, ek A (O) /1 SH(O), HISIH( )

)
FENSI|SETATAIY HM3AH A ofjH] E0AM

| R8D/ 16CTAP-C086565-03 |

da™ 7ldk HE|AAH Y kA
AXHe| M= AXMI = Tt
ZESEHINM

2016.05.19.

FoAT|H ) Medstn

gETl2 / eI

TENSHE




ild]

A=

2014.11

72k

7H e

o

(

gi’
=

HolE M
L Ck,

2

S ERES

2017.02) ofAle] zEETIM 1828 HZE

2

=y
=

Jn—.OJ.._-

av o

INEE TRy
-
Bl T
7 o
K- 1

M

K
5]
=)

T

mr.m

&
._AE

oll
0
5}
£
ol
"’
il
~

_.T
Bl Bl
T Ho
K- ®I

|X}: David Hwang

it
23 2

l

7

?.

oll
®
il

il

T F3s=ol el E20M HEtof




Cover Letter for Submission

To President of Korea Agency for Infrastructure Technology Advancement

Two copies of final report on the project entitled ‘Development of Thermal Engineering Based
Manufacturing Process of Multi-Scale Super Insulating Materials’ (Project Period: 2014.11 ~
2017.02) are submitted.

2017. 05. 19,

Leading Institute : Seoul National University R&DB FOUNDATION
(Representative) Sungchul Kim (signature)

o
| @ 2N
N\~

Collaborating Institute : State University of New York p
(Representative) Alina Stroia (signature) P‘\U&*
|

Pl, Leading Institute: Woo Il Lee
Pl, Collaborating Institute: David Hwang

We agree disclosure of final report on the basis of Agreement between
two institutes that partly referred to R&D project management guideline
of Korea Ministry of Land, Infrastructure and Transport.
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< SUMMARY )

Purpose &
Contents

® Research Purpose
- Development of environment-friendly super—insulating material (20 mW/m-K Class) using
hybrid micro-nanostructure strategy and multiscale energy transport concept
- Minimizing energy consumption during super—insulating material manufacturing process
e Research contents
To reduce thermal conductivity by implementing interior gas within super insulating
materials: 1) closed cell structure, 2) inner vacuum pores, 3) inner pore surfaces with
low radiative emission rate, 4) low diffusion coefficient of air and water, 5)
mechanical strength that can resist against buckling, 6) material that can suppress
energy spreading due to local damage induced thermal exchange. Thermal insulation
through solid medium can be also improved by setting bottleneck in terms of conductive
thermal transport; micro hollow spheres will be connected via nano hollow spheres.
- Detailed contents

1) developing analytical thermal model for multiscale super-insulating structures
and design of optimal structures

2) manufacturing nano hollow structures: laser assisted manufacturing of nano hol low
structures with studies on fundamental mechanism

3) manufacturing hybrid micro—nano structures for super-insulation: manufacturing of
optimal binding structures using hybrid nozzle, colloids spray coating, and laser
assisted processes

4) performing research to improve insulation performance by introducing phonon
scattering paths via nano scale coupling as bottleneck phenomenon in energy carrier,
and suppressing radiation heat transfer in infrared zone near room temperature

5) exploring methods to measure key properties as performance indicators: thermal
conductivity (steady and transient thermal conduction measurement methods), mechanical
strength characteristics (ASTM D3330), surface hardness (ASTM D3363)

Results

emore than four international papers (SCI(E)), more than two patent applications
e development of manufacturing method for super-insulating materials

Expected
Contribution

e Reduction of energy consumption by procuring original technologies for manufacturing
super—insulating materials :

Distinct from conventional aerogel or vacuum insulation panel that is not readily
applicable to building application due to issues on cost or construction compatibility,
new manufacturing means we have developed can significantly reduce energy consumption
for building construction with reasonable cost and high performance. Especially, it is
anticipated that thermal loss to building exterior can be reduced by > 20% during
winter season, by using super-insulation materials developed through this project (low
thermal conductivity approaching ~29 mW/mK) .

e Application for power plants and petrochemical plants :

When applying on power or petrochemical plant facilities that rely on tremendous amount
of heat sources, significant energy savings are expected on the basis of superior
thermal insulation performance compatible with arbitrary engineering surfaces can
contribute to accident prevention

e Application of nano hollow structure technology to cosmetic, medical fields :

Original technologies secured by this project can be applied to the various other areas
including drug delivery, or micro powder adhesion especially for medical and cosmetic

fields.
super-— heat transfer hol low Laser multiscale
Keywords ) ) . . .
insulation mechanism nanostructure processing composite
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Thermal insulation microstructures road-map

1. Micro Hollow Spheres on Nano-fibers 4. Silica Aerogelsin Nano-fibers
5. Foam with Nano-pore Structures
6. Nano Contacts bet. Micro Hollow Spheres

2. Nano-pore Structures in Nano-fibers
3. Silica Aerogels on Nano-fibers

_‘]5_

. Binder polymer

Micro Hollow Sphere
. Nano Hollow Sphere, Nano-pore
# silica Aerogel
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Polyol + HSNS Polyol + HSNS
g 7.6 Z2l=2 & W HSNS 2 X 24 238

Ol M AIOHUIOl E(Isocianate) &2 JHAl= MDI(Methylene diphenyl diisocyanate) Z3tAI2 =HIE Z
2IZ/HSNS E& S AEHE 0|20t 3000rpmel HE=2 WEeIH Y 2HS ol Y
Z2|2YE E M2 =S4 SEiA MBe=s F2HES 2 ESSotgS ol diof &xZ sE9
XS 200t Mol 2A0RUCH 0l Ue AHLSE JIXl= HSNSIF dIElel BEE AISAIH 2®HIXE =
CE2 dNotY D, HSOI) 28 2olols QSR E HZoIBA 2 Bt20| olst 2 JIA9l J|
3 L WA HMEGHH KSEEX Ret B Eet HREZE ARoleE RO R HZIMLOH HF HEO 2AUA
= 92X 0|F & "o AT 520 2K 2ot A2 212 0l0X2 A8 B0l ==ole &z
LIEFGHCH SEMS 2 ZEGIYS [, HSNSDOF &g )| Mol A 8o JI& 42 22 JIESZ SNt
28 nm AHLH Z2H EHZJA2U, HSNSIF ZStE AL 26t /ARUAML & &2 =HIF &= um
AALUH 2™ LEIGCH & ZHol SO SHRAE HS & 92 209 2AE 2l0|ot0q, L&t & HE
S5t G0 SI6HH = 2HE & 2= UL HSNSE S&Eol 4= Z2|RdYE SS9 EFEH L=
JlE MZ(0.022 W/m-K)0fl HIah §Xdl S8 0.03~0.04 W/m-K 2 H2UHA SEHEJACH

t=331 nm

t= 794 nm

S4800 10,0V 11 5mm x3.00k (M)
AHLO AR HIF &, = Z2IRAUE B A H =W (a) PUF pristine
Iz

Z W & % SN (b) PUF + HSNS(E4

2x ZSES JHdotdl flo, BH sS4 HelENA MSE polyoltl Z&& HIl2 & HSNS EAE &
gols 2R (=SW 24 L 0 SL)0A HMAHLUS Js-E0l U= S 20 ol MBESALD, =04
b 80°C HF 22 UHIAM S2IUAS A= WASHtD CHAl E8ote AMIEE GHATH SHUAM= =0H
°f ZEXX M3Bote XS HEGHH, HEZHC amine HE SclRdE & Z0HQ Dabco 33-LVE &
8ot polyol & CHHl 0.3 wt% HIE=2 FIlotALH

ZHE Egotl) s2e sz 22 Mdots U, 2cl=sd MDISl Ba5TIF 201 SdEHN
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=cl2W =0ME FOtet ScIRdE/HSNS =4

pristine (b) PUF+ HSNS(0.6 wt%)

8 7.11 PUF pristine, PUF+HSNS AlEHN OI§t &% =

Stress (MPa)

0.40 —
0.35 —
0.30 —
0.25 —
0.20 —
0.15 —
0.10 —
0.05 —
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—— PUF pristine
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=Xt 210 HSNSYXE &Iist Z2IdE 2(0.2885 MPa)0l == E2IRYE =
2L gaE dELETE BAL. ZLRdE B2 S 95% U9 B8 Z= oM
JAHE 242 A T=d HSNS X0t & 52 FA4ole Z2clRdlEe 24 &4
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H 8.1. D& ABS 2L HMZEE fIe Ag s

Tour> P, va tyats deerps Ny e P>
Run

°C MPa °C hr nm < 10%em™® | g/em?
1 -20 10 20 16 594.90 2.00 0.79
2 -20 10 40 16 683.74 2.60 0.72
3 -20 10 60 16 724.07 3.69 0.47
4 -20 10 80 16 750.71 9.87 0.36
5 0 10 20 6 661.24 1.76 0.79
6 0 10 40 6 671.29 2.03 0.61
7 0 10 60 6 704.64 3.31 0.52
8 0 10 80 6 686.04 5.39 0.44
9 20 10 20 4 773.27 1.16 0.94
10 20 10 40 4 645.92 1.54 0.79
11 20 10 60 4 789.62 2.62 0.58
12 20 10 80 4 698.91 3.43 0.56
13 40 10 20 3 1016.1 1.12 0.78
14 40 10 40 3 1100.2 1.26 0.65
15 40 10 60 3 798.31 1.88 0.54
16 40 10 80 3 1270.3 2.40 0.36

AE HaS0 HEs EoIoH)| RSt =& 2% (T

Er A0 22 SO 110 2ZES 0|26t ECEH &Zel ABS ClAa3e ™
H2 M 2E =AF X 8012& (Field Emission Scanning Electron Microscopy, FE-SEM, SUPRA
B5VP, Carl Zeiss, Germany)s 0|25t 2t&otULCH OlZAH 22 SEM O|0IXINA & 2ZEx & A o

T 22 &)l ?oll 0I0IK 24 = =ddotRUCt. OI0IX 24 0l= Java 218t OI0IK =4
C|

=
(NIH) [20] THIIX 2H0I22i212 OIR5IUCH B2 & XAS A5 QA 2 =24 & =0T 500
OlAte] & CHHNZ =N =XE HHES AHOR IESID d,, = /id,,/r 2 ZAS 0|8
5101 A HASBIRACH OIIIM A,,2 SRS, 4,2 N=2 2080 0lgH & 37| ¢ 1 2%
= g2 g 02 21 7 22X 50 &+ B2 NS 22 4 JUCH. @8 Mo &4 HH YT
o AR 320 pm® OlAIS] FAI2E Ao (o] Mol £ HOf OIS 22 Al (1)2 HABIC

R

nuc

< 3/2
( MZNCC” ) (&

- ) )

observed Py
OOIM M2 =0 X, N2 e 838 W 22 28, A= Y BHS 20ISHH p,= X
A ABSQ LE (p,=1.06g/cm?)0I0 p,= SEERC 22| LEE 90| 22D L= 2 0ls
& (Weight displacement method)= O0I20t0d =doIQCH. MEo ;g AU H=2 (EPG 214,
Ohaus)E 0I1205t =&otD S0l &I, ME=Z Qo SII8 29 RIIE =FHES$O=ZMN 22D Y&

Figure 12 =% AIZ2F0Il CHet ABS W Ol&tetEl A =&l S|Ed S LIEtHD 2& A+ 8E =+
2 FHot| floi Al (2)E 0IEoHALCE.
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1 22 Ad ULE polybutadiene, polyacrylonitrile, polystyrene & LEX=0| 25°CHIAM JHXl= HSP gt
2 Peng et al.2 ARUA HE £ UL [24]. DEXS HSPE 23 & 250 s /=401 AKX
o Williams et al.0l 2ol RMAIE ges

I W20 &2 FZSoAUCH =(0HYH Ol &SHEFAS] HSP
A

tSotACH [25]. HSPS 2t 821 22 2t HSP Xt= US AlSS SoilM A& Jtsotoh

>_

ref \1.25
6d—6:ff(V ) (4)

%
o V,.ef 0.5
5p:5pf( 7 ) (5)

8, =&, exp

Vref 0.5
1.32 % 10" *(7,,;— T)+1n 7 (6)

D12,2 = 4(5dﬁ1 - 5d,2)2 + (5p,1 - 5p.2)2 + (5}1,1 - 5h,2)2 (7)

of ASuA 77, vl J21D 6 (i=d,p.h)E JIE NEHHAL 2%, 20 12/10 HSP 2 422
o|0l&tCh [25]. D,,& & 2& 2t°| Hansen JHelE 2I0IStCh 28 ZA0AM OlMEEAS] 2 & 21
= NIST Chemistry webbookOlA 2 ACH [23]. 7,01 2AE0 et OIS EACl HSP= NEX =2

HSPOIl 2&otH S =g &= JAUCH (& 3)

I 8.3 =X OlASEFAC] Hansen Zol& It2HOIE! (HSPs)

24 85 (MPa)'* | 5, (MPa)'* | 6,. (MPa)"?

Polyacrylonitrile 22.4 14.1 9.1

Polystyrene 18.5 4.5 2.9

Polybutadiene 17.5 2.3 3.4

10 MPa, -20°C CO, 14.6 5.1 6.0

10 MPa, 0°C CO, 13.1 49 5.6

10 MPa, 20°C CO, 11.2 4.6 5.1

10 MPa, 40°C CO, 7.6 3.9 4.3
LS 0| AFSHEFA 2L polybutadiene 221 Hansen H2lJF Ol AtSHEFA2F polystyrene & poly acrylonitrile
2Hol HlBO 382 ol £ /JA/JU=0 Ol= Forest et al.0l XNESAX ABS SSEX WRUH =0t
U= Al 0|ASEFA DL butadienell =0t ASS 2l0IstC [15].
OIS EE A &&= ZHCZ 3 20 s &4 A2 =42 HI(FF) otdiLiARQl A
oZ EOIZUCH (O 8.3.) —20°CUHIA 20°C A0S == 2L 0M & Ha=
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y et — e DY 4 e Y LR ) PN N—
02 8.4, OHOII2 ¥ Lt ZEHO FE-SEM AMAl. a-d= T, =—20°COIA, e-h= T, =0°C, i-|
S 7,,=20°C J212 mpsS T, =40°CHAH 22 LTHE LEHHCH UM OtH2S 2T 25
(77 =20,40,60,80°C)0ll }Z FE-SEM ALY =A=2 FHE L OAUCH

DE YXie €8 A0l UEHIAE 4 HIZ ZHES &8 2 JQUCH X 25 20°CY
HOE ABS ClA3E 0 & 2HIl IA=0 0= Nawaby et al.Ol HMAIGIRE ABS/CO, &
sels 8% [18]8 2HE S M EtEoCtn L& £ QUCH —20°COHIA 20°CHIAN ==& LK 2
42 YUMo 2X= & 20 A AEGHK 2= Az MAJCH BHH 40°CUHAM =& 2
e d= e 2 €8 & (d,, > 2um)d 0l SHMD A= HS A (d,, < 1pum)E 0N U
SS =g & ANVUCH @ LI 25 (7))t Sotol et 4o 3J1et el S2 3N oA &
= ACZ WAEHASLE 730 SOt ek 28 & 2o & & SHIF X &fotkls s o
= AJUCH T30 =2 o= &8 & 2t S0 TUHD e &2 HgE LS00 O X2lE Ul
ot= Uk JI18 #& (nanoporous structure)dt MAEEE & 4 JAQUCH (O™ 8.5.)
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Probability density distribution
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2 \ radiation) (2] -, 'E r_,__J“
° = ALV, Ta, 210, — —
E 3 " (ta_ ¥b j2rO,
o 2 i g 5
g GdpZr,05 (6] % StNb.0,
2 1k J E o BTLO,
= = Gd,Ca,(Si0),0
0 i i 1 1 1 1 i 1 1 1 I 1 i i [ e _LT'._'.;_-F'_
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Temperature (°C)
8 9.2 HEA o (os Mes2 HEEL 2%, A= X Winter 2007, Pan 2013
W dO0IH =20 Hgst =& 43
o 2UINOl A L X 2 X2 HOoIMeE IHE (F= EAE)S ZFS Sol (™ 2202t &
M MHG A2 RYE £+~ JALSZ, OIME Jlttez SAAQ S LI XIMAEE 8 I8 2
& HAdF0l= Het 2240 St 23 HO As20 5= dolN IHEE2=, A2 Bandgap=
228 > s IAE (UV), ES ASI229 2XH/EX 2 JssS SYctse AN (IR) OIIES AIS
ot™ EICh.
o IA ZOIN: N2 EAZO YolMZ2= AMEo 222 225 =2 UK AME=Z HE & 1Y
o 2o W2t MEHE Sofl ¢Z0l |2I HIZAZES AXNE FPEE £ JU (ERotn JUs
Nanosecond, picosecond, femtosecond dIOI N &S
o =3 LIS XM A gOoIH Dl 3 U X 22, S& B =2 25 U
SN Aoz HMAIZI =, AKX ASFGUHEZ2 Sl coreR2 2 EZ2 shell 222 ¢H3te 42
ol OISAIZIE WEHOZ 22D T B2 (Kirkendall 21), dIOIN IHES AlISsH AE80] QIRECH HE
eAst ZAH2 shell FR2 &gt il EYotd, core 22 BEX &2 2350 S=5= dO0IAM It
Ao 2HA OtE (o , 1,064nm)0l Ol&=Ol oD} =Ch.
3) IOl Jlet &t L AR M L ASN 2
W d0IH Jlet Lt ot QIR M AS (MdeiE 242 A2 @9
ASINR: buk8EHEIS KM HEME) & IIER &8 F(DSHET ZAH SEES AIE, JI2
St Ch=2 IOl =2ACez et o Xt M4 AEZS =
(i) A2 |2l 2&: fused silica, Bi &% silica, Bi & Er &% silica S
(i) AF2 HOIM AA
- Nanosecond laser (20ns), 1,064nm wavelength, ~30W power, pulse frequency
(PRF) of 100 kHz; 2&2lA
- Nanosecond laser (20ns), 532nm, ~3W power, PRF 100 kHz; JIAlZ A
- Nanosecond laser (20ns), 355nm, ~3W power, PRF 100 kHz; X2l
- Picosecond laser (12ps), 532nm, ~6W power, PRF 100 kHz
- Femtosecond laser, 1,045nm, ~0.5W, PRF 1 MHz
— Continuous wave laser, 1,064nm, ~30W power
- Continuous wave CO2 laser, 10.64um, ~25W power; &2l&
(i) LA 2& 3F: o, 2, S2+0E=2, S+HE=S, &S
o XA HOIM I8 &g X MAd As Z (Nanosecond laser (20ns), 355nm, ~3W



power, PRF 100 kHz, CHO| = &g, O& 9.3):

- =% fused silica= bandgapOl &&3l HA,

BiJl 8] = silicaZ 2MZ A3 D, Hln 2
Q X

S S|
APl B20le 2= X0 A S dI0TM0

ot g

- A ZAY ZR= d0H MotE S0 = AstZ 50 nm 018t L X 440l Jts (e =2
| Jts).

o
o

F
- dlOIX EHAIDN FAEHE ZAUMANE, X2 Ero R (D2HEW 2AHS B350t 2AS
20181 (XRFALE; X-Ray FluoresceneE S8 fasE E4).

L2000 8.0kV 6 5ol

g 9.3 K2lA (355 nm IFE) Nanosecond laser0fl Slst & 2| LA M4 A0

e HOIM HOIM Dl &g L= X MA Als AN (Continuous wave CO2 laser, 10.64um ItZH
~25W power, Il &

&S, fused silica ¥ Er0l &R & fused silica A, & 9.4):
- CO2 dI0IME e 2E Rl E2 Ag20 LotAH E2C0, &2 Ul A0 SHIIoF ZOoF, Mat
& EHUAM e Rl ol &AY.
- Ul ZAHUAME M8E AXIF 100nmE 22t Zicle dSs 20IU, HEB9 2284 IHAXAHE
2E6tH 26l RAINE 2L = US [Kato 1974].
- AEE (2 K28 =H2 YoM IMRAE SIHAIA, X MEES =0/0HetE, U Xtel Ad|s
SAGHA SR &I, dadE =0l=0 e R2lE.
- U, d0IN INE =25, ErS EZEs (USUZT 2AH S& 240 SR9 HIL 25
Ol &l (XRF AtE; X-Ray FluoresceneE S&t A=t 24), NSHUZTHE A LI X M4 Al
= =2 27&
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- Femtosecond (£& Picosecond) d0IHeE =2 £ 2I3H, Multi-photon &= H&0let 2
= HHdE E WEES Soll, Rellt A3=2S ZEst SARCZ EHE IHEN Ui EE ¢
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240l
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- Izl 24 20, o= 83&2 23

0o

0
HU
ro
o

2| Femtosecond laserg J

0 0C Jn 00 ox
0x

N

JB o
J

H1

>

Ql

lato X
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Sz s,
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100 kHz, A AEHS 20 Bi &% bulk SFLIMES &2 Az X MY AFH 3, 08 3.19 &
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2 2EE ZUE 2HEC (8 O SH2 REA IR=Z, PMMA,

). &8 &0/ 0I0IX (BtAr OI0IX)E 3+
I <

0
n
r
02
H 10
H

0|
S

2% SF-H0 20122, dtel & =tet | 22U (11.1.601M &AGI 2Y), &
ggol 24 A2 el &F7E0 St Az mHs & =+ UL Sol, 2882z S&
SHe &©ZE M2 Nt RoiAE, Bl s&2 SIHE Soll sF62 EEE SIHAIZ2ZM,
2z el SN2 2elE XNE = e E280 2RE =T UN, 0 =2 Hel &7
0l 3ot Jisd0l =20l AL

PVDF binder .4 PMMA binder

2 11.10. Doctor Blade 2 E &AM S SIHAl Bl &&sg S)F A&

m YOI EX2I2 CIE ol &FFE 24 AE 0 WUE HielHe AF Al A s8oto =z Chs &
2o Y OIME ZAIESZM (355/532/1064nm &S|l continuous—-wave/nanosecond/picosecond ¢l
Ol & 10.64um ZHQIM HFES CO2 dIOIA), HIelH &Zeto| XAz & XN SZ2AUX HAS Jis

SHAl ot =xdel & IHHEE EM6HALH

- 2X2E dIoIN &  O2E diold &, CO2 dIOIMIt It 88X A2 BHHEJYLD, AMAEE
CO2 dlOlMd =Xel Adgdiles J8 11.110A 2 = UL

Front
lumination

I| | co2laser ‘

Attenuator

Back
illumination

J8 1111, CO2 dlold =xXel A8 X HEE & &M EX

- CO2 dI0IMe HIoIH MA &1 - AUlEcZ UCOSH HICIHIE &Fdls 2242 ME0 CO2

E dield = (PMMA, PVDF, CMC, CMC+SBR) 0l 2 &£
11 = = AL 0 HEAH HAHE LD U= diel
O HENZ AYE ZMEIH (O 11.11&X), 0lS4A! suction system@Z EX2 ole AN
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Before Laser Treatment ~ - After Laser Treatme"i:ﬁt i

Before Laser Treatment

PVDF binder PMMA binder:

Before Laser Treatment

Before Laser Treatment After Laser Treatment . »

CMC+SBR AP of . : ¥
O 1112, Crst giol (PVDF PMMA, CMC_SBR SMC)E AIE3t0 0.2 mm SHZ T XE&H
al2|3t Ot0132 SR ME0 oA, CO2 dIOIM EAIE, WEsh HICIHE MHGHH &=

Is8sges 8 £ USS B0F= ZUS (AOIM I 9%, ZALAI

S ZAANCRM, R o
2

2t 10x).

- CO2 dioIMel Hrele M U8 AAl2t 24 @ CO2 oINS HeIH MA HEE, 2lold AR 2t

HOM AAIZ2Z capturest Z&30l& OI0IX (08 1113)0IAE & ¢ FHE22 =oI=Ct CO2
diol M= 10 Ot E8U2e Held MASCZ Hielld S&M As RLEE 435HAI7, HEE2 Hteld
S22 €& 2ol (thermal decomposition) HE 22 HMHGILD, &Fol= HICIH SE2 A AEHUHIA
capillary force2l 222 00|32 A3t S3 X2l trapEH 22 == ESE2 = &
et o2 BHHEIC

Oldst HielHS HMAH XL HdEiRo=z 00|22 S3LX2H0 =4 HIHEE MEEADle 282 1
& 11.139 ot=0l 20l HEXSOIE AIMUHAS 2010l JtsotCh. S0l Atst 2, diold H™el 0l
ESENE= = 88 F 3LH0 0103z X2 G O 23 = AS2 O
=g 2 =, )| ol S0 &4256t= 10s2 &4YE=E HEO
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SURRny

Original K1 particles 3M K1 particles with Removal of Excessive PVDF &
Excessive PVDF binder Minimal Contact by Laser Treatment  _

& 11.14. CO2 dIOIMIF DHCHeH HICIGIZ MJi6tD, = EHES JtsolH ots KelQ HE =

- EX2E dOoIM ZAF AZE - HEEE 20 AQTE A0 ZAF AIZE2, ZAIEE H0IMe o
AZ 8-9% BTN (~4.5W) =0l XHE AMEAl 10X OILHUHE 22 0| 2&UCH. =0 E =2H
SO CHOH Z=ALE 2 Uz dI0IH I, = SHRAHEAYO Y olM I Ast2 0ol 3R
damage 4 IF Z2HEL} (softening E2 melting?l UECZ HE &2 Wyl 24), Est ol N o
SIOF WCHst BL0 =, Hield HMA BN S8 AHSe 28E HFo S0ty S& ot bt
SEGHA 22 T20| ECH MAMY A4S RdiMde D&Y HOME ot HAS MEN M=
3 AS AENOZE MAY A =00

>
o

E clolM W =0t 0 2N clOlK AR AlZHOI 2taH

§ 6 = A o —
22 SO MANZS BAAIID ANME, HOIN LS o2 ABEFoHs A0l RSICH HHEEE
HOIKMO REXA AIZES 1022 JIE6ID, &AM A0IM MY (S0 (2 Zs2 MO
2 IOtGHRICH (18 11.15, PVDF HIQIH & K1 Rte FL);

J8 11.15. PVDF HIRIHE )
OlM o M=ol e LXsE Hat (%

AFESHH T At 00132 SN H30 A= CO2 d
= dioId mMAE HAIGHH, 100%= 25W0l HE).
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=, Layer—by-Layer
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S/

Doctor Blade
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PVDF+K1

Film top ide view
Al (PVDF + K1 Xt

Substrate side view

Film top side view

2 11.16. 0.2mm & SHZ Doctor Blade

Subsfrate side view
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- 20N =IE 0.2mm SFHE 2l Layer X SEES BHEGIM, AZHQ FHE MSE HMEHGH=
W™2Z, O Layer g—é OtCt Doctor Blade2l Gap= 0.2 s

Xl Doctor Blade &2 ZF S EBH=6tH &0 o 78S BH=E6IH, ~1.4mm SHE SHSTHE HEE 2
DOF O 11470 Lreb UACH.

7(@)e M ¢

>

Se SHZE ces MASE0IZOZ &S AN 2H, 7XtHdl g2
Hst contrastdt 201X 2=0l, 0l Layer-by-Layer &80 O =
S I2HES 20 =0, |5t SHO 02 UMK B2F=2 Ht=256t

0 =L
== ZU0ICH

View from film top

= 10um

1_Opm .

View from
substrate interface

J8 11.17. KI S22 X2t PVOF HIQIHE JIBt2Z, Layer-by-Layer &S

28H5tH, ~1.4mm
HXE0Zo2 2&Es ShdIfel HHOIM, ()= =g

— =2

View from
Film top

View from
substrate interface

I8 11.18. 18 9,171 |RAMGHLE, IM30K =SS A2 PVOF HIQICIE JIBtS 2 Xelst 21 Hlw

g 11.17(b)0A, d8E £ 20 TOE M XML, 0t0122 S3YX21e 2AFHF0 SEH2
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ST B Y ¥ 012 S4

or

11.3. HI&E SHETHo 454 &
SHAMM g SHETH A Jl=2, HEY I BEUA JI=2/e 252 U8 O2s 2242 H
AE Y 2AH0 U, AEE )2 HE EHEUE HItEg = U= HE &5 HIt ZUlol 2=
StJIJF E0IXl 20k BT Eot ¢als JHEGHRULH
m Steady SMEE & X ME R =H
- SHEE FH YAo M8 @ HEHsS FOM0 #HAMHO SHME =H HAZ2 I steady HA
transient A2 LA WX =0, FIHEQ Y&t HIEe FFO0| ZR8 transient A0 HIoH, A
oI METIt =& steady HA0 dSEMH, 2HR0AMAE HEE ME 30|28 SHO Hgst & EX
E & H&EGH, S8 3= dolRCt. 18 11.200 MEE steady HA SEEE =F EX
O K%, Og 11.2100 &AM MEE XISl ALXO0l L2t UL
Side insulation (Guard)
Y PELTN
A
H :
___TEC plate

—F

| —— Test sample @) Top water block

| 7 (®) Top TEC 7

B % (5) Top Al Plat %

Heat Flux Sensor— = I i i
Cooling Water (In) 7777 sample A2
Thermistar —— (@) Bottom Al Plate
T~ w4, @BottomTeC P
Thermocouple =] * Thermistor (@@ Bottom water block
I+ Cooling Water (Out) 7777 Thermal insulation materials
— = Al plate
¢ il
8 11.20. €8&E 58 X2 HeE

Bottom surface contact with TEC
with thermistor embedded.

Top surface contact with sample
with thermocouple embedded.

‘ Compression
(@ Top water block
®TopTiC
® Top AlPlate

| @ sample with |

|—surrounding insulation |
(3 Bottom Al Plate

‘ @ Bottom TEC

(@ Bottom water block

Bottom Al Plate Sample with surrounding
insulation

Bottom TEC |

|

Top Al Plate /

¢

Bottom surface contact with sample
with thermocouple embedded.

Top surface contact with TEC with
thermistor embedded.

08 1121, HEE = ZINY MM MF L ST B
- ZFEE =X IS KME IF : MEE YHEE =F IS, Hot side® Cold sided 2¢2tol



TEC (Thermoelectric Cooler/Heater), ZEZ2{ (Model 350, NewportAt) & thermistorE OI&0t0 &
LSIAH 2EE RAGFD (0.01& HLT), 22 Calibration = thermocoupleg 0/& HLUS =& Xt
E =TOIAUCH (36 Gauge Type T, Omega). & 2&H2 FItHol 2& Y B&EHS i, water
circulation JIEt cooling plateE 28 2&H0 FIt2 & XL Hot side ¥ Cold side AHOIOI S2
= Heat flux2l Z2st Z=HS <o Heat flux dIA (gSKIN-XO 677C, GreeTEG AGANE &&dot0 =
HOIRUCEH 2 QAL ZEAl, Madese EMES 240D fdl, AFH0| A= Y HOIZE &
2o, clamping X2 MBHEQl X8 E +3oIALCH E£8t, thermocouple &0 SMES RLGt=E
AE Yot o, SEEH0| 8 R0l ==0 grooveE ItE0H0 thermocouple2 2 &at
RULL SHe=Z9 %‘t’é‘% Z A6 o, AZX S92 HEMZ shieldE &HRUL.

R sensor R comp Rsul‘-
g 11.22. HEE SHEHe SHEL MES e S EME 22

- @8EE &F BE : Hot side 2 Cold sidez= &2 Z20A 1= &2 X012 RAE st AEH
M, thermocoupleZ2RE HLUSIHH SHE 2T XA Heat flux sensor22H =FE U=z
9,220l Lt2t A= Fourier SEE HEU 2HSH SItslg A2 Sof, MEE SEe &
ASSHA SO HEo ESIt 3lZ= Hot It Cold sidell & =& XI&E AOIO XIS, heat flux
sensor, & X (composite layer) & 2elJ|EHel & MESS ZESIL WMetd, SEE 2% X2 heat

flux22E, (Th = Tc) / (@" ) = Rsensor + Reomp + Rsun & total SHES &EN H &, LAE heat
flux sensor® 2 X8 (Rsensor ~2.5 x 10° K m?/W, from catalog)t L2212 ZHE (R =
Lewn/ksuo ~ 1.0 x 107° K m?/W)S HUGHH, ShETHO DHE (Reomp)D AFSGH & 2 QUL atSE ¢
2 E2HES, Reomp = Leomp/Keomp & ZHZ2EH ZZE FH (Leomp)S HEoIH SHETHO AT
(keomp) 2t 2 A0 S0, SXMEAH HOIZO IGHES 1.7 x 107 K m?°W™' (taken from catalog) 0122,
2 QA9 HE ZNHESS HUHEM ST A0 He JE2 F=A 20 RAl Jisotth

- Olgigt ez s K1 €4 & PVDF JIEE ©HEM=

~0.047 W m'K'ez at=0| © 2
FOElse ~0.11 Wm 'K 832 AE0| 90, JI=
c

el = of, Jl= tidl, zladg j|§
~42.7% H2 SHEEE ZAA2I Z2D0ICH (B OI0IX I8t SHEEH A4S O3 Z20A
u)
n Held Hat J|Et ©HE SH 24 A g
- A4 gy HE S4 24 o EXM=A @422 SHe 20 Tet Planck 220 2&ots
ABEZO ZAL (emission)S Gl ECh &2 22X M= HALUUAH LA 0IRHXEZ, M
& Fao 242 Soll, M HEM 22 HIEFACZ SI3E = UL, 018 ©HE 4 =40
228 = ALt 0IE A, FLIRAIS T400 M StofctE ALEotAU (2 2= 1&, HAd
OI0IXI 28 === 60 Hz)
- Jlg B4 %Al 2AR0 M=, MAE 40K GSHSS (KILAH+PVDF 2 iIM30OKE XH+PVDFE, DI

o

& EZTHO 6H%’8PE KIZXH+0IZ Al & iIM3OKE XH+0IIZ Al o Hlw) SAI0 100=2 0101 &&& hot
IT

plateldil SAl0 =2 F, AI2ZtE2 20|12 8Fold Y= S EHN 28 MM HAS capture

.
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K1

PVDF

K1

Epoxy

2 11.23. 2920 AM HE= SETHE 10022 Hot platedll S8l &, AZ2ZHE 2 capturedt Q|

t
& Gakh 0|2 Sall, steady ¥ transientst &2 =5 242 +=SHGIUL.

r

ot0d, steady ¥ transientst JIES4H S S4ol=0 &SoIQCH O 11.2300 SN 28 HAM
AL capture Z20F U2F QULCH.

FIHE2Z, JIEE0l steadyst B0l OIE =0l=s, &=22 2=R0s =5 o422 2= 82 SAl
Of /IXIAIZI = A2 E0 2o E SLet Mo & captureE +=&otAT 18 11.24=, HM
a0A === 2 HEM S2EZ JIE€ & dANEHUAM AZE 2EBSE iz ZAIGHACH

- 422 Steady 2= =42 St HEds A IS HT0A steady &EH0 OIE =, 2E=2E0t
MEE=Z X0IJF 20l=0l, S35l KI &KX + PVDF HICIHE JIBteZ 00|32 S22t 2HSE S
Tt 8420l S2otH 100=2 FXE= hot plate &0A FOHH HESHE 20/0 UCH HE TS
steady® AEOA2 %S5 HE2E= H 1110 2201 D JA2LH, KI+PVOF= 64652 HEH2E
SAES 2 = UALHL WFAIE JIeteZ & JI&EJl=s Jigt HEM 822 80 = UHHl. M= &
2 M= = IM30K+PVDFel ER0l= JI1&EJI= JIg 842 iHl, 2-3& B&Q HE2E 242 HE
S8 JHEEIE gt #oldl, Ole 0ol 328X AJIF H1 5ol 8SFHIt FHA 0032
S3YN M S0 ) 2 ReZ HHEIC TetAd, HENOF 80, HESH0l S8
= (=S

80

80 1
7~ g o X
0 70 = G 0By —s—K1+PVDF 2 \
g §os Fd 4 —5—IM 30k+PVDF g oapRl —— K1+PVDF
= g 2 %% ——K1+EPONBG62 o A —&— iM30k+ PVDF
g 5 o BOREL N —=—iM30k+EPONBE2 3 py —o— K1+EPONBG2
E ~ 08 5 d \‘ ~ O % —=— iM30k+EPONEB2
g = 3 Teoprly 313
g 2 —e— K1+PVDF 2 1 NN &
; -_—f(i.APV[}F ® 04 == iM30k+PVDF g’ =
S a0 —=—-iM30k+PVOF g —— K1+EPONBS2 3 g
+—KIHERONSSZ s iM30k+EPON862
5 ——iM30k+EPONB62 i L =z
20 - - - 4] - 0
0 5 10 15 20 0 5 10 15 20 [ 4 6 8 10
Time (min) Time (min) Time (min)

8 11.24 Hejd SA0A (O3 11.23) ==& 2 HEM S3E, J12 & HARFUAM AIHE
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3l

IM30K+EPONS862
80.4
1.28
3.1

1.32
2:59

KI1+EPON862
79.2

iM30K+PVDF
7.9
0.7
1.57

0.375
0.85

KI1+PVDF
64.6

Composites
Steady Temperature (°C)
Heating time constant (min)
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i

steady

st

2 FS
1e438t0, Fourier HE0M & ESIHs
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Front
illumination

O 11.26. Z&&01Z AAIZE 25 S#20AM tensile HHIAE AY (HUA JIHZE It 22H)

M
kU
om

=

OIE #loll, Doctor Blade A= AIE ZHAFHE TXEst KIZXH+PVOF Z2l1) iM30K+PVD
[ZHOlA MHe =, ZdSS01B OlchAM tensile testE€ +=HE2EM SSME dEUHA =
o

= S A
=2 g
dle HE dXE =HZ ARULCEH 01 ol MME2Z 74
(@]

- KI X + PVDF HIQIG DJIBF ShETHO DJIHIZE © & 11.27(a)2 AlAIZE ZS+&01F 0101 X ol A
B0, HEE MZEO tensiletdS XNEoI ME It fracture®l Il Al&EotsE HAHNA XSS 5IA2
He, ZAEES ot JE HielHe= Jei 2012 =4 2 s 0I=00F fracture 01 &0 &
Ct. Ol ZIAESEGINAME BIRIGHS 00132 S3 X2 0| ool 22 XM 28 =

k, N A :

<

@) T )

8 11.27. KIZ A2t PVDF HIRIHE JIgtez SETHS JIHA 25 EIt 21

0&
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(b)

T

8 11.28. iIM30K & Atet PVDF BIQIGHE JIgtex SHEMe JIAR 25 B 2

r

8 10 0I=F, SEMOI 28t &AM =40 2stH (28 11.27(b)), O HFOMAM T2 KIYXEO0I
fracture Tl= JI200IAH S binderdt HEILD JA/US=S FIIELZ & = UL 2= PVDF dtelH XAl
of 2% ¥ XAHEFE St U= 0022 SIS LR} HtelEHz2el &0 K1 24 KA 2dEE
Ztold JUClsE HS &Yool WEe=2, 0I0lA2 3L A2 el 2tel #=0| &3 2ettesE JIE
Of ShETH OiHl (O™ 11.19 EXZ)aEst JIHAE AEE JIUEg = JAs 2HIF SO E£8, HE & =
H platform0l HEAIHE |FAHY AN HAZ2 S01HA JIHE AEE XN = Us I

- iIM30K Xt + PVOF BtoIH D18t SEMe JIAHZSE @ 18 11.2801 TOF Z 0t Lt A= oiet &2
Ol, IM30OK X} J|Bte2 HMZEs Iz D202 245 00122 2 X2 diolE2tel 2=t
2010 =ICH ChEF, IM30K 2Xt= AACl JIHE 2&IF O A, fracture BHE UM X E&0] =L

11.4. dIOIN =Xcl & =2 Layer &H ZF0 28t &EH S ds &4

&2 Layer & 238 & E

- &9 Layer &M =& St A9 ER4 2 BOA 0.2mm2 =P Layer SN2 2ES Sol, &
UdN ECHAN R4 S M ZUE ZYs HF JACH DL, ASHQl SHET HEAl MaSE =
HUA, dXHC= 2 Layer FHL S0 SUE H MNLUSHH HSE Z20 ULt E£&H doIM =
el HEAL diolMe &40 E2 d0IM It 20/t HA20t0, Hest =2 Layer SHO 28t
ANHIst AR 2R

- &2 Layer & ME2 JIAHA & : 108 11.2901 Bending HAE Z It L2t J}UXO0l, MEE
o2 Layer SHE &2 MES 248 RHMES BU2H, bending HAE OIF0E Ot0122 53¢
Xtol T&0] =X LACH (O™ 11.29 LEZE9| SEM 0I0IX &X). 0l= 299 23 X &2
flexibledt X2 S SSAIl= EZ0 WS =elg =HOIC

- 0.5mm ©% Layer SUZ Layer-by-Layer &S =&s Zu : & 11.3001 28 KILX +
PVDF HioIH E&22 JIvtez 0.2mm Oidl Cia SIt8t 0.5mme &2 Layer SHS &X BEE 5
3 Pt=ot HMZAESH 2.5mm SHE SHEMe EH= £ = UL 0.2mm &2 Layer S 2l &
CHul, DtOIAZE fiber 2 &DJF Cra Z2E0| SILEH 00122 SN 28 2AHA Mo Ze ¥ SHY
g0l ZYE L& HnAE 5 A2 EHHO| O Steady A2 EFE GEET= 0.041
WmK'2 SESAH0| CtAa JHH0l SR=l, 0l S28 o2 Layer SHE AIEE22M 2t &9
LayerlthOlA =& E& A0l & Layerl 2tHOl SO E AWM SS8H2Z 0IR0HA 202 BHE
ol ECt.
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0.2mm single layer coated PVDF+K1 sample

0.5mm single layer coated PVDF+K1 sample

iE'I

a2 11.29. &9 Layerol SMH 0.2mm & 0.5
(K1+PVDF 2|&}). T 2 SH HE2 Bendlng EIIAEaP = N

Thermal conductivity:
0.041 W/(m-K)

Substrate side I

i

8 11.30. &2 Layer? SHE 0.56mmz A& SH T MESH 2.56mm SHE SHEIHS
(

HAE01E & 24 20 (KI+PVDF J18)

= L

- lLayer—-by—Layer 282
Layer SH D18 : & X
3-point bending & &=

2 M&EE =EMel 3 point bending ¥ 2= 2% HAE (0.5 mm &<
AEE HIUZ 2 E2 XAl 2FHE JIHE 2 4 5 olUZ,
HAES MYGHIACH (O 11.312 HAE &Hl & fracture AIDEXI 3 point
8 11.3200 fracturetll =& WKl =& & Stress-Strain A
WA =5t pending 2= E JHAIG, & 11.330 fracturedll &

2 40 MPalil Eﬁo}_ compresswe

HE & A Ol
—= =2 T M-
g MK =dst &

modulusZ HluWH

o

T [e=) o
buckling E2 00|22 &2 X9 It densification @H&Z H =2 oS0 M ACI= fracture Ll’
Aol 2Z). Hlnz TAIE 0N SXHelE MEQ Zits UsS ZEM &HseHT
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a2 11.31. Layer-by-Layer 2822 M&EE SHEIM2 3 point bending HAE &X L mI&ENAE

Three-point bending

1.2
1
0.8
)
[=%
=
= 0.6
5
@
0.4
E=36.9MPa
0.2
_ Composite without laser treatment
[ Composite with laser treatment
0
0 0.01 0.02 0.03 0.04 0.05 0.06

Strain (mm/mm)
8 11.32. & 11.312 3 point bending HIAE HE WM =& E stress—strain HE
Flatwise Compression

1.6
Densification

1.4
1.2
= 1 Buckling
(=%
=
w08 ]
% Bending
= 06
)
0.4
02 Composite without laser treatment

Composite with laser treatment

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Strain (mm/mm)

1% 11.33. Layer-by-Layer 282z HM&EE SHEIo &4 2 5 21

- CO2 dOIM =X™elAl &2 Layer EMHe &3 : 010|132 =2 X2 EEE X240 s
Doctor Blade &2 HOictHEH2t= EEZ, HIOIM XAl dlOIH2 S+201 € dOIMe JIE20] =
HAUM S Layer SH &8 WE0 €2 QFEC 18 11.34= S92 Layer SHE 22 0.25,

]

2!
0.5, 1, 1.5mm =222 X5 =, dOIN IMAE 5 L ItE 2= Mokl fe JlE 4823

[y
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£ BE0EL. =22 H2 FAE dioIM o9 & dlold A RAMME &2 Layer UL SO0
Met, 2ol ZA2l ot 22430 Sotette 822, 0l 1.5 mm SFHe =@ Layer &, &ll0IX It
EZ0l FEXHCE +EHE = UAS ItsdS AISCH OHLE, 1 mm Ol&2l SH HSAIM =& D
MOl crackE 2etotd, dXE2=Z 0.5 mme &2l Layer SHE JIE=22 dIOIM EFXel suto 2tst
Asg XEsI|2 ofUCH

1-3.5Wat 8%
2-35WTat8%
3-3Wat 8%
4-3WTat 8%
5-2.5Wat 8%
6-2.5WTat 8%
7-2Wat 8%
8-2WTat8%
9-1.5W at 8%
10- 1.5WT at 8%

0.25mm single layer coated 0.5mm single layer coated

- 3.5W at 8%
-3.5WTat8%
-5Wat10% |
-3Wat 8%
-3WTat8%
- 2.5W at 8%

- W at 8%
- 4W at 8%

{ \ 1-3.5Wat 8% 1-3.5Wat 8%
\ 2-35WTat8% 2-35WTat 8%
: | 3-3Wat8% 3-5Wat 10%
4-3WTat 8% 4-3WTat8%
5-2.5Wat 8% 5-2Wat 8%
6-2.5WTat 8% 6-1,5W at 8%
- 7-2WTat8% 7-1.5WTat 8%
B-2Wat 8% 8- 1Wat 8%

- . L 9-15WTat8% 9-1WT at 8%
s - / (8) )
Lo 8 W& | 10-1.5Wat 8%
This Is sample fooks gray for Au sputter coating as
purpose of SEM. But initially it's same color as others.

1mm single layer coated 1.5mm single layer coated
O 11.34. &2 Layer SHOl 2 d0IM &4 < J1€ HE9o He AF (Bmm &Z2 20IHM
2SS S26H 3 mm/sSZE raster—scan & 21, O 2tQI0CH 1mme @Z Al 204 =AH, K1 XAt
PVDF J|Et MZE)

Binder further
removed at 2.5W.

Z8 (O 11.342 X220 &4S: HeIH MM & 22 Hielel ol 2 HF0| 2=E)
I8 11.3500, HE A0 2&ot=, ©9 Layer SHE 0.5mm= £&8 ZH0UA clOIX D0 OE
Ol =Xel B0l LIEtLE JACH (O” 11.309 =
H BE0| etaEM, == & otAXIeH, Sol L2 HielHMAE dIoIN Z2 DHE0l 2HEEU
Mol s&&2 X0IE 018, d8AH2Z SI4N 422 SLAT2=Z

] =

W, 2 HZE2o Hteldofl =t XA (foaming)0l ZEE B2, & SH0Hl J10dst
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= Layer—-by-Layer S& 1t cllOIN =Xcl &2 20 28 488 HEN 85 &4

- Layer-by-Layer =& = : coz2 dl
Ol EXcl 82 i

27 |gyer after laser scanning

3" layer after laser scanning 4" layer

8 11.36. Layer-by-Layer & % dI0IH =X 382 Z2& W&

- el doIM A0 M2 ¢Z A5 saT #5

AW HI0IM I 2 2mm/s HIOIH AM X 1.37 20 &=X) : GAZZI HOoIM EH2

0l&2l 0.041 Wm™'K™" THHI 0.034 Wm 'K'2 ZZ0 ctDMsol sa A&=2 &0I6120H 1WS #l0
j [e]

A MRE @EMe JlE ga42 3 BAIIIX ZA2U, o 22 IS

=) = MAHGH YD, &2
OIHE UL Xt SEZ 22 AAHE HEe S= HHES S0 S5, 48 010132 A0IX2| &
2 HIRIHOE 22 Uko J|20l E4E0| 200, 0l 28 22 sAHo HAex =g YFHO
2 4=, YOI ZTY BVO2 40l TN, ©E S4 SAN FIHEQ IHE & A2 BE0| =
Ch. 20l ZUBES HIRE Y2 A0IN It® (1W)=2 AUECZ Q4 Al2t 2mm/sQ AHEoZ
L2l AW £5) YOIM RALZE Sdl tHEOR2 0|RUE A2 WSSt
. 1.5W 201K I & 2mm/s BI0IM A X2 (08 11.38 21 &X) 1 ST HOIK =Xl
0l&2l 0.041 Wm 'K™" OhHI 0.033 Wm 'K™'& 2ABIQACH 1W Itel =24 CHHl, 1.5W I E& &l
ST A0 2 &2 0IXKE LASLL O LS 229 HIIGQ ML &M, &F HielteE 2
g & 2108 00132 22 UL &R0 ez AX2ie oAdsts Zss B0, S9sES 2 J|IHHN
2 BAN JI0E Hoz BEEt, YoM ZYUOo BX L AL RAEO| =t

C2W Aol I € 2mm/s HIOIAM A XA

2 METZOF HoIM &2
012l 0.041 Wm 'K™" TiHl 0.0325 Wm 'K'2 245

(o]

=

32 {8t clamping 1t
|.

3
= ME0 crackOl ZMSIRUCH HieIHS MRS HE 24570, H0IM 22 BEE L2 2F0
SIACH e, €% 010132 S38 I =52 = HE0| &I Aol 22422, 8¥F7SH FHC
Z QloH, Il MS0 40l Jte ZHLE EHEELC
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SEM
substrate
side view

J8 11.37. 1W dioIA I

Top SEM

Bottom ¥
SEM

J8 11.38. 1.5W dIOIM Ik

ol

=

Cross-sectional SEM

Thermal conductivity:
0.03402W/(m-K)

Thermal conductivity:
0.0331W/(m-K)

2mm/s dIOIMd A28 X401 28 d0IMd =Xl &
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Cross
section
view

Thermal conductivity:
0.0325W/(m-K)

- erl ouity:‘
0.0307 W/(m-K)

8 11.40. 3W dI0IAM I

+

2l & 3mm/s a0l A Z2H0 2E 2oIM FXel S&

3W 01K I ¥ 3mm/s BOIK AWM XA (I 11.40 2t &
25t AT2, HOIH AH 52 3 mm/sS SIHANZLO2M BZ &
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- 8 11.440lA =20l= Hi2t 201, fumed silica LI XE EHIIAl 82 2238t
SSUA2H FAHN HES < = =

fumed silica 2 At ZLotH 2EEIL, ZHEHO SEESE
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2 11.44. Fumed silica g & o MIZst, 0tol=2

H

SEM (Scarming Electron Microscope) of K-200 TEM (Transmission Electron Microscope) of K=200
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CMC+K1

v 0

Thermal conductivity: 0.0332W/(m-K)

18 11.40. CMC € CMC+SBR BI2IH & K1 ZXF Jlgte=z M&=E HEMe S4

- 0olIZ2=2-ute 3842 2HEge 28 0 08 11,432 Sofl JI=2&clE &g vt 20/, CMC
E2 CMC+SBR HtelHol =H70A gde &3 U NUE S0t K1 0022 S35 A2A2 F
HEegS FLoAOH O8 11.4701 CMC HIeIHE JIBt e 2 Dol32-Ur S22 A2 882 E4&
Z I Lret ACH

Nano-SiO2 spheres

HIgRPTo

- Ololaz-Ur S22t 2 HSEA SSEHs Ot 0 08 11.4801 CMC ¥ CMC+SBR HtelH ol
=3 LS XHHSNS; Hollow Silica NanoSphere)E E&6t0! K1 00122 =3 XA2A2 2HIZEO0I
S2EE I SH0I Ut UL F 22 2F 53 LYt 2SO I8 Sii ¢Eds
0l SFAEIQUCH FEEZZIF CMCS 22 0.033201A 0.0295 Wm™'K'2, CMC+SBRS Z<2 0.03250i
M 0.0313 Wm'K'eg 24, CMC HIoIHE JIgtez UL 2N AXgsst ogis,
CMC+SBR I8t Utk S22 X xEE e < U], JIAHHSZ «4et AE¢ES BJALH CMC+SBR HtQ!
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O Jlg &2t Ut S3X FIAl HE8s e &I diEez Y2 22, SBR Iz
OH0I02 S32A2H0l Eda &2 A2 FHOt &0k, JAZ Wil = L S38M2 d2:E
SE0ol gdotkl 2ot el ez et

Thermal conductivity: 0.0295W/(m-K) ‘
——
HSNS solution concentration: 0.07g/10mL

8 11.48. CMC ¥ CMC+SBR Bt2IH 0 &fd el

- U SSgXe &8l SIAl HEds 8ot

=T E 5 04 SItAIA

Thermal conductivity: 0.0287 W/(m-K) Thermal conductivity: 0.0296 W/(m-K)
HSNS solution concentration: 0.45g/10mL HSNS solution concentration: 0.45g/10mL

J8 11.49. CMC ¥ CMC+SBR HieIH 0l E&& Lt =3 A (HSNS)E &EItatod Ki 0tol=2 2
S3YL2A A HSE0 FEE HEW SH

CMC & CMC+SBR HIIH0I &3 UH-SXNE &

SZETe S401 I8 11.4901 U2k ULH L S

o AL 0.0287 Wm 'K'Z, CMC+SBR2 Z<2 0.0296 Wm 'K 'e2 2AsI% CresEAN 2
HUZ =CHA O S28 282 MES Ao, CHYs HioH L ULS2el sE2 J|eoz 5
M3t =0 QUCH
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ST, Doctor Blade HAICZ HM&EC= SHETH ME, &2 Ofcioll EH=E electro—spining & Ul A,
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Laser
selective solvent
evaporation

Binder + Solvent Binder with Nanofoams
(minimally contacting droplet) (filled with nano-voids)

Laser foaming process

18 11.50. Doctor Blade &4 =X = CO2 dIOIM =Xl SEAl Jissgt dlold 2= &l

Ju
|0

- Lt 20X OHOH ellOold Y M2k (MEE) © FIHAEQ gold 29 Moz, Lt X (5301 Ot
o Z2HUX 2AF)E dIHo D2 &&oll, HOoIM ZAA 25 UL XA plasmonic
resonance S M2 diOIM HUXIE 85Xz S22 M, =H2 HI2IHW voidE E4&dt= HEOI
Ct. =2 plasmonic resonancelil |2l JHAEH - Z2HAM WES EA IOIME ALSoHOF 8Lt
(08 1151 22l HET &HZX). A2l AEN HES2 <o, Au U= XE PMMAGI =& &435HN
Au/PMMAS] S8tiE EEo ME2 &Hl S0l Q20 (Gold () chloride hydrate HAuCI4xH20,

111

Laser (pulsed)

-0~

Binder containing  Selective heating  Formation of Nanovoids

>

napopartis:les of nanoparticles (local & rapid phase
(within micro (plasmonic change of binder
fiber/particles) resonace) materials)

8 1151, Lt XS HoHZE & dIod 22 R

by
O UV HIOeHA &4 X2, 02 11.5200A & &t =0l stdAE 2 2= QACH, O 015 MOt
O Cu E9 ULUKE SAISH gtalo2 S4B L SRIFHOZ 2AAHA, S8 Jis42 =2 HEol
==

ol
AL SHAUMANE E2E S 08l 0l= S5i2 WE0 2201 TI0 UCH
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- Automatic slurry feeder

- Rapid Drying/Curing
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