and fiber orientation by AC impedanoe spectroscopy
(L etal. 2007; Oeyurt et al. 3006) In e case of the electrical
property amalyss method, it is only applichle to condoctive
fibersincorparaied composse materds.

The image mnalysis is o more direct and convncing
approach in thad actual fiber distrbution stabes @ the come
pasite matermals cam be evalusied. The decirical property
anadyxis method is an indirect appmoach for evaluaon of the
fiber distribution, but sometimes # & affected by other
pemmeters {mairx type, mofsture content momatn, eic.},
possibly leading 1o incormect electrical property results,
Accordmghy, the image analysis plays an mmportant rale in
the evahmtion of Aber distributions and it is a critical tech=
migue . that should be camied out slong with m electrical
property anakysss (Li et al. 2007; Ceyort of al. 2006).

Uncovered m 199], curbon panotube (CMT) has gamed
greut attenition from researchers attributshle i its remarkahbe
physical properties (Li et al. 2007; Kim et al. 2004). From
20005, CNT has been wsed a5 0 mano=scale fiber in cements
based compossies in an effort fo enhance physacal properties
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ARTICLE INFO ABSTRACT

Articie hintory: A Tuncricnal cememiseus comy 0 S has atrracred much acrention due T tein
Mererend 17 March 2008 poternrial possibilities of application. Ln This paper, mamkmd:unqanﬂ:hﬁmdndmgrm
Marvined 3 Saptevcher 2018 with carbon naa0ube [CHTHoement compasines ane studiod i tically. The Baeat-
Accepind B Septermhes 2006 :

oy efesreent wias fabricaned By icorporation CNT ko coment, and mumnri:luu compiite beck wid
placed in the mickde of monar samples. In onded o generane and evaluate the heating performane, cop-
et wilnes connected oo the compasite block were extesdad 1o a DC power supply. The vasiations of mate-
rial characreriaics including caring, thermal, electrical and mechanical propeities of both the composine
Bdock and the sample were inveRiganed. The expesimenaal test resolts showed char the propescd caring
s capabie of impresisg the SIDEEGTY by A1 at 24 & In addition, based en rhe

Crrmaminioun DHTEoNEE *
Acvekesied ounng Rty ehitaingd mapsril consrants, a seres of themial asalyss of mirigation leved of thermal oack i lacger
Thammul sabyan scale were Camied out, The elecmically conductive CNT cemens composine biock was found o Be appli-
cable 2o the cement mectar Cering and reduction of shermal oracking of Maksive CONOTENES SITCTUNS.
0 2016 Beveer Lidl All righas resenved.
1. Introduction |97.25) Xmenquan of al |45] and Leung and Pheeraphan |27 pros

The sirengrh development of concrete is dictabed by the bpdrae
tien meaction of the cement, which s influenced by ouring, condi=
tions: such as the emperaiore and bumidity durieg the sarly
stage of curing | 25 |. The curing coodition is therefore responsible
for the development of phases in ronorete wiich can resist excer-
mal force, preventing the formation of cracks to develop sufficient
stresggth and ultimately enhancing the durability |,32]. in partics
wilar, the hydration reacnon at 2n earty age i highly dependent on
ke perature | 161 This lies that an increass o the curieg
iemperatune inreases the rmnﬂbeﬂydnrmmmnn.ennmnﬂ
e deveds of strength and ulti v reduces the construc-
'nnm'pﬂ'md |32} Early serength deue-.hpmmr in concrete by vanious
accelerated oaning methods has been a subgect of numerous stud-
e |30, 34,4521 .

Steam cuning and autoclave methods are the most conventional
techniques in the constructon practice | 20,24] Thess methods,
however, sirongly rely on the conduction of beat from the extenior
| 27|z therefone, the hear flux is dismbuted mon=eniformly [17] 1=
addition, these approaches reguire the use of sxpensive equipment

* Canmpoming nehe
E-meed addrens: by vnap@hist e [B). Yaogl

e (et i o) 1L T e it AT 11
IHE-EIFE 2018 Hlurces Lid Ml righis rmarvaed,

posed the use Mmlmwmmgrfur!benum; of cemenitious
maberiads. & ed o | techriques, the cuning period
of the microwave method is much shorter than in the steam coneg
ard autoclave methiods [4%). However, as with the steam cuneg
method, 3 spedally marufactured expensive mald, consisting of
microwave equipment, shouald be applied to the system |27 421
Electrical cunmg is the most adwenced accelerated cuning teche
migue among abl others, providing sase of construcion. Ios sffects
are evidenced im various experimental smusdies {43, Meamwhile,
ifis method wiilizes the internal water in the comcrete in a fresh
state, for which the electrical resistivity is reduced to a low as
5000 L)-cm, and it inevitabty requires 3 power supply of more than
500 W, as reported in 'Wilson and Cugpta |43 | in case that the size of
specimen is 150 mm = 150 mm = 150 mm. Additionally, the etec=
trical resistivity dramatically increases as the internal water evaps
orates |43 | and debonding is tnavoidable at the mberface betvesn
tfe electric modls and the cement paste, where the hear = trans-
ferred | 12], indicating that the expected performance does not
greatly excesd those by existing technologies and that the applica=
toon of this method for mass concrete remains challengiog [21].
Metallic electrical conductivity and the high aspect ratio of CHT
were shown to be capable of creating @ conductive pathivay within
4 Cementitious composite inoorporating less than 10w of CNT
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Overview of strength aspects of carbon nanetube {CNT)-reinforced cementitions composites

G M, Kim! and H, K. Lee®
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Absiract: Due o e sutstanding mechanical, elecinoal amd thermal properties of CNT [ 1], many stuafies have been
I:I.1‘|.1.'.I'|'"ll[‘|‘| o develop A CMT -retitforced comenttionrs SO It has heen reporied m the proeviogs saudees - that the
dispérsion stmie of CN1 i cemeniitious natrin and the bond strength between CNT and Indmtion produch are majir
fdl.'ln:m I|'|.|1[ pfrrt1 ||‘h‘.‘ meshameal propcitses ol UWT -resnforced cementiBons CEMTipsi S | f':l ||r this paper, the mrchancal
properiies of CNT-reipforneed cementitions composite comsddering various CNT coments were reviewed. [n addition, the
effieets ol the dispersion techndguse of CNT i cementitious muds amd bonding chamcienstics between CNT and hydrm tion
r!urxhrch o e rive hamcal Properines o the cormposiles were drscussed o detal .'-i.pm:;l'n;'alf:\.'. the courelnisen between
sirength enhancement and dispersivensss of TN will be dnalyrel
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Cementitions mmposties incorporatng CHT
Eledrial anductivity

Adr porosity

CNT dispersion

In the present stsly, cementitioes composite ncorporating 4 carbon nanotbs (CNT) with lighly
improved slectrical condisct ivity comparable to that of 2 semiconductor is developed and investigated
The CHT ared pore characteristics within acementitious matix are consldered a5 the most Dnfleental fac-
tors wihidch detemdne the overall peifomunce of the matenial, and these factors are amificlally centroded
by incorporating silica fume and a superplasticizer. Additionally, 2 micromechanics-based maodel i pro-
posed to predict the electrical performance and percelstion threshold of the compoesites A pammetri
sty based on the developed model is ooembucted, and the infleences of the constiteent propermies on
the overall electrical characteristics of compasites are discussed The effactivensss of the proposed
hypot bsesds s demanstrated by comparing it to the experimental resules in the present study and {rom
the previows work.

cementitious

Wi cromeschanics-based mod=hng

& 2016 Ebevier Lt All rights resarved.

1. Introduction

In recent years, the need for high-performance multifunctional
construction materials has increased consistently in civil engineer-
ing felds |1 ). Cementitions material is the third most commonly
consumed material after fossil foels and food cops |2, and the
fundtionality of the cementitions materials is themfore expeced
to have a considerable impact on numerons industrial fields |21
Carbon nanotube (CWTL a typical nanotechnology-based product.
has outstanding mechanical electrical and thermal properties that
render it an ideal material for improving the performance of
cementitious composites |4-645]. Howewver, although the attrac-
tive properties of nano-materials have led o intensive research
relatively littde work has been reported on the use of novel materi-
als in construction matenal sciences |7 | Especially, prior work on
cementitious compaosites incorporating CNT generally fooused on
their mechanical charactenstic

Chaipanich et al, {2010} conducted an experimental study to
impmove the compressive strength of the cement-based compaosites
by incorporating CNT and Ay ash into them [EB]. it was found that
the utilization of CNT resulted in higher compressive strength of

* Comesponding suther.
E-mal address: haenglo@laist ackr (HE Lee)
! These authors comributed egqually to this wark.

hatp: e daior g L0 6 comps truct 200 612049
O23-82 235 31§ Beevier Lid All rights reserved.

fly ash mortar and that the highest strength can be obtained when
CNTs and fly ash contents were 10% and 2000% by weight of binder
materials, respectively |B]. The interactions among the CNTs, Ay
ash, and cement matrix were also analyzed using scanning electron
[ SEM } micrographs, showing that CNT acted as a strengthening fl-
ler material in the cement mortar |81 In addition, an effective dis-
pemsion method of carbon nanotube (CHT] in cement materials was
proposed by Konsta-Gdoutos et al | 9], It was reported that the dis-
pemsion level can be improved by applying ultrasonic energy in
combination with the use of a surfactant, and the mechanical char-
acteristics of composites increased through proper dispersion af
nanotubes |49

More recently, it has been reported that the additon of CNT to
the cementibous composite can improve the electrical, thermal,
damping and fracdture properties |10,11 L In addition, the compaos-
ites can be used as a sensing, electromagnetic interference, smoke
detection materials and s0 on |10] The dectri@al performances of
cementitious composites incorporating CNT were investigated by
Azhar and Banthia (2012) [12]. The ability to sense an applied
compressive |oad was ecperimentally tested, with the results indi-
cating that the developed composites have the potential o be used
as sensars for detecting microcracks in concrete | 12] Singh et al
{2013) tested the eledromagnetic interference (EMI]} shielding
effectiveness (5E) of cement compaosites incorporating CNT |13 )
The addition of 150wt% nanotubes in the cementitious material
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Bearimd rebtivity

The: influsnces of superplastidzens and siliceous maerials on de dispersion of carbon nanotube ({CNT) oo
mentifous omnpasites werne investigated. Thres types of superplasticizer wers wmed, and the silicsows materials
such 2 silica firme and nanoesilica wers utillised as dispersion agents. The dispemsion charactersfics of CNT in
the staie of squenus solution wene explored via the UV-Yis spectma, and the zeta potential, while those afCNT in
ithe cementitious matrix were investigated via the elecinical charecteristics of the CNT-incomparated cementitiows
mmpesites and smming ectron micoscopy mages. The dispemion mechanism of CNT inducsd by the sw

poplasticizer mnd the siliceous materiab was thomughly examined. The superpleticoers containing paly:
aroxylate were effedive to disperss CNT I comentitious composites mmparsd to other types of super:
plasticizers ussd here. The addition of silia fume o cementitiows compds ibes wtil ring the superplasticize s with
polymrmad ate was hrther improved e dispersion of CNT, while nano-silica did not improve the dispersion of

CNT.

1. Inroducton

Sinte carbon manotube {CNT) was discovered by [fima in 1991, the
outstanding mechandeal and eleetrical propertles of CNT have been
verifled in many researches [1]. The Young's modulus of CNT i3 ap-
proximately 1.8 TP, and s electdeal cosductdny is similar o that of
matallle materials [2%]. In partieular, due 1o i high aspect ratig,
alectrically conductive pathways can be created o cementitions com-
posites even with low ONT comtems (= QL&wik) [45]. Therefpre,
many reseanches have been condueted In an effort o dovelop advanced
emsirection materials whicl willize the oustanding propenies of CNT;
these stsdies are ndst Limdted to, et many nclede those of high-stnength
o ets, plezorasitive ges damage senses, beating composites, and
alactromagnetie iderference shielding maedals [ 5-9]).

CNT is known to possess conslderable van der Waak fooce betwesn
the idividien] pamicles and high lydrophobicity [10,11 ], These char
acterlstics mhibit the dispersion of CNT in cementitious composites
e postd digpersion of (NT within cemestitiows compoaites las a del-
rimental effect on the pedormance of (NTAncomporated cementitious
composites, 8 11 cawses CNT partieles 1o agglomera e, caiming defects in
the momposites and increasing ithe elecirical redstivity [1213]
Valsman et al. found that a crack was inldatad at the site of CNT ag-
glomerates in cementitins compogites, leading w0 the lmpalrment of

= Cormespoacing mner
E-m! s haengiciipiade e oy [HE Lee)

b e carg, A0 1016, o pesirnes 31717 807

the compasites [12], Kim et al. reported tsat the agglomeraton of CNT
Agnificamly Increases the elecirical resstvity of CNT-lnoorporsted
cementitions composites [14] Therefom, varlous disperson agents
have been examlned to dlsperse CNT In ceomentitious compsoeites,

Representative disperdon agent for CNT 15 8 surfactant. It has been
reported that vardow surfactans wers affective 1o dispess CNT In
polymer composites [12,15]. With regard to the dispersion of (NT In
cementitlows composites, the sufactants were Fowsd 1o be Incompardble
with cementitiows matertals, as thay inhibit hydration, entrap con
ddemble amomis of alr, and meact with water-reducing agems [ 16,171,
Recently, it has been reported tat superplstieteers often wed in ce-
ment industry wers utilzed a5 a aurfactan and effectively lmproved the
disperdon gate of CNT in cementitiows composites [5.9,14,15]. How-
aver, the effect of supemplastictesr types cn the CNT dispersion in ce-
mentitiows compodtes and the dispersion mechamdsm were rarely in
vestigited,

Ancitler d Bpersionagent often wsed in cementitins composies (s a
splerical silicemisn material. The elecirical resistivity of CNT-liv
corpoeated cementitions composites with sillea fume {micro-dlica) in
previons sisdies was improved compared (o that of composites withou
mieme-siliea [59 14]. Kim atal reported that the spharical shape of the
micm-silica had a ballbeadng effect; micro-sllica pamicles were i
sered Into the CNT agglomerates, which in nem increased the atancas
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Mlicromechanics-based damage and thermal conductivity
predictions for nano-composites

G.U. Ry, B.J. Yang’, and HEK Lee'

Abztract MNano-materials mich as carbon nanotebes and graphene have cutstnding mechameal
electncal and thermal properties. The studies of the composites incorporating nano-matenials have
been extenzively conducted to mmprove the mechamical electrical and therma] properties of the
commposites. The characterishes of compesites are different from comventonal matenal. In thes paper,
mucromechamical models for damage and thermzl conductivity modeling of nano-composites the
composites were mtroduced. Speaifically, damage consttuirve models considenng the size
dependency are explamed m detai] (Kom and Les, 2009; Exmm and Lee. 2010; fu and Lea 2000).

Kevwords: composites, micromechames, damage model, thermal conductivity.

1 Infroducton

Carbon panotibe (CINT) and graphene can be considered as representative nano-matenials. They
have been used and studied in many fields becanse of thewr renarkable mechanical, electrical, and
thermal properties (Gupta, Agarwal and Saleh 2011; Eim YVang, Byu andTee 2016; Meera, Thili,
Boudenne. Tbos, Thomas, and Candan, 2012; Chae, Moon, Yoon, Bae, Levite. Winarska, and
Montein, 2013). These nano-matenals have been used as a filler of composites in vanous mdustnes
{Cupta, Azarwal, and Saleh, 2011}, The predichion of the charactenstics of composites meorporating
nano-materials 15 mmportant for reducng the cost m the hight of producton optinuzanon zimce these
nzno-materials have the higher cost than conventional matenals

Micromechanics 15 3 mathematical approach which can predict the vanous propernes of
composites based on Eshelbn's tensor. The shapes of Allers represents the Eshelby's tensor m
composites usng homogemzation (Kim 2010; Eshelby, 1957). The shapes and onentation of fillers
m the composites can be considered m the muctomechanies.

In this paper, micromechamical models to predict the thermal conductivity and damage propernes
of nano-composites are overniewed and discussed.

1 Damage model

Previone stuches of damage modabms are recapatulated in this sachon: It 1= assumed for demmins
damape model of the conposites that an increase m the shess of composites results n the debonding
ofthe fillers because of stiffness differences between the matnx matenal and the fillers. Itis assumed
that the debonded fillers do not affect the stiffness of the composites (Ju and Lee, 2000). Wetbull's
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CNT dispersion in cementitious mat,” International Conference of Computational &
Experimental Engineering and Sciences (ICCES 2017), Madeira, Portugal, June 26-30.

Effect of superplasticizer tyvpes on CNT dispersion in cementitious
matrix

GAL Kim?, LW, Nam’, HN. Yoon® and HE. Lee’

Abstract This paper summanzes 2 porhon of an expenmentz] work conducted by the authors
[Eim, Nam, Yoon and Lee (2017)] to mvestigate the effects of superplasticizer types on the
dispersion of CNT 1o a cementtious mamx. The superplasticizers used here were hignosulphonate
meluding polyearboxylate, naphthalene mmcluding hgnosulphonate and polycarboxylate types. The
dispersion state of CNT in agqueons soluhion was characterized by means of a UV-Vis spectra and
a zeia potepfial and that of CNT m the cementihious mamx was explored by means of the
alactical resistivity of the cementitions composite with CNT and a scanming electron mucroscopy
analyzis. The test results showed that the polycarboxylate type of superplasticizer in the present
study was more effective to disperse CNT m cemenfibious matnx compared to lignosulphonate
xcluding polycarboxylate and naphthalens meluding henosulphorate types of superplasticizer.

Keywords: Superplasticizer, Dispernion, CNT, Cementihous matix, Elecncal resistivity.

1 Imtroduection

Carbon nanotube {CMT) 15 one of the most propmsing nano-matenals [Meyvappan (2004]]. This
matenial has outstanding mechaniczl thermal and electrical properties [Meyvappan (2004)] In
addition, 2 small amount of CNT 15 peeded to mprove the mechanical and the elecirical propertes
of 2 composite meorporating If, since its aspect ratio is mere than 1000 [Emm. Shin Do, Kwon,
Chung and Yoon (2005)]. Thus, many researchers have attempted to develop a functional
composite incorporatng CHT [Mevyappan (2004)]. In the construction field, vanous researches
have been also conducted to use a cementitious compeosite with CNT as a funchonal matenal [Li,
Wang and Zho (2005); Tu and Ewon (2009); Teomete and Kocyigit (2013)]. For example, the
applicabiliiy of the composites with CNT as kngh strength concretes, bheating matenals,
stress'damage sensors and electromagnetic interference shielding composites has been extensively
sxammed [L1, Wang and Zho (2003); Tu and Ewon (200%); Teomete and Kocwgt (2013]]
However, a proper dispersion technigue 15 necessary for fabricating a cementiions composite with
CHNT. smece it has a strong van der Waals force and high hydrophobicity [Sanchez (2009)]. The
CNT agglomerates can act as a defect site when CNT 15 poorly dispersed in a cementtions matrix.
which in turn degrade the mechanical properties of the composites [Bai and Allaow (20031]. In
addition, the agzlomeration of CNT leads a sigmficant increaze in the electrical resistivity of the
composites with CNT [Bai and Allaow (2003]].
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17. &9 QA =34 AE, Prof. Pang Sze Dai (National University of Singapore), A concrete
way to improve building material using graphene nanoplates, KAIST, August 28, 2017

The research aims to functionalize cementitious composites by incorporating CNT to make it a floor
heating element. The methodology includes evaluating the effect of superplasticizer and siliceous
materials on the dispersion of CNT, and then measuring the composite electrical properties and to
explore the heating capability of the composites. The methodology is adequately defined to meet the
aims of the project.

The results support the conclusion that the use of silica fume at 10% has decreased the electrical
resistivity of cementitious composites with CNT in both Type A and C superplasticizer. When nano-
silica is used, the electrical resistivity increased with the amount of nano-silica.

Based on the trend in electrical conductivity with the increase in CNT content, the percolation
threshold is estimated to be about 0.6%. This is also checked against the change in electrical
conductivity with different water content in the cementitious composites. However, it is good to
compare the obtained threshold value with the values obtained by other researchers for further
validation.

The surface temperature of the CNT-incorporated cementitious composites increased with an
increase in input voltage and also with an increase in CNT content. This shows the potential of the
cementitious composites as a heating element. It may not be clear whether the changes in the heat
generation capability is due to the changes in the current flowing through the composites or due to
the changes in resistivity and it may be good to compare and investigate the underlying mechanism.
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A concrete way to improve building material using graphene

nanoplatelets

Pang Sze Dai PhD.
Associate Professor,
Department of Civil and Environmental Engineering.
Naticnal University of Singapore

Ameong all the man-made materials. concrete 1s the most widely used in the world, with an
annual production of about 2x10' metric tons in 2015, It is a very successful material in terms
of its low cost, wide availability, easy transport and production. However, the use of concrete
15 subject to many challenges inchiding environmental issues during production. vulnerability
to weather conditions, and prone to cracks arising from shrinkage and loading. Tremendous
efforts are being made to improve the sustainability and performance of concrete. Graphene,
the strongest material ever known fo mankind, has drawn increasing attention from not only
physicists and chemists but also civil engineers!

This talk will introduce the efforts and approaches that researchers in civil engineening have
attempted in introducing 2D carbon nancparticle such as single layer graphene, or graphene
nanoplatelets (comprizsing of a few layers of graphene) into concrete. One of the very promising
potential of the 2D carbon nancparticle 1s that it can increase the durability of cement
composttes by enhancing its resistance against harmfinl substances. such as chloride 1ons from
seawater or sulphate ions from sewer water. and prolong the building lifetime. The other
advantage that 2D carbon nancparticle can bring to concrete is imparting isotropic electrical
conductivity and piezo-resistivity. By infusing GNP in conerete, this prodoct can be used to
sense its own mechanical changes including deformation and eracks. Nevertheless, a challenge
remains on how the 2D carbon nancoparticle can be dispersed in concrete vniformly so that the
above-mentioned benefits can be realised. The dispersing techniques as well as their influence
on the concrete properties, particularly the pore structure, will be discussed.
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Biography

Dr. PANG Sze Dai graduated from the National University of Singapore with B.Eng. {Civil
Engineering) and M_Eng. (Civil Engineering) degrees in 2001 and 2002 respectively under the
Accelerated Master's Program (&MP), and from Northwestern University with Ph.D. degree
in Thearetical and Applied Mechanics in 2005. He researched on the behaviour of profilad
steel-concrete composite structures subjected to blast loading for his M.Eng thesis and on
the size effect arising from energetic and probabilistic fracture mechanics of quasi-brittle
materials for his Ph.D dissertation.

Dr. Pang joined the National University of Singapore in 2006 as an Assistant Professor in the
Department of Civil and Environmental Engineering (CEE). From 2006 to 2014, he helped in
the setting up of 2 flagship programmes in the Faculty of Engineering, which are the
Engineering Science Programme in 2006 and the Design-Centric Pragramme in 2012. His
innovation in teaching and his contributions towards pedagogy has led to numerous
teaching awards which include the 4x Engineering Educator Awards, 3x NUS Annual
Teaching Excellence Award, Engineering Educator Award Honor Roll, and the Annual
Teaching Excellence Award Honor Roll. The students that he has mentored has won the
Faculty Innovation and Research Awards, University Outstanding Undergraduate Researcher
Awards, University Student Achievement Awards, Top Prizes at the International Earthquake
Design Competition that is held in Taiwan annualky.

Dr. Pang's research interests include protective building technologies, sustainable building
technologies, and size effect in mechanical properties of composites. Currently, he works on
{1) calcined clay as cement substitute; (2] graphene nanoplatelets reinforcement for high-
performance and self-sensing cement; {3) scaling of structural response when subjectad to
blast; (4) jointing methods and stability design for modular construction; (5) modelling of
ice-structure interaction. He has attracted 554 million in research funding as Principal
Investigator and 51.5 million as collaborator from National Agencies (Mindef, DSTA),
Mational Research Foundation (NRF), and Agency for Science, Technology and Research
{A*5TAR). He has served as committee member for a number of major conferences, regular
reviewer for leading journals on compaosites, and reviewer for national research projects. He
has also provided his expertise to the industry for consultations on steel structures, high
performance building materials, and response of material when subjected to impact or blast.

In his administrative roles, Or Pang has served as the Acting Programme Manager for the
M.5c (Civil) and M.5c (Geotech) programmes in from 2008 to 2010, and designs the
curriculum for the Design-Centric Programme from 2012 to 2014. Since 2015, he has begun
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