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< SUMMARY >

Research purpose
Development of non—contact paintable stress sensor for concrete structure
non—contact concrete stress

Contents
Development of paintable stress sensors for

Purpose & .
sensing

Contents L . , .
e |nvestigation of piezospectroscopic effect of paintable stress sensors by

compression (or tension) test
Investigation of stress transfer mechanism between paintable stress sensor

and parent material
Paintable material for non—contact concrete stress sensing

Piezospectroscopic coefficient of paintable stress sensor
Stress transfer relation between paintable stress sensing

layer and parent

Results .
material

e Intellectual property (IP) on world—first, core technology
Expected e Preoccupying global construction market
Contribution | * Expand new research areas on material and equipment

e Securing public safety

Paintable . Piezo- . Non-contact
Keywords Stress Sensing Concrete Paint .
Sensor spectroscopy Sensing
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g ALg T ole} e AT uEe % iﬁﬂéad(o}ﬂ] g3 gnt 29 EY S BF 2t
gom &P ~HAEZY FL 14402 cm b 9 14432 cm ! oA HEFS zrevh o i3 34k
w3k ojv] HIFHA(K.G. Dassios and C. Galiotis, “Fluorescence studies of polycrystalline

Al,O3 composite consitituents: piezo—spectroscopic calibration and application”, Applied Physics,
2004)%. ofe]l 1 ¢HSH AejolA Rl line, R2 lineo] olEstE 21& Rtk F, AbstdFn|
%7\_7}} % %x] olb N—ﬂ]vq 6‘3.\4- /\JﬂEEJJ J}zoi o]

A $H0% olBAE SHE 2ou, 1 oEHe At 59

ol 9549
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M
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14350 1a4a0 14450 16500
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o 7 = X o] AlsleotEn]lE Ay A~FAEH
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1oy
) TPreeas00,,
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@ A3t (FeyOs, Iron(IIl) oxide, Hematite)

A

I~

o} A

)
Z o

A 1 R Ahskdoln], AA71
2 AR e Fofell A AREETH o9t 2
cm’’, 290 em', 408 cm ' oA T2 HEFE
Shim and T. Duffy, “Raman spectroscopy

2001)". o}

“
o

age Aske dESHA neb 2z e West ol

543 e b, g 54 % ad/3e4 oA
A e e 29Ede 7w, 224 em, 243
et o R AR e oln AEHAHS. H

of Fe203 to 62 GPa’, American Mineralogist,
A& Bl =, A

1

ot
o

2f Foe
Aedo]l 4ELRe We A9, 1 W AFEAS $HS WA Fb gH 2w A
$Z2ow ojgatn, A7te] WEE Az Seo] gatd 7y tE upEs 2
| i | i 1 i I 1
1
.| .‘I. DA
| Ve o A 2 521 GPa f\.—*i‘_
L [ -
= .'
2 f DA 3
Pl
© ' . 39.8 GPa "‘”‘.ﬂ“&
= WAV J " WA
g it " W W Sapaat” \‘w«wwr\‘w
b |
2 | |
7] I [
C
o |
£ [ V| | {4 179GPa
o T W“wf"w' pr e — W"‘w
5"1 b4 g ELO)
S| |\¥ = \
w II “I‘ Ambient Prassure
DLV L
— e e
200 400 600 800 1500 1700
Raman Shift (cm")
<SEHAH (0 GPa—62 GPa)oll A1 4tikstd efgh ~3dEd>
400 900 T T T T 1
i I @ This work, compress.
O This work, decompress.
0 Massey et al. (1990a)
r —— Polynomial fit
- 800
350
IE IE
N2 L 700
o B o
wn 300 7
5 | :
600
= £
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o i _ o
250 o9
3 500
200 T 400 —
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<S4 H(0 GPa-62 GPa)olA 2] Fe203 T8 hnt wh=9o] w4 o] 5>
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@ o] A8kt A (Si0,, Silicon dioxide, Silica)

oAttt A AEvtgtnx: LdHE 4 AEER WEA Add AA 2 AG FAE A%
of A} JANA LA EFN ALEEHFoH, FE, 55 FE, LAYUE T I = AFSH
2~HAEHS 7FAH, 464 cm ! FRHAA Fo HEZIHS et

anvil cell for Raman spectroscopic studies of geologic fluids at high pressures and

temperatures”, Presentation Material)”. o}#] 182 $#o] uwtgt ztzbe] gyl MErt o] 5dl=

wolm, o] 2bslF At AHSUS WS A9, 1 Byt AAMEYS $US WA G g
b2 = [e]

= y = =
5 o o e) 2=
gk ~HER O 507 o5 & & U

_I

2 ]
: :
% Coesite
Oes! Al
£ [ i
: E
@ Quartz 2
Moganite s,g B
Raman Shift (cm™)

8 10
Raman spectra of u-quartz .
AV,
-] P
i ~@om 'GPa’

v P ~20cm 'GPa'

AVa0s ﬁaghu

E
247
Freguency Shift (")

ﬁ‘l'nﬁﬂli'e-’-ﬁ-un..lli--.

mtiﬂ’m
1
ot
;p

= = = Reas tiorn |

oo (bmm ot 8l [19432)

18 8/ JL

Ay 8 ,“l. a o--- 0 amd Wamagh
0 e . L. B
100 200 300 400 ' 500 600 . "Toa 1
wavenumber (cm’') Pressure (GPa)
Vaoe: <2.5 GPa at RT, but high resolution Schmidt and
Ziemann (2000)

Vaeq: 10 ~600 °C, to ~3 GPa (10 GPa at RT)

<SHAH A A a-quartz o]tsr 4] FQ vk =] T4 o] F>
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@ »F3t=E (CryOs, Chromium oxide, Chromia)

Aetage BepHoR sy, AHLTUFES fAS NG, WY L einge] 35
@ B4l glol, MYS TP YT AIoIA AL olsh e ARARE P A=Y

< 7HAH, 550 em ! oA Fo HE@E AW, o kg W =9 oln] HFEHATKS.-H

Shim, “Raman spectroscopy and x-ray diffraction of phase transitions in Cr203 to 61 GPa”,
Physical Review; 2004)7. o}#] 1@ &3l wpe} Z7be] ghnt W=7} ol 53l A& Holw, 4t
B8Ol YEEHE Ve AT, 3 e 2ASYS S WA B g e 2amye

(d) 46.7 GPa

=
[ =
-
£
£
& (€) 23.0 GPa
=
§
E
(b) 13 6 GPa
__JL,,_/\_‘_._._ e e ——
A, 2]
" (a) 0.1 GPa
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i
L] T s L] L]
200 400 600 800
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e
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$ el
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E (4) 4 B 0O Mougin
- (1] 10 20 0 40 S0 50 1] 10 20 0 40 50 &0
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<2 4E(01 GPa-605 GPa)l Ao 28128 Fa ehyl WEe] wg o) 5>
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® WA (Graphene)

A st oz uEdAoln -3 By AAS ztau glo] H 7 wE Edoln
L8yl FEFEHE ol¢ e aygAe gut A~#HEHS sxm, 1350 ecm (D band),
1,580 em (G band), 2,700 cm (2D band) FHoA F& HEFHS zte=tvh 1 gEY FAg w3k

[

17 AZ=%At(John E. Proctor et al,
Physical Review, 2009 7, T. M. G. Mohiuddin et al,

“High-pressure Raman spectroscopy of graphene”,

“Uniaxial strain in graphene by Raman

spectroscopy: G peak splitting, Griineisen parameters,parand sample orientation”, Physical
. 8 = = =
Review; 2009 ¥). o}e] 295 45/A488 stollA zhzhe] gl W=7} o)Fsts AL Ho
5 = O o o ° = o o o
o OgdHe] gE5SEHS BE AF, I g AFEHLS $HS wx] e Ao vt AFEd
o = 5 o = 210 3 S) o=
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® ©o]At3tElElE (Ti0O,, Titanium dioxide)

TiOy= vk FARJE] Zojde AR, ebvt 3ol wgebA whgeictar A 9lom, 143
242, 441, 609 cm ' SolA HES HItH(Meiling Hong et al., “Structural Phase Transition
and Metallization of Nanocrystalline Rutile Investigated by High-Pressure Raman Spectroscopy
and Electrical Conductivity”, Minerals, 2019”). €3], 441, 609 cm ‘o] #|ZstE= HAEHSo] o=
stsstol Al A WIS FeR o) 5)& ofel 1¥E Fatel FAF 4 gtk thuh 441em 9]
8% 123 GPa o|5-° 2709 W=z FeH = S 30T 5 oy, dutdor FAgE 7}
1A= SHET vl 52 Folme & dAFodAs ndaA] Fes do

ol

850 z
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Spectral range

150-3400 cm™'

Spectral resolution

~3.5cm™ @ 614 nm

Detector type

CCD array

Pixel number

2048 detector elements

Integration time

100ms ~ 30 mins

gy 23871

Spectral range

600-800 nm (12,500-16,667 cm™')

Spectral resolution

0.4 nm

Detector type

CCD Array

Pixel number

2048 detector elements

Integration time

5 ~ 65,535 ms

2l o| %

Laser wavelength

532 nm

Max. output power

>40mW at laser port (50mW max)

s AREA, ot 1Y (b)ellA FAFoll 2371, =0l oA Es
ol AAlHo] = & Eewters A¥s Y ¢ glon, ZrH e} AdsM Apgalokgt
d

- ®347]+ slit, collimating mirror,

iffraction grating, focusing mirror, CCD detector = 4 %@

(a) 2t2t 2&7| & 2lolN LAY 25

3 HE>

<ghek 23371 R oolA LA
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Measurement Spot Mirror

Long-Pass Filtar

Lens
J Collection
- Fiber

b L
| U -

Excitation
Fibar

% Lens

Bandpass Filter
Dichraic Filtar

<EZEH T PAE
@ ®e]A H<tHH
- AHEFQ 532nme] ol A RFH w& Eoshr] 98k Au =4, 180-532nm T I i Al
g g

=

; Y% e L =
(a) sllold Hotd 3 7HolA (b) &lold St7ts Fubg ™ (180-532nm)

(a) 2= 70 (b) =2=7) A= 2a
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IR ES] Y B 29 52am(EA) hgve] w0l qE g ahw By 9 39
23 ALGoT S AAAY AN 3%, B AR He] ded 20=99
7 ]

intensity7} =t FHES 2 dA|RE $-87F debe AlE o9 wiEA s B 59 intensity
ZAS] 9}‘4. olelgh o]fF =, 33t Ao+ 78nm ITF ] oA E
ATFANAE, 22d % AFE APt B A 785nm(H M) 3

2 = &&3t4

l]oi(SpectroMapper) U e ]E1 BA o xg g
Asto] A&t

N
i
e,
e m
4%

== 785nm Laser
== Reflected signal
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<k 2371 2 oeolA EE AR WE>

2izt 2&7|
Spectral range 65-2800 cm™
Spectral resolution ~3.5 cm™ @ 912 nm
Detector type CCD array
Pixel number 2048 detector elements
Integration time 100ms ~ 30 mins

2l o] &

Laser wavelength 785 nm
Max. output power 455mW at excitation port (340mW max at probe)

)
jus

s AREA, okl Y ()l #AFoll 371, +-=ol weolA EE
ol A E 5. ¥ Eevoers S 73D ¢ glon, Zrrel AddsM ALEsfokdt
d

- ¥37] & slit, collimating mirror, diffraction grating, focusing mirror, CCD detector = 7% %

(a) 2tet 2&7] & 2olXN M =2

VAN
k)
2
Hr
o
N
NE
=
o
2
e,
Y
oft
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Gl
V
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9et dEjs} el AzE A E

£

@ #lolA Xk
- A]—Q-ZO] 785nm2| o] ARHE =& HEstr] 93 AH|EA, 785-830nm Faka el A&
r/}zs}

—
)

(a) oIy Hetd 2 o]~ (b) 20X S27ks 3% 42 (785-830nm)
<#lo] A HetH>
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2.224. A=/ 2039

(o,

gub/gg £47], dolA REE, 229 B 2HoXE AXAE 4] thE27] wFe A8 F
ZYFol EAEA Ferh wEpA, B AFeMs A 7hA Az"E FRH R AFE] 98t
SpectroMapper v2.1 @& Al T2 ;S =x17 o7 sfukste] A3l

LabVIEWE 7|dte 2 sty &g Z2a3le 237 35 FE, #o)A F+& J}E, HE F5F
HJERZ FiEEh

[K

O dold TE HE
- g 50 mWe| deolA 98 F 119A=Z =24 75
- Standalone®. 2 A-&7}%

' e anieny Direction ]
]
) |

lm:ﬂﬁ*ixm Tmow

P SpectroMapper v.1.1 developed by Namgyu Kim Sejong Uriv. R — pol L,

X ’ s NI A [ J

| O] Oe Jivge SOX CCode SOX | Tt SO € Code SOX { Oata Scan Successed Oicee woraows | [ Mot maice successes

<SpectroMapper v.2.1 (2}9t/&33 &%

)
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Background elimination, 3) Curve

Piezo—spectroscopic (PS) coefficient
g&do=2 A3yl 913k, CPUYE A7 sE ol &

=
=
[e]

=

7Rk = 7l

2y Alge g ot AP E2RYH FHH
HshE Felstr] AsiAE, 1
fitting with Voigt profile(s),
calculation ¢ ¥}o] & Q3
gk o]y

Stress Platter
. ttar ame point]

& Wrltten by Namgyu Kim, July 4th 2910

.

% Note,

% This matlab coge reads a Telder wnicn consists of several subfolders.
% Mere, the subfolders should hove only spectrum files ltest filel,

clear allj

close all;

cle )
“ Input (Adjustable)
Xlow = 14348;

Wigh = 14508;
width = 58; % nn
depth = 581 % on

Load pineldun
WA Rosd @ Tolder including sever u spectra
Folderame = uigetdir('Muy "1
“ Automatically Wead
% whare, Xacharacter
® Wence, it the folder hax coly @ single undarber in it, the folder can e
Foldertiane_ = dir(Folderbanel;
s =1
for i=lisize(folderMane_,1]
if ~strempiFolderNane_{i}.name, . "] ﬂ
~stremplFolderiome_|1). ﬂm J B5. .
~stremplFolderiane_{1).nane, IJS Store I .
Folderdame_{i}.lsdir == 1

i_indexil,s) = 4;
DirNamnis, 1} = FolderNane_[1).nane;

odr_ = regexpiFolderNane_(il.name,’ ‘)i % oroer
Aaxisll, -J = strinon(FolderNane_ ru name(pdr_+1rend) )
Fen e
end
end

% Road all files
for i=lisireli_index,2)

11 = 4 _index(i};

Subfalder = fullfile(Folderiane,
SubFalder_ = dir{SubFolder);

ns =1

for j=l:sizelSubFelder_, 1]

Foldertane_(L1).nane) |

it -struptsubFolur 11} mame, . "] u
~stremplSubFolder_ l]! uu J B
~strenp{SubFolder_{]).name, n-. stare') G,

~gtrcmpiSubFolder_[§) .nmtl RS |

& File name check (Mewly sdded)
SPN = SubtFolder_|]).nane(Itend-41;
SPSPN = regexpiSFN, ' ", "split'};
Filelnfo_(§,1] = SPSPN(3);
FileInfo_(],2]1 = SPSFN{4};

% Splited subfolder {ilsname

[ iFw)
der, SubFolder_{]}.name}]

% Individunl fLL
IFN = fullfileds:

St

H oo g/ sd ~dE
) ASCII code reader, 2)
4) spectral averaging, 5)
2 ATA e B2 oy
Mg zEas& MATLAB

<MATLAB7] %+

7000 |

6000
3 5000
8

4000
E 3000

2000 |

1000 |

Zhul/3 g vlolE A

*+ Original datn

Fitted tata
Voigt profie 1

—— Voigh profia 2

intensity (a.u.)
=3
o o

1.438 1.44 1444 1.446 1

1.442
Absolute wavelength (cm™)

Renidual plot

1.44 1.442 1.444 1.446 1

Absolute wavalength (cm’ ‘]

o] &3} curve fitting>

1.436 1.438

<Voigt profile=
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lm
™

L=,

ofef 1¥lE & AFolAM AREE A4, 4 HJE 2 4 ]% Zrol| ALE-E = AT
£ HAY dtHow FAE AMRE = 47FA 9] FA A PA)7F AR E AL, Aol A
5= FAUJEMPHE 15 Adgs o] vl E3h ]ﬂ ] L, HFA B I”EAR 2ole
CotoronicsAt2] Ceramic adhesive(P6)2} ZYP coatingsAhe] 23 o] EF) 9 Aerosol alumina(P7)
T FrtHoe g Aerol &8 A4 sEHol HEHJUL 7A, P6 P $8 Al 22

2]
Alumina(AtstdFrjg)E L&l Ao <48 A A

<AE AEWE 9 54>

NS b=y H42/52 ZHEH AN=4
P1 -2 AUE oIaguEdY =84 RUESX B2t ANBE £
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1200 1400 1600 1800 2000 2200 2400 2600
Raman shift (cm™')

<Graphite Raman spectrum>
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O Quartz substrate

SiOpE # 483 Quartz= AR A EHE2MN, gk 2 EY 460cm oA ELS HFES HAY
3 dEA Zdoltl, B dARoME &9 22S Tulsled, Portable spectrometerE ©] &3}
Quartz substate(e}#d] 2%, 30x30mm, 500umF7)e] 3t EFHEE =4 AdS 3.
T AT o 1Y (@ h)AHF 460cm !t o] AR HFghe]l Bl HAWH HESAe AT ¢ U=
5 SPAo R HFghe] fAEA Foka(stFAeHA Tkl R o]FdEE YA OR
Ashz o]l WeF), 1 FF@E O peakel Mske] YriH o skokrh Ea, 460cm ol 917
3t A5 7FS intensityE ®°]7] 913814, focal length %4 % laser output powers &3] H G
AR 2 FHEE A EokAdHE AJUA intensitydl = ®HUhE WIIE gl wEkA 2 A
TAAE Quartzell tigh dol| 2R FEY HEE A FEE S

<Quartz substrate>

g 210! Ramsnspectu of Quartz substmt oo Raman spectra of Quartz substrate
3 5 6000 |
m 2]
e S m -
g g ol
£ £,
500 1000 1500 2000 2500 e . «“0 5‘:"' =0 o
anm:hiﬂ{:m"] Raman shift (em™'}
(a) Range (0~3000 cm™) (b) Range (300~600 cm™)

<Quartz Raman spectrum>
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O Alumina powder (alpha-Aly0O3)

, 375, 417, 432, 450, 578, 642 and 751 cm 'l FEFHS %
o

intensity, arbitrary

1nase ko0 s wson

<Alumina powder>

ojsh e Abatev
spectrometer

[}
s Kol gt

o) AES 2abd % 53 Portable Raman
o Fastart. 1 Az, org] 1@ o], 4177 378cm ol MY =&
o~ o1 3

o
o
o
i

on

Intensity (a.u.)

300 400 500 E00 700
Raman ghift |:u:rn'1]

<Alumina Raman spectrum>

3+ Portable Flourescence Spectrometers ©] &3 A% U AHo| ofste] S=3h 3t}
A3}, obg] 1P o], 14404, 14434cm toll A Wl §- 3}
meta] B AF s dld EE S o]&5te] FoxE

o
kol
&
il
s
ol\
]
o
ot
o,
vl

Fluorescence spectra of alumina powder

10000 e : : -

Fluorescence spectra of alumina powder

Intensityia.u}

Intersity(a.u)
_B58e

13 138 14 145 15 1585 16 165 1438 1438 144 T4 T4 L4461 HB 45

Absolute waqmumh@r{m“} « 10" Absolute wamnumhmta'n“‘} <10
(a) Range (0~16500 cm™) (b) Range (14350~14500 cm™)

<Alumina Fluorescence spectrum>
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O Sapphire substrate

Sapphire® gemstone 2. ZM, alpha-AlLOs & X3tstar 9thar &elx oth o]o] Portable Raman
& Flourescence spectrometerE ©]-&3}o] Sapphire substrate(30mm x 30mm, 430um<7])e] #33
HEEES g, ofef 2=y o], F Az (gvt F3H 2 ¥F FFW) BT
intensity & R & AT = ATt webA 2 ATl A= Sapphireol ek o i3 &

Et oA gEE .

O

o rlo

<Sapphire substrate>

~10* Raman spectra of sapphire substrate Raman spectra of sapphire substrate

=
- A

i i " i

Intensity {a.u )
TMTTE

50 Ll 450 500 £50 800
R.lrrunl-hlﬁ{cm“]

50 1000 1500 2000 2500
ernm:hl'l'um"t}
(a) Range (0~3000 cm™) (b) Range (300~600 cm™)

<Sapphire Raman spectrum>

L 10%  Flusrescence spectra of saphire subsirate

E &000
Ak
3‘3. g 4000 1
Ez, 2000
5 :
=1 ._..-f
u N i 4 'm A " i 4 A A il
13 1.26 1.4 1.45 15 1.55 14356 1438 144 1442 1444 1446 1448 145
Absolute mem'] w104 Ahnm“munﬁﬂ{m“} <10
(a) Range (0~16500 cm™) (b) Range (14350~14500 cm™)

<Sapphire Fluorescence spectrum>
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O Titanium dioxide (TiO2)

TiOyx= AWHAQl HJEdE Solde B4, gnt B33 wztstA whsdva 44 glo
m], 143, 447, 612, 826 cm 'oll HEE wWolthar A A vk olek e HEHRS 5}%}71 915t
o] ®f5<l Portable Raman spectrometers ©]-83F¢] Titanium dioxide power(o}|

FAEE A A9S FPskAh 2 A, obdl 2y el 447, 608 cm ol A UH—‘?— Akl
g & ATk o9k o] wi AT intensityE: BA AF, a5t
] 9l WA 2 Ao AE Alumina$t

intensity 2 12.¢1& =9l
o)
=

g HEgkel &4

<Titanium Powder>

10" Raman spectra of titanium dioxide powder x1n¢mgp|ﬂr| of titanium dioxide powder

i

S

: 5
E Z3
i :
E 21}
I i T - — u a i i i i
500 1000 1500 2000 2500 300 400 &S00 600 700
Raman shift cm ™) Raman shift (em ')
(a) Range (0~3000 cm™) (b) Range (300~750 cm™)

<Titanium Raman spectrum>

_60_



O Silicon wafer

0%

Silicon wafer+= silicon ingotS ¥ 33l &

542 silicon wafers 4%&5 A2 @24 Ux‘i’ﬁ 5200m Lo Bﬁl @G HFas e

A A gl B AFo A= P otype silicon wafer (100mm A&, 525 ym F7)E 773}

of Ab&staithetel 29). i AlHel i rt FFHES S8 AP A, okd 2dE
78 intensitys EYS 91 ¢ AdAvh oA dEknbe) ]

, St ql7bel 9% Hxgkel #A4YE B B o U 2 A

4 Edol7] witel, & AFolA A& thE oW EHET, A gigk A3rt

Ao g dasEt wabs B AFoA = Alumina, Titanium dioxide®} 7|, Silicon wafer

o]-§sto] MAE A Zetar, ool digh IoxFFEaRE AT o Folrh

=

i)

o

o o &2

793l intensity =

2

o Ho
ol
X
2
o]

| QT ma, 2

R

we e
i

rJ
My X rlo mo

e oo

—

<Silicon wafer>

g X o’ Raman spectra of silicon wafer a5 2 ¢ Raman spectra of silicon wafer
’5 25 "g" 2
g _5 2 ety 15
= 1
3 £
= Eps
4 i a ke . 0
1000 1800 2000 2500 500 510 520 530 540
Raman shift (em™') Raman shift em™")
(a) Range (0~3000 cm™) (b) Range (490~550 cm™)

<Silicon Raman spectrum>

O AA Az A=
= AN E dd(Ee 27) HAE#s KA, 1 23 HE
12}]

4=
Titanium dioxide, Silicon waferE HZF% <2 Al As= A
of tjst FeolxEFaNE A

&o] 1% =& Alumina powder,
sto] HJAHE AAME Al ZshaL, o]
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233 AlA AAE AR 712 EEAY

2331 At WY 1 dWES (Paint)E 7|Fro 28k #HAHE AlA

AW g & 7IWo g2 HRAHE AA Y A, A Asz JdEYd 54 FoA 2 JH=
% o] 91+ Alumina powder, Titanium dioxide "2 MM 2 W50 Ho|xE B g S HAE3AT
=, AFE ditdoz AMSHE FATJE 7 FEHo AN 28-S sty olE EA
LExsle] HF AHS AR

O Alumina powder
Alumina powder?] 73'?‘, 1A% AP AEAdyE mgoz =4 FHJE FA 7]—r 10% &
Alumina powder® x| %t 1 %

2ok F3H Y g3 2
Foteo] ASd gk 29 ol =
Titanium dioxide(TiO2)2] 733t peakex <13t9], Alumina® peakE©°] Ho|XA] &&= 7/4\%

= AT

¥ J_U_‘__,..‘!!?!!!!‘..W“ of alumina powder in white paint . 10t Raman spectra of alumina powder in white paint
e[ o — — p—— e . e Pl e, ki el SLE

N
.
&

imlensity {a.u)
intensity {a.u.)
X

g 500 1000 1500 2000 2500 300 A50 400 450 500 550 600 650 YOO 7SO0
Raman shift (em 7} Raman shift jem™')
(a) Range (0~3000 cm™) (b) Range (300~760 cm™)

<#gk ~#HE® : Alumina power mixed in paint>

T4 HJE FA 71F 10%E Alumina powderZ *| 33 AlA] Ujst G ~HEH FA A
o] gl ol 2 o] P&d Alumina® peakES T 4= Utk wEbA, Alumina
power® Uk FANES EAF AN, B LHPL ol GAAT 1 Aol 2R FENI 71
2 o golt
3 < 10" Flugrescence spectra of alumina powder in white paim Flucre N — in white paint
| | ' 1600 ey powder inw
;- [ WM % 500 \
5 Wl i
I
" Ilrll"ll' T
5000 L
13 135 1.4 145 15 165 18 i 1436 1438 144 1447 444 T8 1448 1.45
Absolute wavenumber (om ') <104 Absolute wevenember fom ') 10t
(a) Range (12900~16500 cm™) (b) Range (14360~14500 cm™)

<% ~AEZY : Alumina power mixed in paint>
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O Titanium dioxide

Titanium dioxide®] 7%, Z7]°|+ Titanium dioxide %S Uut F£A HAE F7}
S P Ago|Aet. AN Ay FH It A4 HJAE digk gyt ~HER S
I}, oln] ZFH3E intensityS 7FA THE 9] Titanium dioxide’} #H QI EQ] E3H o] Q= A
%o, Titanium dioxide % F7} §lo], 4ut H A Eo] ¥3+%E Titanium dioxideo] tof 3t
Fart FEE ool o IPES T3, Ay FF dut =4 FHJES]
Ho| Al Titanium dioxide”7} EF &9 S AT 4+ 9
g 2 10* Raman spectra of commercial white paint : 4 . 1" Raman :pa_c}rnuf :_:_om.marﬂ:l white paint
E 53
2 s
= Ee il
E 21
500 1000 1500 2000 2500 300 400 500 B0 700
Raman shift (cm™") Raman shift (cm )
(a) Range (0~3000 cm™) (b) Range (300~760 cm™)
<Rk ~"E"R  duk £ FHIE>
. sed0t
j T T T T T T
a5t -
&
L]
[ A
1 1]
E D 'l Il L [l [l Il
400 G600 800 1000 1200 1400

Raman shift {crn"lj

; 3 T T T T
2 i
£ -
E L 1 I i
800 1000 1200 1400
i -1
i Raman shift (cm™")
H:_{' 3 ) I T L] il
- 1 -
S 0
E . . 1
800 1000 1200 1400
Raman shift (cm '1]1
<gprb A EY 9 dnk 4 HAES
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ol A 7F A FA] TS5 FHEsEe, BA SR E ATl tduEuA 9] oA
Hasglsl7]) fleted, T FA (o] 19H)E AFESATH
22 P2 %o] 2+ Alumina powder, Titanium dioxide

o fo 2o v PN 2 no

o o,

>,
o
i)
N\
2
2
N E,
(i,
[‘i",
o
2
kil
rlr

, A o7 22 FEE z2ta e Silicon wafero]th B d2e A FHAZAS} &
st om, Silicon waferv= FHoFAIE o]&sto] AAFE 1243t
[e)

y
L 9ue £A% & A= AW AL

= Hi{670a)
ER(Er: 2821

e

<Al A A AFEE o FA] FAN(f) R A A (f>)
O Alumina powder

Alumina powder®] gtvt ~HEG o] 749 ol (Dl FA] dZe 2yt ~2dE- 3 (2)Alumina
o] &3 o FA #HZlY vt AHEY A & = ZAAF, Alumina® HZ3HE(375, 417
cm o] oA YR HEFEC A Holx e AL | & vk F, AluminaZ $,
gut ~2HEQ S AREE A o F A HY E£Eo S ANEHARE AEETY] oHwE st

A},

Ay

'K F9
Intensity (a.u.}

Intensity (a.u.)
B

500 1000 1500 2000 300 4400 300 GO0 700 8ao 204

Raman shift (cm ™) Raman shiff {cm '11
(a) Range (0~2000 cm™) (b) Range (300~900 cm™)
<Epik 2 ER o HA] PRI>



<10 Raman spectra of Alumina powder mixed with resin o0 Raman spectra of Aluming powder mixed with restn
a = 5000
L] =
g 2
8 %
£ g 0

i i i 1 5000 4 . . . s .
00 400 BOD  BOO 1000 1200 W00 1800 1800 Bl am 500 G0 L B0 n
Rasrean snift (em ") Faman shif (om )
(a) Range (0~2000 cm™) (b) Range (300~900 cm™)

<t 2" Ed : Alumina ¥%0o] E3H A FHA] R >
Alumina powder®] & ~FEF] 79 ANtAH O =2 intensity’} "9 =uvf. wEbA, ] &
3 o] FokE F3 intensity’} WEE Fo=Z Tigistd oy, of @y o], #HolArE #Rl

Aaiol] o] wE Rl g, 14402, 14432 cm™' 1Fol A peak #H2 &138H7] oz Yk

Fluorescence spectra of alumina powdar mixed with resin

Fluorescence specira of alumina povwder mixed with resin
10000 - e friint.chet i - - :
| 2
EDDD[
a 6000 a 1000
= =
5 4000} g
£ ¥
£ 2000 £ 0
0
13 135 14 1.45 15 155 1436 1430 144 1442 1444 1445 1448 145
Absciute wavenumbericm ') =iy Abscliule wavenumberem ) 0
(a) Range (12900~15500 cm™) (b) Range (14350~14500 cm™)

<¥3 ~AEY : Alumina Bl EFE oA A (27 A 1 A AEH)>

ShA Rt OMJ a9 Zol #olAe =S wx g (RAete] HAW)e] sHS A gole
1 peaks FUE F dos FAE F AdH F, @Al AU Alumina o] i
A4 shaiel E¥ein 9eg B ¥ 2HE5gds oo 3% & Atk wA, ¢ 29
s T3 A5, dolAe] 2L dX stebgel stHA o Aol

ImFlmuounmu:pocu- of alumina powder mixed with resin mghmmsmuuiﬂmmmpnwdarmim with resin

Irtensity{a o)
Inbemssty|a.u)

13 1.I‘1fr 14 145 15 155 s 14Iaua HI:;B L4 1442 14I4¢ 14I4ﬁ 14I4F,| 145
Abscluts wavenumbericm ) <t Absctute waverumbaricm ) o iy
(a) Range (12900~15500 cm™) (b) Range (14350~14500 cm™)

g ool FA A (= A AR sEE)>

rfot
t

<&3F ~HMEH : Alumina = Zo]
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O Titanium dioxide powder

Titanium dioxide® 7 -$-ol%=, 47] Alumina®®@x 9 slcto] 71eek=A FHtAHNEH S o] &3}
of goletgint. 1 A3 ot 2@ 3} 7ol Titanium dioxide®] F8& peak¢l 447, 608cm 'S <l
Ak

A o 5l &= intensity7} WS &2 4 Atk Wb, Alumina
TRy wdstA &Y ARES FAT AG, HolAY 2L Hx st g AoF & AR

Raman spectra of titanium dioxide mixed with resin

20000

3 5 15000
m i
o — FO000 +
= = lﬂd? 608
2 2 5000 |
= E ol

- ik 4 - _5|}:|.[| :-d - - - - B

500 1000 1500 2000 300 400) 500 800 700
Raman shift {cm '1:1 Raman shift (cm Ty
(a) Range (0~2000 cm™) (b) Range (300~750 cm™)

<k ~"dE® : Titanium dioxide w'&o] &5d A FA] #HH (28 A A ddH)>

_o*Raman spectra of titanium diouide mixed with resin g 10 Raman spectra of titanium dioxide mixed with resin
z =
= "
c =
] -
= E
i i i i i i i E 1] i i i x
0 400 BOD  BOD MO0 1200 a00 500 180 2000 W0 350 400 450 B0 50 EO0 B0 TOO  TH
Raman shift {cm™) Raman shift {cm')
(a) Range (150~2000 cm™) (b) Range (300~750 cm™)
<gwb ~FER] ¢ Titanium dioxide &'2o] 3HE o3 A #HX (=47 94 AH shdF)>

O Silicon wafer

Silicon wafer®] 2%, o2 2 AQgos= t=24 1 A7 T+
Ao 3t 1HE 3 Fart gl EE, 520cm o] EAFHE=
= AW Hole AL ot vt AmERoRRE Fdt

) Al He| H-2# Silicon wafer”

ZAE o] F7] wiiol], #HelA %
o peako] ol ZEA] #H 7 H-of A
T Ak mEkA, #HE o] 83y

S8 AARA P Be beAe 23 dukn BuE

Raman spectra of silicon wafer submerged in resin 10000 Raman spectra of silicon wafer submerged in resin

10000 | ' T T k ' ' '
— BODO | e | ! - E:G'E'LTl
3 | | ;‘ I
= 6000 — G000}
g 4000 t ; I
g g 4000 £
£ 2000 E |
oF |

S0 1000 1500 2000 500 S:il:l 52()" 530 - DAl
Raman shif {eer ) Ramen shift (cm™)
(a) Range (0~2000 cm™) (b) Range (4900~550 cm™)

<k 2" E® : Titanium dioxide &'&o] E3+d A FA] #HH (28 A A ddH)>
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O Alumina powder in paint (3% £334)

o B a2 hda)ear B89 ste-g ¥stetd] #AAE sty sk, st
TS & TIAZ A7HLoading test)stal, 7} stadAldA el ¥d ~HAEHS A=

14434cm™ 5 peak®] ¥ olF#HE ANE Tk ES, A TR o ¥ g B34
(AL AAQ &8 Ad)e st flste], 247 uE AR (w1, 2w 2, 1% A EF =
AEF] ASE FPdsArt

T T9AS stz <d7HLoading test)7} TR W, GTERS Z7|HoR o1, stees TAERE
A A 3F= Unloading testE& 343}

o

m Loading test 23}

A7+ Loading test 235 Rtk X552 A7E AFe#HE e, YFH2 7 peake] ¢
(g}¢ 2 Uehdth Alumina®l F% 2=EAY A9 14404, 14434em oA F peak(HE7HS

O

I~

oz, ot A% F peake] AT A2 Uehdr. A HHE wel o], SAse e 2
4% Aol Rl AZHAOH, AZ AR S BRG] Gkl 1719 AR eIA F 37

[ X SN XN orfm
J

&,

3 E @

1 wAstel BAs,

il

(a) 14404 cm™ (b) 14434 cm™

<sls -3k A3 A A (Loading test) : Alumina powder in paint (135 1)>

i

11

wWEE AT

® (w5l @ fom ol o e — e g fitting ® [nstl @ lomt fost I e — e g fiEE

(a) 14404 cm™ (b) 14434 cm™!
<&=-3t W3 B4 (Loading test) : Alumina powder in paint (71L& 2)>
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m

wrmbier |

W aEE

(a) 14404 cm™
<Blz-3k ¥3 B4 (Loading test) :

(b) 14434 cm™!

Alumina powder in paint (ZZ& 3)>

= ANgH o 2L -4 W #AAVE AEQA AL FAdg 4 o,
ol TE EHE =S R-square(90%)E zt= AL geldd 4+ 9

, HI1Ee] 492 Aluminags 58 AAZ AT & A& 7FsAo =5

&9l
t}. =, Unloading testol A &=

= L
S Wk}
I 19 dFole o244 S22 s njdaAAQl &8 Ao o Aoz gt ol £ a
= st ¥3 #AE Yehlle T8 JAXEA, do i FAT(EE 3 AT) ghol i ghol
o gk o}
<&F=-3 W3} #A E(Loading test) : Alumina powder in paint>
Group _ -
Peak 4 Test number a (cm™/MPa) b (cm™) R?
1 0.00172 14405.115 0.4746
#1 2 0.00305 14405.078 0.8559
3 0.00212 14405.111 0.7364
14404 1 0.01261 14404.227 0.9382
. #2 2 0.01163 14404.319 0.9321
0(21 3 0.01102 14404.401 0.9612
pand) 1 0.01243 14404 .11 0.8948
#3 2 0.01317 14404.14 0.9202
3 0.01005 14404.36 0.9299
Average (std.) 0.0086 (+0.0048) (1;;13,2?;) -
1 0.000913 14435.583 0.3798
#1 2 0.001362 14435.538 0.1039
3 0.000382 14435.569 0.0285
14434 1 0.00986 14434.709 0.966
. #2 2 0.008938 14434.805 0.9693
C(rl;12 3 0.009002 14434.781 0.8669
band) 1 0.0136 14434.62 0.9726
#3 2 0.0107 14434.78 0.9413
3 0.0103 14434.87 0.9729
Average (std.) 0.00722 14435.03 B
(+£0.00495) (+£0.4071)
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m Unloading test 2%}

¥ A3+ Unloading test 235 ®QIth =, 7] Loading test®] wkx]9} &% ©A(Step 7)E %
ZNGAR &AL, stes AASE AFAAE YERAY. o7A, X5 AlAE JFSEHERFSE)

< YERH, Y52 ZF peake A E YERHATE Alumina®] ¥FF AFHEFS 9, 14404,
14434cm ol A peakS YERNE R, oli= ztzhe] AE Yeldth ol A E viep o]
AEH LS 7H7] g2 3709 fAdA AFEHAeH, A5 dHdS sty sk 171 91 Aol
A F 3N 2HERS st £

olef ZH¥ Fol wEW, IF 19 14434cm ! peak wro] 33 AlAld] AlgE = e S(-)9 F
AFS Bt A vk al HAH0.0017 cm /MPa)#t % Loading teste] 73 AH0.0086 cmfl/MPa)m
Hobe dA8] A2 ASs 273 HolA g0 + qUth

ole} & HEAHL Hx fﬂ]‘ﬂEQ} Alumina”} g 7) 2] :rLZiﬂE O]—Er

x

wavenumber |
L
2
L] E =
a
e w
Ve EAE T e |
@
]
®
9

(a) 14404 cm™ (b) 14434 cm™
<&tF -3+ W3} #A (Unloading test) : Alumina powder in paint (1% 1)>

L1}

¥
=

(a) 14404 cm™ (b) 14434 cm™!

<&lF -3t W3} A A (Unloading test) : Alumina powder in paint (L& 2)>
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<slF-v94 W3l B4 #F (Unloading test) : Alumina powder in paint>

Grou

Peak . 2 Test number a (cm™'/MPa) b (cm™) R?
1 0.001375 14405.255 0.2742
#1 2 0.001308 14405.268 0.3677
14404 3 0.000785 14405.292 0.1398
cm™ 1 0.001423 14405.311 0.2611
(R #2 2 0.002431 14405.251 0.4952

band)

3 0.002897 14405.222 0.6298

Averags (std.) 0.001703 14405.266 )

g ' (£0.000792) (+0.031467)
1 ~0.001153 14435.761 0.1941
#1 2 ~0.00140 14435.743 0.2970
14434 3 ~7.14286E-05 14435.687 0.0014
cm™ 1 0.000686 14435.645 0.0932
(R2 #2 2 0.002030 14435.671 0.5604
band)

3 0.001640 14435.668 0.3932

Averags (std.) 0.000288 14435.696 B

. ) (£0.001419) (£0.045769)
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O Titanium dioxide powder - ¥ut A4 A E (v E3)

ro
offl
e
ol
X
“
o2
BN
r-111
o
kol
<)
Jot
rlo
2
M
. o
]:pp
B
L)
=2
T
L)
o
o |r
ol
Of)l

~
ot <

f3te], =S = THAE 21 7}HLoading test)st
o], 445 608cm ' F peak?] T4 olFHZ AAE}
StAd(MLd A 8 AdE)S sty flsked, 27 o 3AH(IF 1, 1w 2
p)r )\ﬁﬂEE% 74]2‘9_ /"—zsga].oﬂ]:}

ZT THAY st5<7HLloading test)7} TEHH, AFFTE#S 27I@e R i, st5& GAE=R

Al A 8}+= Unloading testES <33}

L .

i\ R U =T
o
Loy
dr AN o oot

g

@
2
2

1)

¢

m Loading test 23}

. ZA3= Loading test 235 HAY X5 oVtd JdA4S#HES YEHY, YEFES ZF peak? ¢
25 dyebdt) Titanium dioxide?] #hvh Al o] 749 445 608cm "ol A peakS YERHEZ,
ofef = Z+zhe] AE veEbdTE flel A AR e vep o], ~HERS 7] & 3719 f1A] ol A
AZFHEAeH, ASF dAALS gdstr] Aste] 119 f1AelA F 3719 ~HEHDS F3 3t &
Alska

el sl fem

(a) 445 cm™! (b) 608 cm™
<&tz -4 W3 #A(Loading test) : Titanium dioxide powder in paint (ZL& 1)>

eak chifl [cm
s
a
[}
kshidlt fermt)
]
a
/

(a) 445 cm™ (b) 608 cm™!
<slE-v4 W3} A A (Loading test) : Titanium dioxide powder in paint (L& 2)>
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(a) 445 cm™ (b) 608 cm!

<8tz -3t~ M3} @A (Loading test) : Titanium dioxide powder in paint (13 3)>

2 Loading test®] 7%, tlf-9] 7 -FolA da2o]x
u}2}A], Unloading testol] Al &= H] <=3} )
&3517] oH e Aoz FIuHE) o] e AF ¥U9l

] L+ S zka 9)7] wEol
WA S peak deconvolution®] F4 &gy} 2) A E o ok vdAA A FHHAGo] 7%

Ao s e

<Bls -3k A3} A A E(Loading test) : Titanium dioxide powder in paint>

Peak Gr:up Test number a (cm™/MPa) b (cm™) R?
1 -0.00311 445.9361 0.6527
#1 2 —-0.00339 445.9733 0.8811
3 -0.00446 445.9739 0.8802
1 -0.0013 445.4929 0.5402
445 #2 2 -0.00142 445.5248 0.3916
» 3 0.000786 445.4553 0.1121
em 1 -0.002862 445.8477 0.7609
#3 2 -0.002719 4457912 0.8112
3 —-0.002649 445.7865 0.7266

Average (std.) (_J_?ooggf:) 445.75 (+£0.2093) -
1 —-0.00268 608.5308 0.8447
#1 2 -0.00173 608.4724 0.5595
3 -0.00298 608.5237 0.791
1 0.000133 608.1153 0.0029
608 #2 2 -0.00155 608.2285 0.4144
» 3 -0.00097 608.1841 0.3269
e 1 20.00217 608.5248 0.7126
#3 2 -0.00227 608.4984 0.7008
3 -0.00188 608.4763 0.8113

Average (std) (£0.0009%) (01679 -
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m Unloading test 2%}

Loading test 23} #AFsHA, Unloading test o A

o, I R-square = %2 AL A 5 v} wpebA,
T4 HJE AAE delA 7Rk H] =4 &8 AAM=

ZB IR

il o ')

<&to -3 W3} B4 (Unloading test) :

Wil foorty

<3tz-3t W3l B4 (Unloading test) :

(a) 445 cm™

(a) 445 cm™

<&tF -t W3l 37 % (Unloading test) :

=ak shift {ermrt]

P

©q

L
a,
X
L

O —
A A B

H] 74

1 A 2] §le]

O] )\}\ =

.

(b) 608 cm™

Titanium dioxide powder in paint (45 1)>

(b) 608 cm™

Titanium dioxide powder in paint (L& 2)>

Titanium dioxide powder in paint>

Peak Gr;up Test number a (cm™/MPa) b (cm™) R?
1 -0.000903 445.6196 0.1448
#1 2 -0.002318 445.6598 0.5517
3 0.000334 445 5588 0.0241
445 1 0.000941 445.4060 0.5594
cm™ #2 2 0.000670 445.3916 0.0786
3 -0.000232 445.4668 0.0153

Average (std.) (+0001209) (£0. 11245 -
1 5.86735E-05 608.2388 0.0033
#1 2 -0.001727 608.3058 0.6134
3 0.001104 608.1804 0.5137
608 1 -0.000471 608.0908 0.0975
cm™! #2 2 -2.04082E-05 608.1055 0.0002
3 0.000487 608.0942 0.4273

Average (std.) (£0.00000) |  (+0.03883) -
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ofef 1HE 2 ATE SeA ARE AAPE o] FesAE AHE(F:2.25 cm, Z°]:110 cm,
F71:09 cm)s BTk AF R 1o AFERE A SdE EAE A& thA] webd, &
=S A= AHE Ao 1ABs7] A 7ol £ don, 5 Hdd= st AstE S
stz A7t YAt Tl dMor g3 FES HolAE A didEY] SE€S &
Aote &9 AHFE BHAdt &9 AN =x® =422 27 Alumina powder’t &3tH¥
resin?} Titanium dioxide’} €% resin, 28|32 vFX|= O 2 Silicon wafer’} X3+ resine H

<FstzAdg AH : Alumina powder + o ZA] #Z>

<F3sAd g AH : Silicon wafer + o] ZA] &z >
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O Silicon wafer in resin (2}%F £339)

Alumina®} Titanium dioxide power’} &3 o ZA] R A5,

A T
intensity7} S3#3] 2 A ¥7] W&ol peak deconvolution ¥ o] Z o]Fojxx] &= 5o FA4
H ool ZA] e gk 2yt

Aol At wEhA 2 Ak W2 A= Silicon wafer 7} X3
wAY AYE st 1 AdE BASIE St

UM AF FLSA shF-dg WEete] #AE FAsy] 5, sEes F THAZ AV}
(Loading test)3til, zt st=wAll Ao gut A9 EJS AZ=sto], 520cm ' peakd 54 o] %
Arstd e b7 92 4A - (2F 1, 2F 2, 15 3)olA Bt ~2HAEY AFS FYsH e
AL 3WH wHEE AT

Z 7T2A 9] stEl7HLoading test)7t TREHW, T TERES V|G E S, g GAER
A A3t Unloading testES LA =33ttt

o

m Loading test 23}

2 A3+= Loading test 235 HAdt XF2 o7td AFS$4H S YeElUY, Y5 ZF peakel 9
22 vebdit). Silicon waferd] #wh A#ER S A 520cm ol A peaks UENHE R, ol
A peakdl ols A¥NE YERATE folA AW npel o] A EDL 7] tE 4719 94X
ANA AFEHAoH, AF RS Fdstr] fste] 1hY AAA F 3709 2HERS FH 6
of A3t

N,
Ol

ik

Peak shift femt)
eak shift {cmt)

(a) L3 1 (b) 1= 2

<8tz -3k W3} @A (Loading test) : Silicon wafer in resin (w/o heat treatment)>

ak shift ot

Peak shift o)

(a) 1% 3 (b) 215 4
<&tz-v4 W3} B4 (Loading test) : Silicon wafer in resin (w/ heat treatment)>
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Loading test Z¥olA & 4 ¢l35o], Silicon wafer in resin® 7%, 21343 o] A|Ho| <1714

| TANE Hole S a9 HoA AT & Ak =S 1 A
ZEBAT B3 dBHoR ANEHE AS AT F 2t wEtA, Unloading testel
[e]

=
o] A= HeltldA, Silicon wafer in resing 8 AAE AL £ U= TH5A 0

<slF-v4 A3 WA E(Loading test) : Silicon wafer in resin (w/o heat treatment)>

Peak Gr;up Test number a (cm™/MPa) b (cm™) R?
1 —-0.003960 519.439 0.9925
#1 2 —-0.003721 519.409 0.991
3 -0.003811 519.410 0.9876
520 1 -0.003698 519.586 0.9758
cm™ #2 2 —0.003439 519.574 0.9941
3 -0.003658 519.567 0.9739

Average (std.) -0.003714 519.497 _

(+£0.000172) (+0.086293)

<&FF-at W3l B4 E(Loading test) : Silicon wafer in resin (w/ heat treatment)>

Grou

Peak 4 P Test number a (cm™/MPa) b (cm™) R?
1 -0.001707 519.171 0.9408
#3 2 -0.001729 519.189 0.9685
3 -0.001757 519.174 0.9594
520 1 -0.001723 519.3022 0.9361
cm™ #4 2 -0.002206 519.322 0.9773
3 -0.002176 519.324 0.9256

-0.001883 519.247
Average (std.) (+£0.000239) (£0.07616) }
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m Unloading test 2%}

Yo 1B Y N R

A3+ Unloading test 232 HTH X&F& AAY J9FSHA(L=38)S YyeElH, Y=
peak? $1x5 uYelT) 520cm ol A w4 WEE B8 A} olgle} o] dhFo] AlA
(58 Ho] VM TE) 4o WFoRE g ®Ert dojus S FdE + dnk ¢

= kel W, &9 WaFom I Wyt dojd S sy, o W AT
= AS on] g

ak shift for ')
il form )

ak s

P

(@) 23 1 (b) 2= 2

<&E-v4= W3}l @A (Unloading test) : Silicon wafer in resin (w/ heat treatment)>

<&lE-vt4= W3} BA E(Unloading test) : Silicon wafer in resin (w/ heat treatment)>

Grou

Peak 4 P Test number a (cm™/MPa) b (cm™) R2
1 0.001271 519.1755 0.8725
#1 2 0.001365 519.1755 0.8748
3 0.001335 519.1604 0.9207
520 1 0.001893 519.0934 0.9172
cm™ #2 2 0.001627 519.119 0.9107
3 0.001776 519.1082 0.916

0.001544 519.138
Average (std.) (+0.000257) (+0.03619)
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0

m SFERI7YAA HEE HAE
2 P AEAE 999 (Random) & %S Silicon wafer7} ¥-2% A|Ho] 713S of, A7) &
A =& Jo| ZEFAFTEEE FaR = stE ko] ol2Hoew ALH sFad duiy {4
A ggeolslE Aoty o ZAAMALe AeHog AAakbE grolw, A HAL o]EFHo
AXrE kS HE3TE Z7] 37A0] 2 Foto= o] 2 Fto] Adglo] A Fdstg o, nixu 34
29l 9% ¢F 0.05lecm 'E ZFghr,
<sFEA 7 /A A HEE H| A~ E : Silicon wafer in resin>
Lot 0 1 ° 3 4 5 6
sequence
Load 0 200 150 250 200 50 150
(gram) Loading | Unloading Loading Unloading | Loading | Unloading
slirciss 0 +70.95 | -53.21 | +106.42 | -70.95 | +17.74 | -53.21
(MPa)
Peak at 520(cm?)
a 1
2 i, I LT
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, Loading test, unloading testol A

A AL ol

5 o %

Silicon wafer

<O i

ey

0
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AL el T 2k

=E!

o
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== Excitation source
=== Reflected signal

Laser

Platen




<A FEEFAEA LY ==
] O} v} 2) 7% AHE & 74].%& D= (
HES =2 X2 H (78nm # oA FAF h)>
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H=stsA Pl 82 Ao sks o ﬂl Aget7] flste], REH Alfd W FHAEFA
AFS Faatgdnt ol 1Y AWE REE ¢4 AF 2 g2 2NE T gid AY

A E2
S Hoth A¥AN PEHoz ok 20 tonf (78 MPa)d 4= 17

g gE gAstdrt. mebA, Aol §8 Hd B bt EdE W] 9k, &
Aol A= A 40 MPa ©]&te] &% ¥

AlE = JLh_pe[ A|_u.=|

Sl = Force (kN) Stress (MPa)
1 t% Q17F (+15 kN) 15 6
2 35 17k (+ 5 kN) 20 8
3 5t A7F (+20 kN) 40 16
4 5% A7F (+20 kN) 60 24
5 3% 17F (+20 kN) 80 32
6 35 17F (+20 kN) 100 40
7 &g AA (-20 kN) 80 32
8 & AA (-20 kN) 60 24
9 &F AA (-20 kN) 40 16
10 &t AA (=20 kN) 20 8
11 t% AA (-18 kN) 1.7~1.9 0.72
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Step value [kN]

Strength [MPa]




2352, At W 1 dHIERE 7|RFo 2 HJIHE AlA
o A A%

obeff ¥ # AFE A AKE hFetsARE A AR (F50 mm, 2050 mm, F:50
mm)¥ 1 AFPAHS Heltk B Ao E AWE 22ZE AHE ASTM  specification
C109/109M (the standard test method for compressive strength of hydraulic cement mortar)2] 7]
Fol %A 50 x 50 x 50 mm’ o A7® BAeA Ageidrh EEA= AWNE D dwwes} A}
g0, ARALRYS FUsA 3] ste] o 194w LRvbR el WFabgel L3
otk WE Aol thshel AWE : me) : B W& 1245 1 0452 DA ARG of

# 1he A AME REE A AR5 HATh

g9 ARE BEEZ AGE ¥, B BeR $e AARY etel RS dAvisid. dgo
2, 9AF AL 52 PG Agtol FUF 40 mm x 40 mm B AF BEE vl Hox
g o), 24 AUY AU T 5 RS AUk o2 AF 40 mm x 40 mm el vl




U 397t E3tE HE(10% weight ratio)E HIQIH7F =¥ R F72 &
] 3 Vﬂ H“ﬁ T A= HJAEY vAl FES WA 8] fske, #A<

23] A 7] wioll, peak deconvolution ¥} o] Z o] F
Aok whekba] BoAe W1 oA Alumina powder”Zl 3 $HE
THE 2FEH S At AAE s

3l7] f1sked, sk
3 AZ3sko], 14404,
14434cm™! F peak?d] ¢ ol T HS 7#]{’3}95\‘4. F A Y &< 7 Loading test)7} EZ %,

G ZTEHS 2V|Fo R sla, 35S dAEZ A ASE Unloading testE Faatg ) of 71 A,
RE 29ERL 7M7) 152 5 ASHAGY

O Loading test 23}

ote] ZA¥+= Loading test A%E ERlth X552 7td d&&9S Yel™, Y52 7} peak?]
AAE Yerdth Alumina®l #% 2 EY S A9 14404cm '(R1 line), 14434cm '(R2 line)oll A

peaks YEMHEZ olfE= H= & Rl line, = FS R2 lined A2x%E 77} vpepdich

4 Loading test (R1 line 4 Loading test (R2 line
1.440355 *1° : g test( ) 1.443345 10 : g test )
—©— Raw data —©—Raw data

—_ - = =Fitted data —_ - = =Fitted data
< 1.44035 <

§ § 144334}

@ 1.440345 | @

Q Q

€ > €

=] - =]

© 144034 LT © 1443335}

> .- >

© _ - ©

z A z

L 1.440335 |\ 7 1 )

= r =

§ v § 1.44333

< 144033 <

1.440325 ‘ ; : 1.443325 : ; :
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
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—~
—
'

Absolute wavenumber(cm

—~

-1

Absolute wavenumber(cm

Absolute wavenumber(cm'1 )

—~

-1

Absolute wavenumber(cm

(a) R1 line

4 Loading test (R1 line
1.440355 10 ; g test( )
—©— Raw data
144035 = = =Fitted data
1.440345
1.44034 |
1440335 \ r_\,»\t’/’
1.44033
1.440325 : .
0 10 20 30 40
Stress(MPa)
(c) R1 line
4 Loading test (R1 line
1.440355 <10 : g test( )
—O—Raw data
144035 - = —Fitted data
1.440345
1.44034
1.440335 g, -
1.44033
1.440325 - .
0 10 20 30 40
Stress(MPa)
(e) R1 line
«104 Loading test (R1 line)
1.440365 —e— Raw data
- = =Fitted data
1.44036
1.440355 /
1.44035 \_\i/-?:-—-e/‘/e\v
1.440345
1.44034
0 10 20 30
Stress(MPa)
(g) R1 line
«104 Loading test (R1 line)
—©— Raw data
1.44036 | = = =Fitted data
1.440355
1.44035 | I
1.440345 ©
1.44034
1.440335 L : ‘
0 10 20 30 40
Stress(MPa)
(i) R1 line

1.443345

1.44334

1.443335

1.44333

Absolute wavenumber(cm'1 )

x10%

(b) R2 line

Loading test (R2 line)

—6—Raw data
= = =Fitted data

1.443325
0 10 20 30 40
Stress(MPa)
(d) R2 line
4 Loading test (R2 line
1.443345 10 : g test( )
—©—Raw data
- = = =Fitted data
5 1.44334 3
=
[0}
Ke)
£
3
© 1443335 .
> -,
®© -
[0] -
5 A
S 1443331 " L//
Q0 P,
<
1.443325 . .
0 10 20 30 40
Stress(MPa)
(f) R2 line
«104 Loading test (R2 line)
1.44336 —©— Raw data
- = =Fitted data
1.443355

1.44335

1.443345

Absolute wavenumber(cm'1 )

1.443355

1.44335

1.44334

Absolute wavenumber(cm'1 )
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1.443345 ¢

x10%

10 20 30

Stress(MPa)
(h) R2 line
Loading test (R2 line)

—©—Raw data

= = =Fitted data

10 20 30

Stress(MPa)
() R2 line



«10%4 Loading test (R1 line) «10% Loading test (R2 line)

1.440365
—O— Raw data —6—Raw data

- = = =Fitted data —~ - = —Fitted data
S 1.44036 | 5

5 5 1.443355 |

— —

3 1.440355 = 3

£ -z € .
2 - 2 144335 ’
C 1.44035 | g - ’

[} (]

3 3

£ 1440345 2

3 3 1.443345 |

(7] (7]

Q Q

< 144034t <

v
. 1.44334 ‘
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(k) R1 line (D R2 line

<&ls -y W3 #A (Loading test) : Alumina in powder>

Loading teste] A%, ¢ =L =
R1 line?} R2 lineo] ot o] Wako = o]Fsta &S AT & oy, I W A7
7V Aoz Far APAQ AsES shA] Tt

ole} e AIFE sz *]%(Alumina in paint)2 E’_Xﬂoﬂ e17kd s

o

[m

o
il
ol
foé
2
rO
ok

S )
—
o
of
:oé
o
T,

fn, o
Ty
N
o,
rE
a
rO
DX
o

WL H T ol
1
M
e
o
N

<& ¥ -wavenumber shift 7 A3 3724243 (Loading test)>

Group | Test R1 line (14402 cm™) R2 line (14432 cm™)
i (cm"16;MPa) 9 (o™ i (cm"fj/lMPa) 9 (e i
1 0.00215830 | 14403.3392 0.38307 0.00071852 | 14433.3236 0.068810
#1 2 0.00173040 | 14403.3256 0.27248 0.00091195 | 14433.2894 0.154730
3 0.00327110 | 14403.3183 0.71336 0.00299130 | 14433.2881 0.673260
1 0.00074001 14403.5002 0.16122 0.00134590 | 14433.4759 0.290970
#2 2 0.00126160 | 14403.4676 0.28599 0.00056721 14433.4376 0.062207
3 0.00211970 14403.4772 0.51725 0.00360710 14433.4068 0.890300
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O Unloading test 2}

Loading test®] 4ol W& &t st5 stellA] wAsh= Aewiste] A7]= dolstdAnt, o
W o wegor FAAh shA v Unloading teste] 4 -$-ol& 8437 Aol fASHI
O Anrb we- A@Holx] Eadth o9} g HEAYS HE FHAES Alumina’t 3 749
TEAE o]Fa dtes AA o AdFstFe] vtEixl o Am wE-wd Zduy So=

Qlste], FxA7} Hal = 2Rls
P e bR o] AR A Hoh, HE Fo g WEHl AFANR o], 8
& 4

4 Unloading test (R1 line 4 Unloading test (R2 line
1.440355 210 g test( ) 1.443345 210 g test )

—O— Raw data —O—Raw data
~ 144035 \ - - -Fitted data - - - —Fitted data
§ \;_';e__’ £ 144334
G 1.440345 | e g
c \9=a-ﬁ__ c NG e e - — S e == - - =
3 3
S 1.44034 $ 1.443335
> >
g g
£ 1.440335 )

5 5
§ § 1.44333
£ 1.44033 <
1.440325 ‘ 1.443325 : ‘ : : : :
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Stress(MPa) Stress(MPa)
(a) R1 line (b) R2 line
4 Unloading test (R1 line 4 Unloading test (R2 line
1.440355 212 g test (R ) 1.443345 X10 ding test ( )

—©— Raw data —©—Raw data
~ 144035 - - ~Fitted data - - - ~Fitted data
5 \Q;-- § 144334\ S
=4 N = -

@ 1.440345 - o
S ‘\e—(_’_\ 5
S ik N =]
S 1.44034 $ 1.443335
> >
g g
L 1.440335 )
= =
§ § 1.44333
£ 1.44033 <
1.440325 : 1.443325 : : : : ; :
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Stress(MPa) Stress(MPa)
(c) R1 line (d) R2 line
1440355 w104 Unloading test (R1 line) w104 Unloading test (R2 line)

—©— Raw data —©—Raw data
~ 144035k - - -Fitted data _ 144335 - - -Fitted data
£ N\ - - /\ £
S \ =T S
@ 1.440345 © N @

3 & 1.443345
£ N £
3 3
S 1.44034 S
> >
2 $ 144334
2 1.440335 | e
= =
[e] [e]
3 3
< 144033 < 1.443335 |
1.440325 : : : : : ; :
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Stress(MPa) Stress(MPa)
(e) R1 line (f) R2 line
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< 1.440365 1

1.440355

1.44035

Absolute wavenumber(cm

1.44034

1.44037

1.440365

1.44036

1.440355

1.44035

Absolute wavenumber(cm'1 )

1.440345 ¢

_1.440365

-1

1.44036

1.440355

1.44035

1.440345

Absolute wavenumber(cm

1.44034

1.44036

1.440345 ¢

x10%

Unloading test (R1 line)

—6—Raw data
= = =Fitted data
\-\_:/_‘/--" XS~ == —ge—————
5 10 15 20 25 30 35
Stress(MPa)
(g) R1 line
«104 Unloading test (R1 line)
—O—Raw data
- = —Fitted data
\i\"“/“»-——a\w i
5 10 15 20 25 30 35
Stress(MPa)
(i) R1 line
«104 Unloading test (R1 line)
—©— Raw data
- - =Fitted data
5 10 15 20 25 30 35

Stress(MPa)

(k) R1 line

<sE-24

Absolute wavenumber(cm'1 ) Absolute wavenumber(cm'1 )

Absolute wavenumber(cm'1 )

«10% Unloading test (R2 line)
1.44336 1 —O—Raw data
= = =Fitted data
1.443355
144335\ __/_——— <o
1.443345 1
5 10 15 20 25 30 35
Stress(MPa)
(h) R2 line
«104 Unloading test (R2 line)
1.44336 —e—Raw data
- = —Fitted data
1.443355 K- A
~ /
\__—_J/~ -
1.44335 | S~
1.443345 N
5 10 15 20 25 30 35
Stress(MPa)
() R2 line
w104 Unloading test (R2 line)
1.44336  |—©—Raw data

= = =Fitted data

1.443355

1.44335 §

1.443345 ¢
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20

30

Stress(MPa)

(1 R2 line

M3} 74 (Unloading test) : Alumina in powder>

40



<& ¥ -wavenumber shift ¥4 A3 3] A2 27} (Unloading test)>

R1 line (14402 cm™)

R2 line (14432 cm™)

Group Test
i (Cm"1a;MPa) 9 ™) i (cm‘f:/lMPa) 9 e i
1 —0.00200260 | 14403.5004 0.78923 0.00017132 | 14433.3638 0.027897
#1 2 —0.00215880 | 14403.4939 0.79280 —0.0017931 14433.4180 0.472710
3 —0.00134880 | 14403.4975 0.29362 —0.00090214 | 14433.4286 0.076023
1 —0.00034714 | 14403.5595 0.13474 0.0010993 14433.4785 0.484610
#2 2 —0.00078719 | 14403.5741 0.23039 —0.0020867 | 14433.5512 0.444400
3 —0.00026141 | 14403.5515 0.028438 0.0017555 14433.4803 0.405830
=atm | AJLE 1 (dERE 7o =% HIHE AA)S d#FA &2 AH=
_ Aste] B AT &89 Fn wtozE I JoFx EFERE FHE7] o

R
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o
$3lo] AWE m2E ¥ HHsla

B , ez LA 7FEQ Abeo| meslelt) u)
AT o 2, resing == FE(Silicon wafer ol E3Eskal 29 FF Aol Bt

<A@ A TE(Silicone sealant)’} EX ¥ A|WE HZE A|H>
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UM A A T wWEtele] FAE B2y 95k, FFS F HuARE 9
(Loading test)star, z} shs Aol Ao 2fgt A ER] S

ALtetder & saAle Fsts AP ATE F
GAEE A7 8= Unloading testZ %%3}71]
Loading testZ ¥ & YElTH XE A9EHLS

N
amd

e
25, Y FTEUS iﬂ%kii &L

Fa9rh. ot

ok of
juic) O{N o&i
o o

O Loading test 23}

2 Av= Loading test 275 HAT X5 A7FE ¢=5859S vEd, 5 Y5 7 okF
A ol A /EAE ghak A9 EHY 520cm ! peak XS UHEHUH, ¢= Y& %278 F

(0kN)-= l—fr =2 JJr—rA Wwets AdiAos yetdl 23 (peak shift)E Bl

Loading test Loading test
521.74 T ‘ 521.74 ‘ :
—©—Raw data —6—Raw data
521.72 |~ = —Fitted data 521.72 1 = - ~Fitted data
= z7
o 5217+ ~- o 5217 <z
£ /- £ ,/9‘
s s pd
E 52168 ey E 52168
= P c
n Phe n ,/
é 521.66 // é 521.66 /
© g ©
@ 521.64 f:_ z O 52164
ks
,/'J
521.62 = 52162
521.6 : 521.6 :
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(a) (b)
Loading test Loading test
521.74 ; : 521.76 ‘
—€—Raw data —e—Raw data
521.72 - - —Fitted data 521.74 |- - -Fitted data
o~ 5217 A7 52172}
£ / £
) )
E 52168 = g 5217
< -7 <
2 P 2
S 521.66 1 - S 521.68
IS z IS
© ©
12 X 521.66 4

521.64 1 .
/{ /Al .
521.62 521.64

4 /
521.6 - 521.62 -
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(0) (d)
Loading test Loading test
521.76 T T 521.76 T
—6—Raw data —e—Raw data
521.74 | - - —Fitted data 521.74 | -|- - —Fitted data
/
”

— -

(&)
a N
N =
e N
~N N
\
AY
W\
(&)
o N
N =
e N
~N N
\
A
\
Ay
s

‘e £
o o
E 4 E -4
5 S 5 A
S 521.68 T S 521.68 ~
g /4/« g
@ 521.66 //” @ 52166

521.64 521.64

521.62 ‘ : 521.62 ‘

0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(e) €3]
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Loading test Loading test

521.7 521.7 T
—©— Raw data —©— Raw data
521.68 = = =Fitted data 52168 = = =Fitted data
/ s
< 521.66 1 < 521.66
§ '/ § //e/
~ z - P
% 521.64 - o /J E 521.64 /
7] z 7]
€ 521.62 ks € 521.62
IS e £
& 521.6 . & 5216
. ’/ .
521.58 [N 521.58
521.56 - 521.56 -
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(g) (h)
Loading test
521.7 T T
—©—Raw data
52168 = = =Fitted data
< 521.66
£ -7
o -
£ 521.64 e
L -
[}
S 521.62 P
g o
¥ 5216 2
- -
521.58 F~
521.56

10 20 30 40
Stress(MPa)
1
<&F=-394 W3} B4 (Loading test) : Silicon wafer in resin (w/ heat treatment)>

Loading test A3}ol A & <

Agol WS ApH w ol
0

5o], Silicon wafer in resin®] 4%, &4=3 o] AJHe| A7}E
AE Hol= AL 9 29 HoA AT 5 Jrh =3 1

oz AtE= AS A 5 vk webA, Unloading test

AALgES] ] of| 2 EFA G LI
o e dAAel AxZ Helvhd, Silicon wafer in resing <8 A2 A8 = U= 7H5A
o] E5& Wittt
<& ¥ -Raman shift #4 433 #A 423} (Loading test)>
Group # Test number a (cm™/MPa) b (cm™) R?
1 0.0023107 521.6170 0.941196
#2 2 0.0023282 521.6176 0.954350
3 0.0021239 521.6176 0.984004
1 0.0025895 521.6334 0.979376
#3 2 0.0018298 521.6435 0.963732
3 0.0021421 521.6410 0.928136
1 0.0021590 521.5764 0.883556
#5 2 0.0022065 521.5768 0.933606
3 0.0018222 521.5814 0.901358
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ol =AHA SH-u5H3E AAREE, do 223G A (EE GRS AL, piezospectroscopic

) gom cm/GPa 9 w92 F= H7HEC o7)A FoxEFA S,
obef A3 o] Q7tE =¥} I W #BAE HEhE A st - W
3} 1Y ZE linear curve fitting 32 =3lo] AALg 4= <)

Av=1II0; (1)

A7NA, Av = I 83 (cm) [; & Yol z2E3 AFLER A5, 0 © A7 $38(GPa)<

YebdTh ol & B Ao A AQbgE Aok W 291 H&Z2] #HQEHE AlA(Silicon wafer in

25 53 dolHE vgoe g aEd dozEd AFE Bl F

3 A4 dlolgo] i3k HaF kel 21680 cm /GPa °lW, o= 1
1=

Fo] 21680 cm ! wHE ko] WEo g o) %

-
o
=
ol
oft
=N
flo

Shs oujgtt). mekA, Jo G Algiks v g Adud, FRE golAE FAIY 3
B 2#ERe] H5e] oL Fao] ud A& wom @A FrE A7E FE(AA
A= o]l Ze tia)])e] A7)k WEH(AEF/A)S A = o o7 A, ofE el ‘All spectrum’
o 77ke] AMNE a bE e BAd Aol ol BUF HFEANM FPH BE SHEDS
Wit aea, ol % A8 HANE Fobe] ALE a bt vEriT
Loading test
521.74 T :
—O— Raw data
521.72 = = =Fitted data
o 5217
5
£ 521.68 |
2521.66—
5
O 521.64|
521.62
521.6 - : : :
0 10 20 30 40
Stress(MPa)
<& ¥ -Raman shift #&4>
<Piezospectroscopic coefficient (Loading test)>
Order Linear regression results Piezospectroscopic coefficient
a (cm™/MPa) b (cm™) (cm™/GPa)
1 0.0023107 521.6170 2.3107
2 0.0023282 521.6176 2.3282
3 0.0021239 521.6176 2.1239
4 0.0025895 521.6334 2.5895
5 0.0018298 521.6435 1.8298
6 0.0021421 521.6410 2.1421
7 0.0021590 521.5764 2.1590
8 0.0022065 521.5768 2.2065
9 0.0018222 521.5814 1.8222
Average (std.) 0.0021680 (0.00024) | 521.6116 (0.02697) N = 2.1680 (0.24026)
All spectrum 0.00221456 521.6189 n=2.2215

_97_



O Unloading test 2}

¥ A3l Unloading test 235 Holt X&F& AAY 453893 E)S Ve, =
7y et dAA FH/AEAE ekt E 9 520cm! peak $AE ERH, —Or% Y&
o2 Fgo WslE Addoz vEeld A (peak shift)s HIth
ofgf &} o] stFol AA AFH(AFSHo] AVMEFH)
S g2 ﬁlq(Unloadin testo] 7] wj&o] %7 3=
Fol Waow dg WHsIE dojd AE weetd, 39
3l

Unloading test Unloading test
521.74 ‘ 521.74 :
—©—Raw data —©—Raw data
52172+ |= = =Fitted data J 521.72 + |= = =Fitted data
-7 ==
~ 5217 ,/ ~ 5217 /
£ - £ =

-

o
& 521.68 T = 52168+ /
= g =
[} s [}
S 52166} » S 521.66
£ -7 £
© s ©
.64 ¥ 521.64

¥ 521.64
521.62 521.62
521.6 ' 521.6 '
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(a) (b)
Unloading test Unloading test
521.74 T 1 521.76 !
—6—Raw data —©—Raw data
52172 F = = =Fitted data 521.74 |-|= = —Fitted data /
L B217f sl 52172 pEY
§ /‘ 5 /
S -7 S
£ 521.68 / £ 521.7 2/
< <
(2] (2]
< 521.66 ~ < 521.68
© ©
£ :
X 521.64 X 521.66
521.62 1 521.64
521.6 ; 521.62 '
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(©) (d
Unloading test Unloading test
521.76 ; T 521.76 T
©—Raw data —o— Raw data
521.74 = - ~Fitted data 521.74| |- - ~Fitted data /
< 52172+ / < 521.72 ;y
E 5217 E 5217 =0
< <
7] 7] >
552168/ _.- € 52168 -2
£ - IS X
© ©
X 521.66 X 521.66
521.64 521.64
521.62 ) 521.62 '
0 10 20 30 40 0 10 20 30 40
Stress(MPa) Stress(MPa)
(e) ()
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Unloading test Unloading test

521.7 T T 521.7 ; :
—©—Raw data —©— Raw data
52168 = = =Fitted data 521.68 = = =Fitted data
< 521.66 / < 521.66
£ = //44
= 52164 ’/ = 52164 /
= : . "/ = : Py
e - e -2
[Z] - on P
< 521.62 L% < 521.62 g
£ £ ~
£ / g s
X 5216 //, X 5216+ -
Cd - -
7 e
521.58 / 521.58
521.56 : . - 521.56 : ! : -
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Stress(MPa) Stress(MPa)
(g) (h)
5217 Unloading test
—©—Raw data
521.68 = = =Fitted data
521,66 ~
S
o
£ 521.64
E o
< 521.62 5
g §P
¥ 5216 e
L i
L d
521.58 / e

5 10 15 20 25 30 35 40
Stress(MPa)

1
<&=-34 W3} B4 (Unloading test) : Silicon wafer in resin (w/ heat treatment)>

Unloading test Z¥o]A & 4 ¢l%o], Silicon wafer in resin®] 2%, ¢=<#o] 7l A|H
Al AESEE 254 AASE AR wlg dAAQ] g5 o]sARE Hole AL 9 1T
ot EE Este] g1 = Ark EIE 1 AARRD Tl 2B A e daAH o= AEE
AL AT F+ At
<& =% -Raman shift &4 A3 37247 (Unloading test)>
Specimen # Test number a (cm™/MPa) b (cm™) R2
1 0.0019791 521.6382 0.949846
#2 2 0.0018359 521.6419 0.994628
3 0.0015415 521.6463 0.959413
1 0.0020307 521.6579 0.988188
#3 2 0.0013299 521.6682 0.860821
3 0.0016198 521.6667 0.942189
1 0.0022008 521.5721 0.947688
#5 2 0.0018683 521.5779 0.951968
3 0.0023583 521.5694 0.989251
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okx Aw 3t npe} 7ol ylo| 2EF A 4= (Piezospectroscopic coefficient) & $-8-31g=0]% 7ko] 3
AL JedlE AFEHN cm/GPa 9 992 F=2 x7|d ofd &

Unloading testol]l tis] 2t&% o Z2EF AlFES Holth E&FH doz2i34 ASs AA dolg
of ok Hr gkl 1.8627 cm Y/GPa °l™, ©]i= 1 GPa® &¥e] ulid + 2
#~#HEYe] 18627 cm ' vHF o] WFo R o]FFE on|gith @17] Loading testsﬂr %%‘.6}7{]
obef o ‘All spectrum’& z+7+e] AALH a &

A adE RE 2H9EQS st olE AY IAE St ALE a, bw«a LHER A

o
it
P O
>
o,
EY
ot
A
o
e
°
sg
offt
ne
ot
ol
of
BN
r N

Unloading test
521.74 T .

—O—Raw data
521.72 = = =Fitted data

s

I
N
X
~

P
P

-

-

52168 ==

521.66 /

521.64 y="

Raman sh|ft(cm'1)

521.62

521.6

5 10 15 20 25 30 35 40
Stress(MPa)

<& % -Raman shift ¥A >

<Piezospectroscopic coefficient (Unloading test)>

Order Linear regression results Piezospectroscopic coefficient
a (cm™'/MPa) b (cm™) (cm™'/GPa)
1 0.0019791 521.6382 1.9791
2 0.0018359 521.6419 1.8359
3 0.0015415 521.6463 1.5415
4 0.0020307 521.6579 2.0307
5 0.0013299 521.6682 1.3299
6 0.0016198 521.6667 1.6198
7 0.0022008 521.5721 2.2008
8 0.0018683 521.5779 1.8683
9 0.0023583 521.5694 2.3583
Average (std.) 0.0018627 (0.00033) | 521.6265 (0.04137) n = 1.8627 (0.3257)
All spectrum 0.0018209 521.6339 n=1.8209
- AIHH 2 (R HIHE AA)E gFeF-o5Hsrt o dBFHoRe
F¢A H, I AAHE Wff =%
= -5, 2 dTE T AFE Yoz EIFIAE I, HFEEY SHANS T
F USs Aoz J|ud
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Loading test
522.08 T , —

—6—Raw data
= = =Fitted data

522.06 |

~52204 <
' ’
S f/, .,
O 522.02 s
= / L’
S .
o 522
©
% 521.98
14
521.96
v
521.94
0 10 20 30 40
Stress(MPa)

(a) Loading test

<FEHFAGAANA AN T whel Aol

Unloading test

522.1 T T T
—O—Raw data
52205 | = = —Fitted data //
'E 522
o
=
S 521.95 /
c -
@ -
§ 5210 T
o P .- /
521.85 ST
\\J
521.8 ' ' '
5 10 15 20 25 30 35 40
Stress(MPa)
(b) Unloading test
W AR HF-v We gL
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O

¥ ooy Re He FAAT ALgetel dolq £AF WAL WAk Wyollel, dolAst 24}

g 2de) FRot Angt wep ¥ AdAE @ F#° AW (Silicon wafer’t ¥
o

0
ole) 1ge B ATE 95
S:09 cm)& HITh (A9

W olo] A3 AR F). oA wek, &% Aude ANg
Aol nAEs) @ Tl B Yovl, $3 Awels 35 ARE A8 AT AR A
Sk FYT Resin & dolAT Abste] fdEe] $¥S 45t ¢ WYV E wath &

AA R =25 E2ALS Silicon wafer’} £33 resin©] th.

Fd=E 83 F7&ESH ol AH8E 2 ofdlet ok & Aol = Hd 106 MPa
o] dFTe F 6DA(TE +17.74 MPa)= o] A 7tstidvt. & 6949 Asts A7t
TEHY, T TR 27I@eR s, stes DAMEE AASE Unloading testE 5 A3H
Fdste] 21 AALS AFTHAT
<= AT &A>

Load step 0 1 2 3 4 5 6
Stress(MPa) 0 17.74 35.57 53.21 70.95 88.68 106.42
O Fdll= At 2 Al A7
Hoodtoq Ahgd FuUlzxs BWTEKOA #rjsts 48AF o2 A 60 mm 74 Working

Distance® Z4A(Edd wat H 6 m7HA 7Fa)&d & o, ojd golx AL WA o] FHu7)

2HE o] &3slo] Uit Alse THOEHE 60 mm A A #ol

A5, #olA AR A7 ¢F 23 mm 7F "vk &, A7 2.3 mm o gt Yol
E

i)

<E ATl AREE F dl=o] ARS>
Model T Sunl'tab_le Raman Worh‘qg Distance Aperture Focused Laser Spot
Excitation Range (adjustable) Diameter Diameter
RT5200-V15-NIR Zoom Lens 20 - 60 mm 500 - B50 nm ~0.21 mm @ 20 mm
20-60 mm 23mm =
RT5200-NIR Zoom Lens 20 - 60 mm NIR 785 - 1064 nm ~2.3 mm @ 60 mm
RT5201-VI5-NIR Zoom Lens 60 - 600 mm 500 - 850 nm ~0.22 mm @ 60 mm
60 - 600 mm 48 mm .
RTS201-NIR Zoom Lens 60 - 600 mm NIR 785 - 1064 nm ~2.6 mm @ 600 mm
~0.6 @06
RTS202-VISNIR | Zoom Lens 0.6 - 6 m 500 - 850 nm 06-6m 70 mm A P
BSmma@em

- 104 -



o

el

i

=

3to], Working distance

}33 7], Silicon wafer A

S

&

A

A oA =

S|
A

ol A 785nm

Moz zAg dolAE o

ol

o)

T
oo
—

;O.._

)

ﬁo

- 105 -



2.36.2. stz A3

Loading test

2 3}

23t

<&tz -394 W3} #A(Unloading test)

- 106 -

A=2 ALE NS Wl v uslele] BAS F3ely] $lstol, 7t hF A o A ¢
HE A=3te], 520 cm ! peak?] ¥ FE ALtstdn o71A, Zb st A el A
> > o
77 80z F AZSHom, A d=e) o|AAE 60 mm olth ofz 1L
o] &3t AS¥ Loading testZ#& UERATE A4 Fof 2AgE §=52 g =H et
Loading test Loading test
—©— Raw data —©—Raw data
5194 - - -Fitted data 51941 - - ~Fitted data
- _.519.38
E E 519.36
E E
< ~ S ~o~
2 Sel 2519.34\ o
© S © 8= ~ o
g o s g S~ P
S 519.32 S 519.32 © S
519.3 s - 519.3
519.28 : . : 519.28 ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Stress(MPa) Stress(MPa)
(a) (b)
Loading test Loading test
—e—Raw data 51986 —e—Raw data
519.4 - - —Fitted data - - —Fitted data
519.54
_.519.38 R
i S_ 51952+
E 519.36 E
E -
£ < E 519.5
e 519.34 c
£ £ 519.48
S 519.32 - S
A 519.46
519.3 Tss
519.44 <
519.28 3 : : ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Stress(MPa) Stress(MPa)
(c) (d)
Loading test Loading test
519.56
—©— Raw data —©— Raw data
519.54 § - = =Fitted data - = =Fitted data
519.54
51952 _ \
o T 51952 F
E 519.5 E \
% ‘};ﬁ) 519.5 ~
£ 519.48 . 2 N
% 519.46 \e—\f_\ % 01948 B
o ’ RN N x RS N
519.46 S o
519.44 ~.
519.44
519.42 . . ‘ . ‘ ‘
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(e) €]

. Silicon wafer in resin (w/ heat treatment)>



2 4= 1ol Silicon wafer in resin®] “4-¢-, &5 o]
(5o HPAHRE Holve AL 9 adHH FolA g4l
(e}

’ Ao 2 gl vuk A
A xdo] WAsk= S AARE Qleto], 1 glol] dF A7 e As gl
<&%-Raman shift ¥4 A& 3] A4 A3} (Unloading test)>
Specimen # Test number a (cm™/MPa) b (cm™) R?
1 —0.00071053 519.3651 0.88504
#1 2 —0.0003062 519.3434 0.65772
3 —0.00053745 519.355 0.69364
1 —0.00098908 519.5414 0.95053
#2 2 —0.00086569 519.5349 0.93341
3 —0.00078719 519.5274 0.9117

O Unloading test 2}

ol 1¥E FURE o] &3] A=% Unloading testZd & YeEITE Loading test$} &3 7
SAIZE (80%), Al #e] olAAZ (60mm)E A8t SAHE A3E Bl Al fetso] 7}
) Foll uwphel, AR L A]H AHo|= Loading case®t L&A o1-gHo] WA A )
Unloading test Unloading test
—e—Raw data —e—Raw data
519.4 ¢ - - ~Fitted data 519.4 - - ~Fitted data
A51938-!\Q ~519.38 B
E 51036t 7o\ 5 51036 \\
E S E R
519,34 5 ~ 519,34 5
c 1 - c <
© ~ [ ~o
g L X ~ g \ S s
& 519.32 N & 519.32 |
519.3 N 519.3
519.28 ‘ ‘ ‘ 519.28 ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Stress(MPa) Stress(MPa)
(a) (b)
Unloading test Unloading test
—e—Raw data 519.56 | —e—Raw data
519.4 ¢ - - ~Fitted data - - ~Fitted data
519.54 [
e \\\ " 51952 )
0 519.36 = S AR
£ \;\ . £ 5195 D
P 519.34 1 RN 2 \
5 \9_‘ - S 519.48 e
& 51932 R S S
\ 519.46 ~
519.3 B \
519.44 |
519.28 ‘ ‘ ‘ . ‘
0 20 40 60 80 100 20 40 60 80 100
Stress(MPa) Stress(MPa)
() (d)
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Unloading test Unloading test

—©—Raw data —©—Raw data
519.54 = = =Fitted data 519.54 | = = =Fitted data
519520 N0~ 51952
g ><?\\ g AN
F 5195 N F 51951 S\
= N =
< No S -
S 51948+ S 519.48 1 e
®© (3] ~
X 51946 1 X 519.46 & ™
519.44 1 519.44 1
519.42 519.42 - :
20 40 60 80 100 20 40 60 80 100
Stress(MPa) Stress(MPa)

(e) )
<&tz -34 W3} B4 (Unloading test) : Silicon wafer in resin (w/ heat treatment)>

Zd=Z o] 83t Unloading test 23 % Loading test® U3t ek gp o] H (L9 Wek)S Ho
= gt on, 1 BAE TS AFHor Il

010 1
)

N
924 APAZREH Aol 60 mm 744 Az el A
A3e vhgow ARNAIAL Fol el & ZHAY 10 mm o4 AEE 2
sekahe,

oS} F, AT AxAe] BEAWIA)] 2w, 4§
) o AYNAE it ~MERL AST 5 dd3 misw
AT A5, Aol A Aol 85 mm 744 gLk wpebA), gol ofe

2 %

— H
wo Aol BmGAL g, dn 5) FH 5o $AZH £ A 7]
S

o,
ol
3R
o
Ryor

<-g-#-Raman shift &4 A& 37423} (Unloading test)>

Specimen # Test number a (cm™/MPa) b (cm™) R2
1 —0.00081676 519.3731 0.93335
#2 2 —-0.00068182 519.3789 0.88103
3 —0.00070907 519.3774 0.8973
1 —0.00087707 519.5364 0.93463
#3 2 —0.00078187 519.531 0.93588
3 —0.0006586 519.5239 0.95145

- FAZE o]8F FTSY SAYHL A 2AHE BHE dIe WY
o, B A7E B3] WAHE MM g &840 AFH
=017 -F, B2 VleEE vtolaE 99 imY AAS e 4o HAEE &H
T 2 34T 5 ANUE, £ V€2 53 1Y H23 mm) 33 & 2E Ao
d |

Bt ¢89S FTH T 4 UL 4PHoE AFY
5 m dolA =4 474 HE 5 gomE, HTo| o3
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O Mesoscopic mechanical model

H = (W.CZhu and C.A.Tang, Numerical simulation on shear fracture process of concrete
using mesoscopic mechanicl model, Construction and Building Materials, 2002)'V o] A= &5
3o ojg ZAYE I RG-S AlEHIA AT Meso-level oA A (ZAE) &4 9
EvddS wgetr] fste], AT/ EE 2ET AR 94 wiHsE A d9E 3
o ols FolH Weibul ¥xEE uweh Hgsta, £Amdel 942
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splitting tensile stress level of 65%, Construction and Building Materials, 2016)'* ol A

B X W< T ol
B o BN e '
U SR om o
7w TH ooy do ™ o
% W TE T W N
E B o<
HLE %AOEHT‘%
T M S ol oo
ﬁ% TE W
B gy Y =
P o T %wmwnaﬁ
-\ oo .ﬂﬂ,;o|o_o
OT ‘UTZ\AHV.,._
AN UUmQL_]mLLlEo
2 m X T ool
3 w2 ofy oF = TH
q# = 3 g B o
g — oo
% B BoM o
S o N oo 2ok X
it o ~ - — Nty X
_% 7 Nr ol ma e P
T = =
T =
) B l%#a.w
28 e T Xo T = 5
= w o —~ ;Y o —
§ = ™0 g W o B X
—_ .
| BN T
— o W = mm
< "o Yoo
T %1@.3 - X0 5
) MMMD%E
& mo ﬂj;& _H%%ﬁ.w‘_
e B I g o WX
R am Mo O mr W R
2 v = NI
" P o 2 o
1r01rL7 N
g .
= — o ﬁ‘mW»A;OM_
—_ X
o H R I
N cﬁﬂﬂlieEM«
— T ald . =
Mw GRS
R o 4 = o No
o ol o) T N T
SIS 2p) ﬂefxiﬂﬂﬂ
Ry sy & L
FWT & FRE R

111



=y

—~
o

o

i+
el
sl

—_
file)

35 40
Stl, SEHAZ

o

= = =Fitted data
30

—O—Raw data

25

20

Unloading test
Stress(MPa)
Fst52 It

15
ot
=]

10

-

4

21.66

521.62
5216

I
~
-
I
0

521.74
5.

i =i 40MPaZ2

9

101 CH

—

40
v

30

= = =Fitted data

—6— Raw data
ol Afe| Al

(piezospectroscopic coefficient)

=
S

Loading test
20
Stress(MPa)

1

P
T

A
pull g

S

10

—
—

Fol ool 2337
52174
521.72
521.66
521.62
5216 -

°©

_WIo)Iys uewe

- = ¢dFollM

of o

7ol

Klo

-

12 -




941 %9 A ol
ol A E oo 223 @
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<Alumina’} F7}d #HJEZ} =3x8 AlH>
Peak at 13404 jomct) Peak at 14434 {omt)
144084 1 44956
= 184053 = e
i 144354
5 108 5
E 144068 E 144352
5 144046 5 gasm
= = <
E 18400 4 E
T jg4042 E
14804 14434 &
0 0 40 60 BO 100 0 0 40 &0 B0 100
Stress (MPa) Stresss {MPa)
® [rstl @ testl ® temd e inear fitting ® [stl @ testl ® w3 i e =R neae fitting
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<ARaFIL AY A AT oo ARAL wA FE>
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2383. A= AYdx (HFXA : £10 MPa)
2 dAFaMes oz 24dd #EY A, A5 AgdE 10 MPa ol#e 24 A xnE A
AotArh ol & AFA AMEE XHE TEAI2He] I EE Aol e Axolt Y
AA ARAx @A o5 AE A= oty 2t
AN MOoXE - =AM
[2& HYX|E] AS &5 £10 MPa
<AHE RZE AHA A7t g5etE SA>
Load step 0 1 2 3 4 5 6
Stress(MPa) 0 §) 8 16 24 32 40
521.74 ,
—O— Raw data
521.72 = = =Fitted data
S 5217
£
()
E 521.68 e
N Ve
(2] ’/
S 521.66
£ /
O
12 521,64/
521.62
521.6 :
10 20 30 40
Stress(MPa)
<7 FekE el AlE QA7F HAS W ste-awst #dA>
— &2 AFME= stE 09 EHE =Zesto, & 7EHAH S UFSHES AlHo| QTtste|, HF
HEEE FMSIUS. 047|A 8MPal| 3st&d T=HS ALSsI¥end, ol = stE-ubrtst
of BATL ol MEMRAS AdMoZ ASE (9 = F=xX)
- AlHo| 20 MPal| &Fst&0| CItE AdFE 7185t AHM/0|EX Z1tE dH|lue
— Al®Holl 20 MPa2| &E35t50| QItEAS AR, O|2H 2 Z 0.04443 cm 2| TSy}
tAsolst (2 HFE Soff HUEE AV A|H| mox= E&ALE 2.2215 cm'/GPa
el)
- =, 0|2™ mlpsizk2, 2.2215 cm'/GPa X 20 MPa = 0.04443 cm™' ¢
- M7 a2 Z(RZ Y-axis &t=x)e| et AMofA 20 MPa YESHEQIJIAl 0.04 cm™'e
ul=eisty} Y st=E Ho 2 LIEHE
- A XL} O|EX|7} Ol & FALE
— 5, X mEAQl £10MPa 0|5te| SIETEH T ASJtsoicts &7 AdZIE HIEHS
2, A™MMIX|EQ “HE HEE +10MPa”"E =AM SIGCID Erelgt
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Ll

2.39.5. CNT 7|9t 7= oiv] A7} dxF (34 0 50% °] )

¥ AREage TR A3 AAHD 38 24N AW 9A, Be ATAE Fato]
ONTE 0|88 Ah4s ~dERaeE Aus) B a7 A0 et 9ok 5%, A
A= A A7kE ONT wlg 2 Ae 27] 5ol 72 avhet olshy] g, 2 7l ze]
A NRE Sste 28 Aol BHIE Ad Gn Past A G ¢ A

F4l 5U2 AFW e B

[ 4XX|E] CNT 7|8t 7|& ofH| |7t HZ 50%0[4

Baoguo Han et al. & “Sensing properties of CNT-filled cement-based stress sensors”?e}+=
=wollA 2 AT FdsA dEstsAE S dHA AJHB0.8 mm x 50.8 mm x 50.8 mm)ell

d
carbon Nanotube(CNT)Z Y i, stress sensor(22 AlA)ZH 2] 7|52 AdHor #HAF3 At

lem

7
5.08cm

5.08cm

R
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o
o
—
[\
1
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K
et
&
o
ok
)
>,
E
[u—
=
2
X,
2
>
fo
i,
r
>,
m
Lo
0%
rlo

O Given data
- Volume of mortar = 0.0508 m x 0.0508 m x 0.0508 m = 0.000131 m®
— Density of cement = 1440 kg/m®
- Mix ratio = 1:2.45 (One part is cement and 2.45 part is sand)
- Total portion = 1+2.45 = 3.45
- Part of cement = 1/3.45
- Part of sand = 2.5/3.45

O Calculation
- Wet volume of mortar = 0.000131 m®
— Dry volume of mortar = wet volume x 1.33 = 0.000131 m® x 1.33 = 0.000174 m®

- Weight of cement = part of cement X volume x density of cement
= (1/345) x 0.000174 m® x 1440 kg/m® = 0.072776 kg = 72.776 gram
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ol Artez Al AJHE 17el= oF 77 gram®] AIWMEYE A8 HE Aoz glx ), w
ZhA, sl =ol Al AFEE CNT o] 0.1wt% < RS s, zA7HAA S A A HS
A2tz s oF 7 grame] CNT7F 23k 3oz AitEty,
U3 A7) A AlA 1] diele], B Ao A= vl 2} go] 3 we] ZHo|rf oF
1~12 cmQl silicon waferg &HAA =2 ALg3to] ets-9tWs AAE FHATE whebA,
FAF av]e) ARAL AEE AYEDY AL wlwstel, 1 AAYS B
7batiE 2ed A
TS 7tAREA S 95t gtshAlE AR ARG AIQl sigma aldriche] F/E @S B LS}
Aok &, AFY dE E s wel shAel Zolvb JoermR ) 659 AFe] FAAVLE Ht
3 gk WaEEE doh AkAE J1FRA 2 Sabesbe obel ®sh 2k
<Silicon wafer 7|=5A¥ @7} 2 skabcri>
HE A HE 2 HE 3 HE 4 HE 5 HE 6
71& &4 (in) 2 in 2 in 2 in 3 in 3 in 2 in
Hol ohe| ea/pack 1 ea 1 ea 1 ea 1 ea 5 ea 1 ea
THob (") 220,000 & 197,800 & 206,800 2 358,900 2 1,064,200 & 194,600 2
stk (R/ealin) 110,000 & 98,900 ¥ 103,400 & 119,633 & 70,947 ¥ 97,300 &
2ergezt 55,000 ¥ 49,450 ¢ 51,700 ¢ 59,816 35,473 48,650
(2l/ea/2t 1.2cm)
g eyl (//1ea/1.2cm) 50,015 &
<CNT®| 71Z5FA w9 gaerb>
] AHZE 2 A= 3 HE 4 HMZ 5 HZ 6
7|=82A (g) 19 25 g 19 0.25¢g 1g 1g
THob (") 193,600 2 1,193,200 € 1,624,500 € 394,900 € 1,833,000 € 1,136,400 &
SHAEET| (21/1kg) 193,600,000 & | 47,728,000 ¥ |1,624,500,000 ¥ |1,597,600,000 & |1,833,000,000 & |1,136,400,000 &
W R AT} (2/1kg) 1,072,138,000 &
o EAERE (81/79) 7,504,966 ¥
9l el #Zol, Y A7 Al Uikl Silicon wafere] FQFFHd7E7F CNT Bk oF 150
Hj o] AHe Z& & F Ak Eg $HFAS flote] FUEE A wjde]l H8% V&
2utE ZAESL g, dolAE ol &% HHF SHUFAH Ve 5S4, AA widd 28
S b9 W go] i B olelele gtk &, B Avle] AR AZdntn @
o, 2 A7olA Agkehs A4 sl%e] CNT/F £3d A/MIA§ ~rtezaees] 7120
150H) o] Mgk Ao g dAdE)
— O|& S50, EHMIX|FZl “CNT 2|8t 7[= oid| 71 HZH 50% o[&"E EM3I¥ct
=)
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Sapphire (alumina) material properties

E, = 386 GPa
E,=38188 GPa

E,=38188GPa

ﬂx_‘, = l?yx = (.25 (compliance matrix is symmietric
matrix)

azx = ﬂz_\. =0.24 {transversal isotropic assumption)

Gz = Gy, = 1468GPa

E)'
21+ 0y)

Gy = = 152.75GPa

Sapphu'e (aiumma) material properties

E, = 386 GPa
E,=38188GPa

E,=38188GPa

By = By = 0.25(0 matrix is sy it
matrix)
l?z,‘ = l?z_\, = D.Z41rran5versal Isotropicassumption]
Gyy = G),z = 146.8 GPa
Gry ==X — 15275GPa
W2 +0y)
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Sapphire (alumina) material properties

E. = 386GPa

E,=38188GPa

Ey, = 381.88GPa
Oy = Oy, = 0.25 (compl matrix is sy
matrix)
gy =05, =024 lisotropic ion

Gz = Gy; = 1468 GPa
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Time Dependent Numerical Simulation of MFL Coil Sensor for
Metal Damage Detection

Ali Azad'a, Jong-Jae Lee'®, Namgyu Kim'"

'Department of Civil and Environmental Engineering, Sejong University, 209, Neungdong-ro, Gwangjin-gu,
Seoul, 05008, Repubiic of Korea

{Received , Revised , Accepied )

Abstract. Recently, non-destructive health monitoring methods such as magnetic flux leakage (MFL)
method, have become popular due to their advantages over destructive methods. Currently, numerical study
on this field has been limited to simplified studies by only obtaining MFL instead of induced voltage inside
coil sensor. In this study, it was proposed to perform a novel numerical simulation of MFL’s coil sensor by
considering vital parameters including specimen’s motion with constant velocity and saturation status of
specimen in time domain. A steel-rod specimen with two stepwise cross-sectional changes (i.e., 21% and
16%) was fabricated using low carbon steel. In order to evaluate the results of numerical simulation, an
experimental test was also conducted using a magnetic probe, with same size specimen and test parameters,
exclusively. According to comparative results of numerical simulation and experimental test, similar signal
amplitude and signal pattern were observed. Thus, proposed numerical simulation method can be used as a
reliable source to check efficiency of sensor probe when different size specimens with different defects
should be inspected.

Keywords: magnetic flux leakage method; finite element analysis; time dependent simulation;
nondestructive testing, coil sensor

1. Introduction

In order to assess structural element’s integrity, regular structural health monitoring must be
performed, especially in some particular cases such as suspension bridge structures, cable-stayed bridge
structures, oil and gas industries and etc., regular inspection is mandatory and essential (Feng, Li et al.
2017; Igbal, Tesfamariam et al. 2017, Kim and Park 2018). For instance, in cable-stayed infrastructures,
almost entire load is carried by steel cables. Thus, any flaws such as cross-sectional loss, corrosion and
internal breakage in cables may lead to catastrophic structural failure. Various nondestructive testing
methods have, therefore, become popular on cable defect assessment due to their main advantage, which
1s being nondestructive test. Moreover, cable inspecting robots with mounted nondestructive testing
(NDT) sensors are developed and considered as one the useful sensor setup for detecting damage in

* Ph.D. student, email: aliazad052(@gmail.com
b Associate professor, email: jongjaei@sejong.ac kr
* Corresponding author, Assistant professor, email: namgyu kim@outlook com
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Experimental and numerical investigcation on effects of lift-off variation on
hall sensor

Ali Azad, Jong-Jae Lee, Namgyu Kim
Abstracﬂ

Conventionally. a hall-effect sensor is used to detect metal surface defects such as breakage, crack and
notch. To understand the performance of hall-effect sensors as a damage detector, both experimental and
numerical analyses are currently carried out under various conditions. However, the condition of gap
between specimen and sensor called lift-off is generally considered as ideal status in current studies
although it may differ due to slightly misplacement of steel specimen inside a magnetic sensor apparatus.
Furthermore, this issue can occur mismeasurement in hall-effect sensing. In this study, the lift-off issue is
particuraly addressed using a proposed numerical simulation method and experimentally verified in a small-
scale laboratoy test. Due to the complexity of conducting a precise finite element analysis (FEA). in current
numerical research trend, instead of obtaining induced current in hall sensor, magnetic flux leakage (MFL)
is simply obtained. Thus, to achieve a method with better approximation, a numerical method capable of
obtaining induced circumnferential current density was applied. Next, signals of the conventional and
proposed approximate mumerical methods affected by wvariation of sensor lift-off were obtained and
compared accordingly. It was observed that, in case of small lift-offs. the conventional and proposed
numerical method could identify notch defect, while by increasing lifi-off, no defect could be identified
with the conventional numerical method. Further on, experiments with variety of lifi-offs configurations
were condueted. According to the results, in greater lift-offs compare to the conventional numerical method,

defects were detected, and no misdetection was observed.

Keywords: MFL, Hall sensor, lift-off, numerical analysis, experimental analysis.

1. Introduction

All structures have a service life which during that period. they must withstand certain loads and weather
conditions. Consequently. a damaged structure might not be able to fulfill the anticipated load capacity and
may cause partial or total failure of the structure. In order to prevent structural failure, the structure must
undergo inspection regularly. Initially. non-destructive testing (NDT) started with basic visual inspection
[1] and gradually improved through time. Nowadays. there are much more advanced defect detection
techniques. Conventional health monitoring methods that take advantage of propagating waves
phenomenon can be divided into following categories: Mechanical wave-based techniques such as
ultrasonic guided waves [2,3] and acoustic emission [4.5], and electromagnetic wave-based techniques such

as magnetic flux leakage (MFL) [6.7] and eddy current testing [8.9]. Among different types of NDT health
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1. Introduction

Stress measurement using conventional methods surrender relative stress measurement and require
post-processing to evaluate the absolute stress. Consequently, conducting field test using
conventional methods requires additional time for precise installation and post-processing data to
extract absolute stress. Therefore, in this study. Raman piezo-spectroscopy (RPS) and
photoluminescence piezo-spectroscopy (PLPS) which are non-contact and NDT, were applied to

obtain absolute stress in the target specimen.

To measure stress in the target sample, two techniques are proposed; stress measurement using
spectroscopic active paintable materials, and attachable spectroscopic sensitive materials
embedded in epoxy resin matrix. In the first approach, commercial white paint is chosen as the
adhesive agent for alpha alumina which is both fluorescence and Raman active material. It should
be indicated that. commercial white paint consists of abundant portion of TiO; that is a Raman
active material. Thus, for the purpose of stress measurement using RPS, commercial white paint,
and for stress measurement using PLPS, a mixture of commercial white paint and alpha alumina,

were chosen as the candidate materials.

In the second approach, it proposed to attach a Raman active material to the surface of target
sample and measure the stress. For this purpose, silicon wafer with high Raman active
characteristic was considered and used. In order to protect polished surface of silicon, and
minimize negative effect of thermal stress caused by laser, silicon wafer was embedded in resin

matrix and then it was attached to the surface of target sample.
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