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ABSTRACT

In_this.work,-the composite_of the PVDF polymer with nickel powders of

17 pm and PVDF with copper powders of 3 um were prepared. The concentration of the
metatic powders was varied from the 0.02 — 0.10 %wt. The dispersion of metallic fillers
in the polymer matrix was observed from the SEM micrograph. It was found that the
dispersion of the copper fillers in the matrix was better compared with that of nickel. As
a result, PVDF/Cu was chosen to study in detall. Thermal difusivity and thermal
conductivity values were studied. It was found that thermal conductivity increased with
increasing copper concentration. From ihe pyroelectric constant measurement, only the
composite with 0.02 %wt was able to be measured and the values was 30 pCImz. From
dielectric measurements, the dielectric constants increased with increasing copper
concentration and decreased with increasing frequency. Moreover, both dielectric loss
and electrical conductivity were enhanced by addition of copper. An application of the
composite to be a dielectric bolometer for determining the very low metal element in
vari(_fus solution, the relationship between pyroelectric current produced by the dielectric

bolometer (1) and metal concentration () is | = 0.85¢ + 6.89
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56 Uaz 115 pm ag&ﬁmﬂmmn (AIN) Ti@Amnas (whisker) (¥W1@ 1.5 pm x 0.8 pm
Waz-4.86 pm x 070 pm)uaz Fdnawenilud (SiC) wia3smnes  (whisker)
(1.4 pm x18.6 pm) ndudulunefiues PVDF uaz Bwand udriasnanmmahien
fauuszansfiladiinedn WHﬁﬂﬁﬂﬂWﬂﬁiﬁﬂﬂ?ﬁM%ﬂ%ﬂJﬂﬂﬂa&liwﬁﬂﬁﬁﬂ’lﬂaNﬂifgﬂ’lﬂﬁ
Ingiaz ﬁamwmiﬁ']mm%'auﬁm Lwiﬂ'mmma]:ﬁﬂ"}mnLﬁatauaumﬂﬁmmﬂlﬁtﬂ i
mmmjmaamuau‘lummmmmwwu LREWUATITHEUAILANTZHINY whisker  UAZ
aumea ludasiuf mmvauwm'lvmmﬂwamaumamwm'immﬁmauﬂmuavanﬂiwam
msmsfImMaaseniigindnnaiia whisker wisaumiatisaindies ERARNPHITEE
mTin AIN #1115 tensile strength modulus Waz AHWHED (ductility) Tenanas uaziilu



o FYars - ar ' ' AN aw oA A P
swngildife madsamwndsnnns dmdasfladiinainiidngs (10 1 2 MHz) Tn

o oAt & A A e A« v o a g A
aaulwindd PvoF  WuwanindlannanIndnid AN fluenduanezfdiaed

o &/ a o 3 a  Aa . I =)
‘lﬂﬂLﬂﬂﬂ?ﬂﬂq\m’mﬂauIWﬁﬂﬂM SiC iluadu

= A "~
Bernd unzame (Bernd ef al,, 2001) a3punaulwanfiiimandulane uas

“"mqm'm“'aa‘ﬂ“l‘ﬁﬁiﬂﬂﬂ"rﬁﬁ'ﬂ I magnetits * baits ™ NaIWes el strontium ferite giass
o | a g e A A ' L -

fiber TuIwAlwiwn&u  (polypropylene) 1iluaydnd figagiumatdufiuandoniu dan3s
injection moulding ufdnwsuAnITINsInaNNTon AIANNTBH URSANUNIILUY

Y w e -~ ' 1Y = o &
vavsaulniniguiusiugasmmandy wurhsmanmnhanufousosnanTnanfiugs

3 #{ ar ) -~ {
210 0.27 U 2.5 Wim  K) Afasumaidy tacl 30 vol%  lulwdlwswdu usmile

k3 . . = J ko ! A o ] A

WInULfiBue interconnectivity  woenaulwin Seldindrfinasssnvarfildein
Luud1889U89 Hashin Uaz Shirkman interconnection Wudn1s1da tale ez glass fiber
ot o ] wet o , . of o a A q O e A
finazyilyilan interconnectivity igs amizNnaulwindil lanenasuasfudnidiution

interconnectivity ¢

Psarras (Psarras, 2005) ﬁnmﬁm}’ﬁmwuﬁwmﬂi:g {Charge fransport -
properties) 'laua snwminh i lunssusassuszanwmai Wi lunszuesdud
& w a A, @ A ' a . y o
Gunugomndl uazanulidmiv vesnediwed - lanz asulwin wudmwumsilnig

' c\. A’ 45' et n: J ~ 1 t:;' 1 A 2 T
fufuiuliogumnfinan uaslanfulutsanud 10 - 10" Hz

Maaroufi uszATHs (Maaroufi et a., 2004) La3uuaau Iwdnwadivesiening
=S o ' aa o 1 A
wollues 3 pilaldud Bwand (epoxy) Falas (silicone) uazlwReFinu (polyurethane) A
lanaiududia (fenfia wazlaven) ufidnwinaves slauazanuniiavasnafiuef siia
WRTANWMIYBIAUNAY uaz adruninvasasnlnin Afldeaninninirlvives
[ = ] - A = o. =
aou Iwinweiwaf wuhweRweintanamiladuscamniunmulwigeesdamnms
o A a = &af ey oAl = 8
i idT uszeoulnannefiwe fafloymadifuffidny ol Goueziianudunm
TWinAedufiasnnuareInasnuiiin (surface enargy)

1.3 Taqilszsed

=) as a da o g ~ [ Oy %
1. LEFHEN Ef‘.‘lﬂﬂllIW NN INTNEALUBIURZANR ﬂamm'}ﬂmm’m
ll.‘l.l'ﬂ‘ﬂ?}l%
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P n:y t P &rey e F-3 S':I ey
‘l‘l%il‘ﬂ"ﬂ 2 BN FUUGLISRN W IZVIINARLUDINLFRIRUT G
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Iwdladifnesn aut@wliBidnainvaswedwed PVDF 91niu Ro1sonuazaiune

guvana Wi usrsuidmeanufaunaswadiues PYDF 1iatdulancnaiuas lanusn
w3 r 1 hd ﬁ!’
HuvnTa etk

21 Sinlasuanfinnafwad (Electroactive polymers)
a o ot a s . < o &ed e
Bidnlasuanfinwediued (Electroactive polymers) WiNHDN WaRLUBDING
argn, = = = a o [=Y ~ S ﬂl o s [ '
sutialnlsBilnednuasindlaBiinedn welweisllanddyuasihayszgndanuadg
o ﬂl =) =)
NIIPNINNIAFIMNITY UEAINIZUT 2.1 sulamumwasswadilaiinssiianualy
o
Tuaneh 2.1

o o) o~ o
@1IIn 2.1 G]'l?’ldltﬁﬂﬂﬁﬂﬂ@ﬂ"ﬁﬁﬂ'lUﬂ']W‘llﬂGWﬂﬁL&lﬂg (N4 : Eberle, 1996)

dle P, T T, A8 Insbiwduandns asnmginaeuines uszgompiumiaudey

wWoRlyad P, (MC/m’) TA°C) T,C)  Density (kg/m’)
PVDF 55 165 — 172 .55 1780
P(VDF-TIFE) 100 - ; 1900
P(VDCN-VAG) 50 . 170 - 180 1200
Nylon — 5 125 250 68 1200
Nylon -7 a0 210 83 1115
Nylon — 11 59 180 95 1023

Polyurea 5 25 100 - -
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¢ ¢
(8) N7 N /D
¢ c
7\ I\
F #+ F F

H H F M
\ VY
& G
(&) NSO N /N

VAN A\
£ F F F

H H H H
\/ \7
C G
(e) ~NS NN
C C

ANENA
CN CN H  OCOCH,

H H H H H H H
N/ \/ \/ |
& ¢ [+ N
(dy NI NN 2NN
c C C L
7\ '\ Y il
H H H B H H 0

H H H H K H 0] H
N/ NSNS ) f
G c ¢ N N
o) \c/ \c/ \c/ \c/ \c/ ~
/N FN 7N I\ Il
H H H H H H H H o
3% 2.4 lassnfwlmansvesmofiwe? () PVDF (b) P(VDF-TIFE) (c) P(VDCN-VAG)
(d} Nylon-7 18z (e) Polyurea -7 (ﬁm : Eberle et al.,1996)

2.1.1 Waflwa3 PVDF : poly(vinylidene fluoride)
wattuaf PVDF anAunulan Kawai  u a.a. 1976 lduanuanlouss
dnsfnmadrsunwinans lesenilunedivafsfiadfidis su1vougasaua
Tndlodifinasn usz InlsBidna3n s’ﬁaﬁm’l:uﬁwﬁ’tylum's’lﬁﬁs:qnﬁtﬂuqﬂn‘zfﬁ
Biinmsyafing



[x] [=3 = oy =t A
PVDF Lﬂuwamam%uﬂmaﬂnwmaﬂnmpsmﬁ (-CH,~CF o), Tatei3nu
T Asinai@iy (addition reaction) saswineluluiwes VOF derwiuldan

N(CH,=CF,) catalyst , o, — cF,) , -
Tag n > 1,000 Inlwuas

gﬂﬂmm%ﬂﬂumﬁ uRswWalluas PVDF LLazTﬂ'saﬁs"NTmaqamaa
' a = ar s A
sole wedluas PVDF fidnwoedogf 2.2 uazgl 2.3

o r 1%
WodlusY PVDF 2alluWalluaITuanIHan (semi  crystalline) tuaa
wadinastauidundnlszom 50 % fanwmzlassndnuuvaasinseudn
Y s [ A e A :
(orthorhombic) Tlavsainin 6 (W udlassainndnfilufugiwuasdnsfnuatng
wwsnanedl 4 wia L flan (B - phase) uaavh (o - phase) WnwaN ¢7 - phase) tas
A & o o o £ A A A A
LA8eN (8 - phase) T,ﬂULNsmmmumanumnmﬂumanmnﬂqﬂmaomnwanuanwm:
e 2 | £ a . @
vy b flunslindniivunalngl Slaiuudaagans (net dipole moment) snn &9
P
uERd AT N 2.2

I a ° 02@0
‘ 0 0
b

(a)

w.)

‘ {c) (d)

3ﬂ°?i'2.2 wiesasTaIwefiueY PVDF 4 WA (a) iWauaavh (b) tlaflen (c) waaam

(d) waunuin O unuazasypaInIivan O unuazaandasvigeain drmaznen
. d .
gadlalasawliuaadlunw (Ban : Lovinger, 1982)
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P it

O -~ FLUORME
e .- CARBON
© .. HYDROGEN

\ o a At Y
517 2.3 lgluisnawmdugin veswafiued PVDF Aflls Tnseadne B usz o
(71 : Tashiro et a/,1989)

‘:] 1 A & 1] =)
MINA 2.2 wEaeaflasondn Iumue‘fmﬂ uazenuiustnuasnediuas PVDE
-
(71N : Gelfandbin and Perlman, 1983)

e faafindn Tmuuﬁi”:g’x anuflunin
a(A) b(A) o(A) Cm (%)
o 496 964 482  52x10°° 45
B 858 491 256  8.0x107 51
Y 497 966 918 - -
) 4,96 9.64  4.82 - -




lumsaiounefived PVDF ﬁqmﬁgﬁﬁm walwas PVDF a:finly
uaaw Tmuuﬁ’iﬁﬁqﬂ%lﬂug{uﬁ Qaifgmuwanudiug) udsansawdsulmiiwnafiis,
athaflenldaugl 2.4 Hafwmnonszuawmaidn sudsunadiuad PVDF fflinauashil
annnily waRiwasezinwnmiunsunuan mmfulﬁﬁmu‘lﬂﬁﬂwﬁagsﬂs:mm
500 MV/m woRtuaiazliva fan *‘fou“]mwaﬁﬁluquﬁﬁ%ﬁqﬂ%mnﬁqﬂ Uudn

Drawing

o §

— ke =y
€ B TE
S - || &
< [+
S 2|8
1 - t
e m Nt
2 £ 2
o, g 0.
v 4
S Poling (~ 200 MV/m) ¥

o a o a P
3UN 2.4 uHmMRUEad MR pwnsyeIweliues PVDF (fan : Furukawa, 1989)

2.1.2 P(VDF/TrFE)

lawafiuaives P(VDF/TFE) tinenyjfisen polymerization 284
hhitaRdungoalsd (vOF) iy (FE) weRwa$ PVDF/TIFE) aflanufiunnannis
80 % DrHuNIBLBan ﬁqmugﬁ 200 °C wwnnnn 1 $alae (Lando and Doll, 1968)
millilesnnezaeuvasgestn Avwalngviliunu a uas b sesmianioad unit cel)
fawalnginh waden vasnedwed PVDF

TawssFundnuazniiaidoslalnavas wellued PVDFMIFE) T&nwus
Indidaiuwediuaf PvDF wdnisfilaTuslumandvsimianluluwes Tee ftaun
e lilnm lsirtunes welwed PVDFTHFE) fidhannni wedwes PVDF  &avihle
anufluninuss wollas P(VDF/TIFE) dsannnin weliwes PVDF

2.1.3 Inaousiind Odd Nylons
=y ﬂl b (-] ’ J [} [
Tussuriad ﬂi:ﬂﬂUﬂ’lﬁIMI%L&JB%ﬂﬂ%’]%ﬂﬂﬂﬂﬁa&tijﬂﬂﬁu
(methylene groups) 8z 1 ¥yl (amide) %ﬂﬁmmmaﬂmumﬁhﬂ 3.7D
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P Y o
TN 2.3 WA gﬂ'ﬂﬂiaﬁﬂdﬂ’lﬁtﬂﬁﬂ]awﬂuﬂau ('ﬂ&l’l : Lewis, 1997)

Tugen gailasaiiniad

Nylon =5  -[-NH-CHp=CHy-CH,-CH,-CO-] -
Nylon —7  -[-NH-CHy-CHy~CHy-CHyp=CH,-CH,-CO-] -

Nylon =41 <[-NH-CHy-CHy-CHy-CHy-CHy~CHy-CHy- CHy- CHo-CHo-GO-] -

120
TN,

100}~ X

e,

0 I 1] I - | M 1 |

-480 -400 -%0 O B0 100 4ED
Temperitore C)

gﬂﬁ 2.5 uaaviaul ANt indladildadn (e11) ﬁ%uﬁ'uqmmﬁmm (a) luaawu 11/PVDF
& Py
§89%% (b) WoRluas PVDF () lusew 11 (Flun : Su etal, 1995)

wnniias Tusaufidunszumnsindsoslanudwlndladidnasn
L2 KIJ b LY = F- | =3 - tQ' A’ r K 1
way wifignmpiiuiy (1) sud@lndledilinadneslidAudn uasasddnunnni

= & )% [ 2 P ~ s ] Py
waniyes PVDF me‘lua au‘lmumﬁmauﬂqmﬁgmmuamﬂqmﬁg AR ULHBRY

\ . vl At e = P o & =t o
(melting point temperature) FUUA Iwd [rdiinaziidnanas aoin Tuaau Janumuizaud
9.5 ﬂ' s L2y = o W = A =y ) ;:J
ﬂz'lm”umﬂuqﬂnitﬁﬂmﬂﬂﬁuuwlwa'[ﬁnaLanmn‘nqmﬂgufqamw 200°c  luwoed

A o s v o = ‘; a ot ]
WﬂﬂLﬁJB% PVDF mm:aummum{lmmnqmmnum £ig) QN%QNHBUT\ 100°C

4
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2.1.4 TawoAwaslafiaddloonlne (Vinylidene cyanide copolymers :
VDCN )

lavafashfaddloolud  (veon)  daflunefuunsuiiaadygu

A 1} ) A 1 1
(amorphous) Huandnssinwadiwad PVDF uaslusaw @ T, fAgsaglutas 170-180°C
A v g, o o ' a
udtfiasdrgumiauoaluamudaagaas C-CN Aflvua 4.0 b Soflvwalng Tawefuad

283 VDCN 39iezuraszuya s lodidnesn

drednsveslanediued vDON ldun P(VDON-VAG) Saura
qwﬁTm’ﬁlﬁ‘ﬂA N .

i TP
) [ A 123 oy, - -3 = 1 o [ ar

lawefinef sfinduvas VDCON Ausasauialwdlobidnasniduiuneias gailasain
- a s ﬁ‘ L J

nafveslawsfiues VOCN siiadu q mmsmmm‘lﬂmgﬂﬂ 2.6

HOON H K P(VDCN-VAC), R=CH
| N
a g“g____.g.uq;_)_n PVDCN-VPn),  =CH,CH,
g PIVDCN-VBU),  =(CHy)£H o
& R
P(VDCN-VPiv); = C{CHy),
PvocvBz); = ()

P A a . s
U7 2.6 ugaslassafrimaafiuaslanefiues vinylidene cyanide

€ o

AJ ar ] (=3 =
Wasmnanmugiiosvasln B'}VLTL‘]J"’D'R HRZAN Bﬂﬁﬂﬂﬂuﬁuﬂu‘ﬁﬂ%ﬂﬂ
=&

(low acoustic impedance) uwszlndlfsadvsihannniiwadiwes PYDE  Favilw
P(VDCN-VAG) Sarimhanlalumsdszgndiiiuguinal utrasonic crack detector

2.1.5 wefwainafni3y (Polyurea)
Takahasi Uaz Atwe (Takahasi et al,, 1987) FInFIATzR N R Na TR
ﬁ’lé’ﬂ%‘samnﬁ"sﬂﬂf]ﬁ‘%mm‘né‘mwaﬁLua'lusﬁ‘ﬁ'um sInstzinsluguginag
(vacuum evaporation) 84 dilsocyanate (O=C=N - R - N=C=0) usz diamine

(HoN - R’ -NH,) %nﬁg@ﬂm@aﬁﬁoﬁagﬂﬁ 2.7
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HN-{CHgg-NH;  +  QCN-{CH)y=NCO
1,8-tlamnononane | 1,8-dllsocyanatononeng

—e- 2—(0H;);~E-ﬁ-z—(ﬂﬂdrz— g

polyursa ¢

A Y P
Eﬂﬂ 2.7 LtﬁﬂﬁIﬂiﬂﬁi’]ﬁﬂ’NLﬂﬁ‘ﬂﬂﬂ polyurea 9 (‘ﬂ&l'l : Eidichi, 2005)

=) L=}

=3 Uiy =3 r-% =, { =3 o A
walluaiwaRnTuvsuaasgut@lndladidnasn Helndonedinaia

U

ey 34 r=y = =3 n‘d 4
amnniidazanme 200 °C dpsnnlngs 120 MV 7 m w10 Wil oz ldwafiwaifitien
ar = A:'i' - - . . 1 4 Z2 a = af
gussAnTnla8i8na3n (pyroslectric coefficient) 1YL 20 pC/m’K  wazdNLzing

= -3 .4 =3 13 ar 2
w8 dlna3n (ey) WY 26 mCim
Pr ] P 5 “ - A - a o a A
tlevsnweinaiwefgiie Sdinasggidsladidnainfidn

I f o &, 4 . s t - ¢ o A
{low dielectric toss) @IUUAT pyroelectric figure of merit UAFINIWORNDITUAD W

2.2 axUA InlsBLanasSn

% a.a. 1756 wninearaad  Tuillasvefiu Ussineiaasiuis
Franz Theodor Aepinus HILNAUININIRH Lﬁaﬁqmmgﬁtﬁnﬁu a:ﬁﬂszq‘lwﬁqagﬁﬁfa
AUAZI v’i'ﬂﬁﬂ'}ué’ﬁﬁﬂﬁmlﬁ'ﬂiﬂmwfmnmnﬁwﬂizg‘lwﬁﬁ @8y Canton Lﬂuqﬂﬂaﬁ
Fanafinit masagampiiluuitrniwiluveunailiifanszealin lusewing
aaasIef 19 MadoewlnldBlnasndefianin  Smstanunafintuniiia
nazka i lnlsBilina3nuszdsegndldoumsinlsdifnadnunduludl a.q. 1850
Jean - Mothee Gaugain laviadastanszuglnlsbinadn uazlufl a.a. 1992 Matossi
fnrmasasim e nisiang

Tagdonn dsngmsallnlsBidnaindea o lfifianiniuewwlas
T,wm‘lsm%’umnmnﬁ‘é‘muﬂawmQmuqﬁwﬁn s‘fioﬁﬂ'lﬁ'ﬁn'mﬂ‘éauﬁ‘maﬂmuuﬁi?m;
T lufamadenin msLﬂ’é'UuT,waﬂsm‘ﬁ’mﬂuuaﬁﬂﬁﬂ's:gﬁﬁuﬁmﬁﬁﬂu‘lﬂ ﬁagﬂﬁ 2.8
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ATTRACTED

T DIPOLES IN
ﬁ—fo A |P,. &1 MATERIAL

P T S T CU Y

7 T-g\ J LEAD

00 W | O Junemm

I, R

ELECTRODE 2zl

() 15| l;i 51 MURRENT
+ * +
%%30 Q) ‘P, = "@’ AMMETER

gﬂﬁ 2.8 UnngmsallulsBifingdn (flun : Lang and Gupta, 2000)

A o

1 A o s as e # =) as
L3Jﬂ’?ﬁ@}uﬂ'ﬁLﬂRU%llﬁﬂdqmﬁﬂuJJ T RumanusuRinunTuainwlsd EnaTnifunsndn

as

A we
AULCIaN Ity dadi (Ploss and Domig, 1984 ; Lang and Gupta, 2000)

_Im 1

A dT/dt 9.1

A L . 2 - '

e A Aafiufina v was dT/dt Lﬂua@lsqmnﬁas}uqmmgu WIBRUIOE URNNS
A ot L

Tuwalvas maRmuudaalnalstady daguns

AP = AQ
A 2.2
AP = pAT 23
AQ

AAT 24
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Wl i) unw nsulAsnudasnssuslwlsBdnasnfduiunm Swiindin A

dT/dt unw é’m‘rm’mﬂ'é‘uuuﬂmqmﬂgﬁ@ianm Iwienlw © °C.s™

AP unu Twm‘l-m%’uﬁméumﬁmmnqnmgﬁ tnamiu C-s™

AQ  unu ﬂs:g‘lﬂﬁ'}ﬁLﬂ‘éﬁuuﬁamaﬂwm‘bmﬁumuqmwgﬁﬁmﬁm f
wihoiiu C

AT unw goinnfRowlay  whodu °C

A 4 & ~ 2
A uny Aufvas Wit Swidhodiue m

] FJ o = = ] [f 2 -1
p__uwnu snasflnlsfifingsn Swiamilu C (mC)

2.3 M ldih wazatsiannuden
,J & ;:f o A n:Y =1 ar 1 “ 5l ot
tummnm&;ﬂ‘lﬁumﬂ%ummtﬂmaqﬂi:ﬂam:mwwaamaiﬂﬂam
s -y ar 3 - [ Ly T e =
uadu aesunndnssumah idihuazenaioneandiny damssh Wi uidums
=y s - =) A [ [} [ b2 I3 =Y
aﬁmqummmmﬁnmauam:nagluamaflwﬂ’] gruninihanutawiluntsfiatson
wodnssunsvesdiinasaudase uazlviuau

2.3.14 N9t vl

o o1 - I=I 1 -~ ‘:! o 9+

wmimamnmauamzﬂaglu‘[ﬂmNamuagnns:mmﬂamu‘l%!ﬁﬂ
P o A P A e ] P P A
aLanmam:gnmmuamu”lﬂﬁ’u Gty ifsleuRanunsiafounrasBidnasandsse
s . A &L o A A o - o - ' PY
anyzud W Ryandanud Reafanunsafaunossdiinasauszialiiiiaainy
o , . 4 - a & P A &
dun il (electrical resistance) ma'lunsm“umaLanmauaai:'ﬂag'luh‘samanmm
o A Ha & as - a o o = =
dgumuliufiasmmndiinaseusuivezasnvaInin@ia, 2521) ildmaafand

o“ooF o A = A A 1 F-O- ar
gaafiiinasauyniiase jUf 2.9 (n) urasfamsiaieuiuuuguuasBianason i
" L2 ] 2 A
Lﬁaomnﬂ'nu%'auua:mswnuazmau%qagluamu:mqamomqmw UN 2.9 (1)
r=1

uaasrmeiamy Wit
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D lugnmwanas
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k4
4

a o 2 & &
HONATDULANTIIYUY

—p~ X

()

IJ =~ ol [-) =3 = { b3
Juf 2.10 memsaﬁmqumniwmsmmaoaLﬁnmauamuﬁaagluf{mﬂwﬁ’l

. P 4 e r
3u 2.10 (n) lumssBwpngdnssunah infinidinefige el
“r - A L] = =) 1 ‘ﬂl =3
s lWihannsziiuBdnaseunedlueimedas: mﬁnmam:gnLsa'l.ma'lﬂ'l,uﬂﬂme
assiudhanufiamemassuainin g1 2.10 () dwlensdiledilinaseugniuntould
n: rd = P ; = o a~ - é ] A f
Slufendn Silfnasenilanialssudvlasindn Seersiiiunisunuy Bandu
(efastic collision) (Rzviaunsuid lidnstromwisnulilasnines)  wisTuuuy
=1 ¥ . . . = ] ol o 1 r=) 5 ]
"luquu (inelastic  collision) Fapidnasantioinnasnulisgaurienimuaunlass
=1 I =3 e s oo 3 1 §
win 31 2.10 (a) LﬂumsaﬁmU'lm%aszﬂuwmmwmamnmamﬂmsgﬂmmﬂ
a W o & o ar o 'Y
auuinih aLanmam:ﬂaan‘s:‘[ﬂﬂngﬂnwaoammwmmu
103t 2.10 () sansnabinstnngnissimshiwiyeslanzdonddia
_— n A c. 2
Tugmwflddamuwity slfnaseudidien k  fuuanifudiiinasandidsluniesn waz

aeoow

Silnasanifen k  usuiudiinaseuddolunadis luanwiladdawu Wiy
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2.3.2.1 AN INTD% (Thermal conductivity)
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mului’ﬂqﬁﬁa 9 ﬂ‘%aszﬂ’iﬂe"i’mqﬁaa%uﬁﬁuﬁﬁﬁ'u Tanffienansininafonfioe
wﬂ"wmmm%’aumﬂn‘%mmﬁﬁqmﬂqﬁfp‘lﬁﬁ’w‘%nmﬁﬁqmwgﬁe‘hndw FMIAIHIO Y

2 i ] | s P
5'?]%"]]86'1?(6}@]’1\7 | ﬁ’]&J"ﬁﬂLtﬂﬂ\'}‘lﬂﬂGﬂ”ﬁ’Nﬂ 24
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A - Y & {12 B Py —
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(flan : Turton, 2000)
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7as 310
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Fanau 160
Ta@na 140
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wofund PVDF 0.26

A [ o L ;:J [
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- P a W 6 o

e K, ez Ky, smmnhanuieufifunsendidinasen uasanlnuan anadeu
- o4 Qs ;

Tasaansauenianso laasil

2.3.2.1.1 aNTHNITHIVDIHEAN
=Y & =Y L5 ﬂf ]
MR TanERnITYeNan umsAsannavesanuiauiiide
P f was o & A W meas @
nanwIolduasudnidaladvesndnldiuanuseu nudatdotatpuaslatasuauian
n' nf; o v A ﬂ! a A v L = "
AraaNIISURY m'l.mnmn’mﬂawuﬂawaaLLawwagmw:ﬁq‘lﬁa:mawwmmmﬂmi



19

a" -3 g 1 s 0‘; ar k74 1
FUULAZILAANIITUNIUARAANI LT OIHRN asiunismauieugniianaaainime
né ar o d rj [ 5 A‘ r=] oy 1 s
ﬁm“lﬂmamemm'lugﬂwaoﬂaumw‘mumaaﬂmmami wis iAat omuRau
L & Qs A
anuTould q93f 2.1

A “U = U ‘. A =]
E'IJTI 2.11 ugaINsIalTBIavatazaaulunilefia

~ = A hod b [] -
Lm:'lumammmm‘mwm‘smﬂﬂumwmau‘tvmglugﬂmaeagmﬂmaiw
Aoy tJ (=3 o L
wah ﬁﬂ'\Wﬂ']ﬁﬁ']ﬂ')’]&]‘iﬂuﬂLﬂﬂ'ﬂ'lﬂTﬂuE]u FIUTIOLVHULNUQTHERUNT

1
Ko :gnCﬂ’mvm 27

A o . o A
Wie 0 unudnnuluadafiings ¢ unuluaiamuganuisuiiwzvesesasuiian 4,
- =) ﬂ] =3 "
wnu mafwadodaszaasinuen usz v, unuanuFivesinusu
IEI 1 | 2 f=1 ;«i’ o
angumIh 2.7 wuhanmwmshamadouusslasndn awbuiuenag
.3 iy :‘ Ey A o A =
anufon anudealiuen usznnduiadodarzved Wuaulaofinafuiadodass
t! § A
yaslvuenaziuagiy (Turton, 2000)
- suasimnulnseuinufsemisuuadazasu)
- duasimiuanulauigns mpurities)

- 5umﬁ%mn”u§ﬂunws'awaﬂmeﬂ%’wmﬁn



PRSAFEY DY PR

20

A 1Y & s o P o |
wanINUFNIRMTIANTaR D WENUANTU qu‘rﬁﬁ&l QﬂﬂﬂLLﬁﬂﬁluEﬂﬂ 2.12

. S

(a) (b)
=t - ar ey 1 b ) =) Pf i o] u‘
Eﬂ‘ﬂ 2,12 ERAINTIILNABUAINTLNITERING ‘[Nuaunumm’lumam “71 (a) qnmgmm

3

P A
(b) NamrnAF
4 4 %

P P W v v o o a =
ﬂqmﬁ{}ﬂﬁq(}qﬂﬂﬂqﬂﬂ?qﬂiﬂuuﬂU) mu’m’nmiﬂuaumﬂﬂﬂ’ﬁElluﬂ'liu

L 2/

] L Y :.-2 =) s Aan ] s [ A P o ar
a1uad Iamaﬂﬂuaua:mﬂ aumnsmszmwnuﬁﬁmuaﬂ URZAUNINTUININANY

anwliignimalumsfifidienilassnanumiaiusesiiuandeinn E=hoA) 39
ﬁiamﬁf{aU‘?‘i%:Lﬁﬂmsnszﬁaﬁumm‘lﬁﬁqﬂ%mU'Lu.‘m's Tunsnaunn ﬁqmﬂgﬁga
wisnuenuianmoluansawnlamafiAnsuasisoaeni iiuandsanniueny
s unadlWuan anMy m’m‘é‘uﬁﬁhﬁaﬂTamaﬁLﬁﬂmms:L%sﬁ’umm‘laiu'%fgﬂ’%fmn‘fu
@Tﬁgﬂ'ﬁ 2.12 s’fim?ﬂ'lﬁa"mnLaumﬁU%ﬁi:maﬂwuammﬁa}%mﬁaqnmQﬁﬁmga’i‘ﬁ'u
(Turton, 2000}

=1
2.4.2.2 ANINNISHITaIDIANATONDETE

sum3AldoTurssnwmaianaieusssdiinaseudaszianwuizadny
fusumeslvuauia

Lmuﬂ'nm;mm%'amm‘laaau C M AanugeNuIanIas Blinasew G,

wnuntatiuadodarzuodlnuon A, Aromadniaindsszuas
BLlanaTan A,

unuanuiadliuon vydnanunvesBiinasen v,
ldaumasmumahanuisusesdiinaieudszfa

1

Ke “—“-*nC/levB 2.8
3

A4 5 Y o = &l = &
WaRosansnumaiianudounasaay I nGnwadiweini lansiduan
WulasmsuBsuifsusnumsiianufenvesdi@nataudasy uaz 1Wuau drauns
A w &
2.7 ugs 2.8 lapRaTmnaait



21

::I =1 94 = &r I
LuaLﬂ"%ﬂumuua':mqmmsammaLﬁﬂmauﬂniwuauwmwmﬁug
[ 7] = i Al st pd ] o 5 ao& P
anusauzaslvuanidifies 1% dafouiulruan wdanumSesnadidnasondas:
1 = A o as as et 6 -1 a &
wazlWnaunuIanuesdiinasanluszdunassuwivesl (100 m ) Auania
' w P AL A P ol a o o
anslwuey wuanumasdiinasenild1fie 1000 iilafisunvanusiwadlvuen
o~ ] a e 17 ~ ' [ 1
waziiatszunmitnisiduniaszaansiWunanuasdifinasauiivinnu az2lddwavee

e S g sda 2 g ¢ : A4 : v
Blﬂﬁ"ﬂ?ﬂﬂﬂEﬁ’]&lﬂE]ﬂ?ﬁﬂ?ﬂ?ﬁﬁ?ﬂﬂ‘ﬁﬂﬂﬂﬁ:&lﬂ’]"1G'L"n"l&l“lﬂﬂ‘TTI‘Nﬂ‘t’lﬁ""ﬁ\?ﬂ‘]ﬁ‘ﬁﬂﬁﬁ‘ﬂ"l@“"" T

£ o ; s Y a o = pyy i 'L Y- |
famwmahweslaneaziunungiinirnresdifinarandas: ancfiinqlildlans (s
=y = (-] A 1]

Sienavaudasz) smwmathanuiaufiouninlans

2.3.2.2 mwa;m*m%’au

[y , - - v Ao PN
ANuYANTaL (heat capacity) faiurnnnuteufdnidulunmsify

AR el as Ny & o [ . .
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§139N 2.5 memmmqmmmumaaﬁaﬂﬂqmﬁgm 77 K uaz 273 K (Turton, 2000)

R

Fao 77 K (K™ 273 K (JK')
Na-Jila-d 12.5 24.3
GhHHIH K 238

nad 19.1 25.2

A 23.6 26.7

K11 8.1 24.8
Tmdoy 20.4 27.6
FAnau 5.8 21.8

nizan ~4 0 ~15.0

NaCl 14.0 24.6
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Specific heat capacity

e

e Y A4 o add e 3
Eﬂﬂ 213 LLﬁﬂwﬂﬂ'TlN?ﬂ?’]”?ﬂ%ﬂﬂ%ﬂﬂqmﬂﬂuﬂmuﬂu T usz T

o

1
|
I
3
:
T. Temperature

e

Fatunuanlugunisfl 2.12 sldindannuganuieusaslans fis
Uszanm 0.2 J mol " K’ ﬁqmw{}?ﬁﬁ'm ‘fiaﬁmﬁaﬂn'iqfhﬂ'mtgﬂ'nn%’auﬁﬂLmzmmmﬁé'u
284 080% 100 LHA ﬁafu’%’iammma;ﬂ'lﬁ"hﬂ':'msgﬂfmu%’auﬁqmﬁgﬁﬁawamﬁa
qunsn iR sonnavesBlinasauld ama‘hﬁmuésﬁmgﬂwaaﬁhmﬂugﬂaqu§anﬁ
qmﬁgﬁ@%’l AoluszuuBiinnsaiin avaganaienssiiudadiuniy gungd (1) Tupousdi
szuvlesafinamuganuieuesiudadiuiy punnfnninasE T) f:'uﬁaﬁqmﬁgﬁe‘iﬁ
qumm"s’aulmmnﬁLﬁnmaﬁnﬁﬂ"\mnniws:vu‘laaaﬁnﬁaLtﬁmﬁ’agﬂﬁ 2.13
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115398 laodsnasduaasit

3T
31.1 mmam‘sﬁ'ﬁwaa‘hﬁﬁﬁuﬂgaakﬁ poly(vinylidene fluoride) (Fluka 81432)
31.2 mmzmmé‘maj‘?ﬁag‘lw‘[sﬁiw (1-methyl-2-pyrrolidene: NMP) (Fluka 69120)
313  WIlanznadund IWInauNIA 3 pm 99.7% (sigma-aldrich)
3144 wilanzfinifia vuiaeuma 17 pm (sigma-aldrich)
3.1.5 NEY (silver paint) EPO-TEK
31.6 amazgiiioy 1$lumsanuRafiarudusainih
31.7 awman? (solder)
3.1.8 mmazmueslan dwmiuhanuszana
319 hnau (distilled water) waztidlelolud (deionized water)
3110 NTEMBTINT
3.1.11 nysawendezgliiloy (@uminium foil)
3.1.12 udnuiwin 2.5 X 2.5 mmaauduey #msuldiduuduses
3.1.13 nauiew (heat conductive glue)

3.2 qﬂninﬁmsm’%aaﬁa
'lm’m%é’ﬂﬁl'ﬁ’qﬂnsrﬁnﬂimamﬁﬂuﬁmﬁtﬁm’ﬂ'aoﬁumsm’%muﬁaamq
wasEufiRmdasiumsdnmnsuiamaelnih
3.2.1 m’%m%ugmmnmgu (SPIN-COATER) CHEMET TECHNOLOGY 34 kw — 4A
322 Lﬂ‘%aomums {Ultrasonic cleaner) Brason ULTRASONICS CORPORATION
3% 1510 J ~ MTH
3.2.3 HINIUF1T (Stepped  Titanium  Micro-Tip)  5/32° (39 mm) Diameter
Biologics.Inc

324 fdanszan (Glass - Cutter)
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3.26

3.2.7

26

undadiWinTzuanss (high voltage power supply) Pasco Scientific
'é% SF — 9586

idastanmuglihundednelnass (PA meter/DC voltage source) Hewlett
Packard 31 64561B

gaginsailalsw1luds (corona poling setup)

3.2.8
329
3.2.10

WIUssan3 (soldering iron) HISATOMI 3% OP 60L
matlufiiaes (thermometer) HANNA instrument U HI 8757

wlkanuian (heat - stin 3u_CB 162 TEgmsuldanadauuasuysusiwman

3.2.11
3.2.12

3.2.13
3.2.14
3.2.15
3.2.16
3.2.47
3.2.18
3.219
3.2.20
3.2.21

3.2.22

3.2.23
3.2.24

3.2.25
3.2.26
3.2.27
3.2.28

NIURTT (magnetic stirrer)

w1l (hot plate) CHEMAT 4 KW-4AH I mitenmsdieting
Lﬂéaaiztwuaﬁ'luqngryqn']ﬂ {vacuum evaporation) JEOL ju JEE - 400
Idnvezglifloansvuansiiedie

fininafuiawwne 50 uaz 150 ml Mg wivtdumousiadsumiaasng
\3esTauLLRIaeR 4 dunis (digital electronic batance) CAHN 4 7550
Jadfivae? (multimeter) Fluke 34 8840A

FOUANFITRULINRN

nfufniuduanating

F3BIR LT (spin coater) CHEMAT §4 KW~ 4A

539979 LCR meter Hewlett Packard {w HP 4263B

aiinlasfiiaed (electrometer) KEITHLEY 4 6514

Lﬂ%ﬂdﬁ'}Lﬁﬂﬁtp,mﬁmleﬂ’] (function generator) Stanford Research Systems
iU DS 345

\Baun mé’cym_jmﬁanﬁu {lock-in amplifier) STANDFORD Research
systems 3% SR 530

wnigaslalea (laser diode) LISA 1% HL25
ﬂé’aqqamiﬂﬁﬁLﬁnmauuwa‘raanﬁﬂ (scanning electron microscope : SEM)
JEOL JSM % 5800LV

iwienandisdaviunanlafiines (X-ray diffractometer) Philips 4 X'Pert MPD
wandnian3 (soldering iron) HISATOMI % OP 60L

gunsolinalfius (Peltier device) Duratec 4 DT 12 - 6

wringmmndl (temperature sensor) LABFACILITY LIMITED §% DM-503
(Pt100)
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3.2.29 @IGTWNIY (rheostat 11 ohms. 6.2 Amps.)

3.2.30 fawuniu 5 GLL £ 10%

3.2.31 ﬁugrgry’lmﬁ (vacuum pump) Weich Director ju, 8915
3.2.32 qﬂnmﬂﬂﬁzJuﬁﬂmmﬁlmamaam:m’lwﬁﬁ

d e
3.2.33 IQTNIGATTINNMY Thickness Gauge Handing Precautions for the Digimatic

Thickness Gage Mitutoyo Crop ATNRZIDEG 0.00112.7mm AIUNANE®
0.003 mm

3.3 A8aiun1s

o=t

k73
3.3.1 Aiwamaranniny dSaonn@nasasduEansmsmwed iadu
wgea'lsd srazmoBuaBaninlsilon nalanznasuas) daosuns

p=op" +(1- )" 3.1
o214
P ¢

p ] I - 3
WK ANanRILiLvsInaNlwen (giom)

m

1 3
PY s anuvuwiuanslavznaas (g/om )
pp ) a & 3
Unw AMARLBYBIWaiwes (g/om)
M® unu snausdnedues (g)
M™ ynu inavadlanznauad (g)

¢ unu dedmmndulanemauadg

3.3.2 nsin3sunasnlndnnofines

o A =l o =, [3 [ T d‘
m@mmsmwﬂaﬂwmwaammuma‘lﬂmgﬂw 3.1

3.3.2.1 MILA3NIH®IDI (Substrate Preparation)
o o I3 €t P o A v | )
Fenld nizanglas Lm:nszfunﬁ‘lmmagmuwmaammuu’[mﬂuwu

{ = d 3 L2 ey =3
589 tnfnwnazesrfiavesusesfifidoanuwm uazdnenizussneaindnuadined
o w o P 2 [y .
meﬂmmﬂuﬁ"mi:ﬂﬂl’iﬁ&l‘}m‘m 2.5 X 2.5 cm Ianugza1aa2g ultrasonic bath 15

tan 5 wifl euldinisfisamaiitszano 100 °C datanmiei
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® v o ) a A F=) ko = )
fnugusesfindeusglifivaaisulanlfinafianivsnfiassiu
r-'! as -4 =3 b
gaINea (Vacuum evaporation) 1ANUAK 4 X 10 Pa NS 20 A W% 25 3ufi a
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Sugrsmsiatougsazaeweiwed PYDF Tap sauminensiued
uaaﬂuﬂaaah@ PVDF fiumsasmaiduiaFayindsflow (N - methyl ~ 2 pyrroltdone
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dialdmsazany welwed PVDF 1@ulansnasiairmaaunin 3 um &
Tuasazananadied ludadin 0.02 - 0.10 %wt lasdansldanuion uaziiuvisualingn

b & ar 8 ' A hf
oy 1lwom 3 Tug pasanis flvlanenesunanszanadsdrriuane famadas
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3.3.2.5 n13l1A9 {poling)
mmﬂmm\ﬂuLuuem'mmaawaama'nwa'l.ﬁ”lﬂmmLﬂunanaeuawuam
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p= / \
=
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g
453 0 .

Time (mins)

A v o , . .
jUfi 3.3 LrasarnuFuwnirzniteanianldfiatuirarlunszuauniylngs

IS4

= = A
aaulndnwedweiNgomaiivas

UM 3.4 ugadgimIdananas gsmatalsnwilngs

1, dhnsulwimwaiiwefunlzneunuganimases Azl 3.4

o USuszusvisseaduldvinennianihnessnslszanm 0.5 cm

3. $ruawdIniin 500 Mv/im (David, 1978) 1uiaswiu 15 wifl il
waRwefilipudhuadan
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3.3.3 ﬂ'li@l‘sqiaﬂaﬂﬁﬂﬁmzﬂ']ﬂﬂ'lﬂﬂqw
3.3.3.1 @ananmw
Taanurudt Thickness Gauge Handing
3.3.3.2 miqfﬂﬁﬂﬁﬂqjﬂfgﬂ']ﬂﬁ']ﬁﬂﬂTﬁﬂzﬂﬂﬁllﬂﬁ

AT79RAUMINTZ UM lanemaduas lasnisandanneiy SEM Lﬁag

'é" AHTUETINT ﬂ"j:,’ﬂ"]’fj'ﬁ'i’ ] "j"[f]ﬂ"[?ﬂ?:ﬁ]'[ UV;IJ'? ﬁﬂ“'ﬁ ﬁﬁ’] §3F ) ﬁqﬁ% a‘lﬁiﬂ ﬁl‘ﬁ"ﬁﬁ f‘.‘t\‘] P10 Ry

1000 t¥in
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ittet, 1988) TunsAnwlassshandnyuuusnifidragszndng 10 fis 50 aaen anuida
289m33@ (scan speed) 0.08 aderdaiund ﬂwﬁagﬂm%mﬂ:ﬁm‘nﬁ‘é{Umwmmam-s
farsduTuiiudarnmadulan:

3.3.4 NITATIVHDLANEMENAMNTON
3.3.4.1 IAVADANAT ANANFANNTON
ﬁnmwamaammiﬁﬂamﬂmLm{lﬁﬁeiagmmaummmmﬂauiw'ﬁﬂwaﬁ
wat anuiluednvesasuTninweiined uszsnnuenmaisuusinauininnefiuns
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13501 1697N (Xu and Dang, 2007)
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AH,  unu tewiatlvasaonininwefived

AH] wnu iouvintlussnafiue’ PVDF Safleurvniy 104.7 J /g

3.3.4.2 NTHATLAHINIIAIINFERUALENINNITHINISANNIDN
KNTNANTUNAN IR N a U B9 EITA 8819 Hn1sAnmlanniida
' o [y N o as p [ =
amuvindsvesndnnnyawhulfimsdnang mgﬂ‘n 35
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absorbtion layer ——»

test materiat —* [j j

»  — n

thermal conductive glue

pyroelectric detector ——— > 'ij

brass substrate ——» @
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3.3.6 N1SAIVFBVANHLN I T
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@ ' ar v Ad
YSuenanuansdnglinefii 1.0 v
2. Wenlwuamsia anuylvit (G,) uazdh magyduladifinaino)
¥ 1 A A
3. Due C,J Har D naun 100Hz 1 kHz 10 kHz 1as 100 kHz
-3 ] o A o /& ~ 34
4. mmmmmwaﬂ,wﬂ']mmmmmﬂ'lﬂmanmn lawlFrumsy

IC

& =—— 37
£ A



37

g, unw aamuponiuldmeWihduiniviedinsfiledidndiEnesn
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LIMM-THERMAL DIFFUSIVITY DATA ANALYSIS
(MATHEMATICA VERSION 5.2)

Principle of technique

The LIMM-Thermal Diffusivity technique is a method for defermining the thermal

diffusivity of a material. The material can be either ferroelectric or non-

ferroelectric. The method is based on the determination of the phase shift of

temperature waves as they diffuse through the test sample.

Experimental technique: The test material is attached by means of cement to a

pyroelectric detector, usually PZT. The pyroelectric detector is attached to a
metal plate which acts as a substrate. A laser beam whose intensity is modulated
sinusoidally is projected onto an absorbing layer on the top surface of the fest
matcrial. The laser beam energy is absorbed and the heat diffuses info the test
material in the form of thermal waves. The waves diminish in amplitude as they

diffuse and they are also retarded in phase relative fo the phase of the laser beam

modulation. The PZT is a pyroelectric temperature detector. The phase

retardation of the thermal waves in the sample is determined from the pyroelectric
current of the detector. Because only the phase is of interest, It is not necessary
to know either the intensity of the laser beam or the pyroelectric coefficient of the
detector. In the experiment, the frequency and phase shift are measured at about
20 different frequencies using a lock-in amplifier. The data is analyzed by means

of this Mathematica program.

Adc.tional information required: It is necessary to know the thermal conductivity,

density and heat capacity (or thermal diffusivity & = } and thicknesses of
each of the layers: top absorber of sample, bond between sample and detector,
detector and substrate. In addition, the densify and heat capacity of the test
sample must be known. The thermal diffusivity of the test sample is determined

in this analysis.

The only places where the user must input information are printed in red.
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Instructions for the use of the program
The following are the instruction for the use of this program.

1. Go to section "Basic physical and geometrical parameters". Replace numbers in

_.red with the values appropriate for your sample. Units are Sl

2. Go to section "Experimental data". Prepare your data set according to the

instructions.

3. Execute the program by clicking on "Kernel”. Move cursor to "Evaluation™ and
then move to "Evaluate Notebook" and click. The program will be executed. It will
require several minutes. While the program is executing, the word "Running” will
appear in the title bar.

4. In order to either stop the execution or prepare the program to run a new set of
data, click on "Kernel". Go down to "Quit Kernel" and move cursor to "Local" and
click. You will be asked if you want to quit the program, click "Quit".

5. When execution has been completed, the results will appear at the end of the

procram. Read the instructlons for each item in order to understand the

intefpretation.

Basic physical and geometrical parameters

The known physical properties and the dimensions of the layers are inserted in

this section by the user. Units are SI. In this program, the detector is PZT, and

the bond layer has the thermal conductivity of silver divided by 5. Notice that the
product of the density and heat capacity of the test material must be given.

These values can usually be found easily.

$TextStyle={FontFamily—>"Helvetica",FontSize—>20,FontWeight—>"Bold"};

429 6 8
Kpond = —'5_; CPdetector = 2.7610"; Cpsample = 53.8510

5.385x%x 107
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0.000174 _7
— 3 Qdetector = 4.2710 7

Tphond =

Any value can be entered for the pyroelectric coefficient because its value cancels out

in the program. The value used here is::

yorpr =B
Pdetector = 230.% 107
The thicknesses of the layers are as follows:

thicksample = 25 10™%; thickpend = 210~ thickgetector = 0.5107°;

If reg! component > 0 at 10 Hz, set pos = True, otherwise pos=False. (If blue dot on
cer.mic is uppermost, real component < 0 and pos=False)

pos=True

True

blueDot=If[pos==True,1,-1]

1

ksampie = CPsample @sample;

Kdetector = CPdetector detector;
<<Graphics'Graphics’

Experiinental data

The experimental dafa is read into the program in this section. The user sheuld
prepare it as a text file with frequency (Hz) and phase angle (degrees) in separate
colimns. The number of frequency levels used can be varied. It should not be
fewer than 10 and less than 25. Fifteen or twenty is a good compromise. The
data must be writfen as a file "phasedata.txt” and stored in folder of your choice.
fts location and the number.of data points should be entered in this section. If
you call the folder "Temp", then write "Temp™ with a capital T as shown in the
example. When the program is executed, the contents of the file will be written
below.

SetDirectory["e:\Temp"]

e\Temp

phasedata=Transposeflmpor{["phasedatacu_0,02_21_1.txt","CSV"]];
freauency=phasedata[[1]]

{2980,3080,3180,3270,3380,3480,3580,3670,3780,3870}

phase=phasedata[[2]]
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{27.7,26.4,26.2,24.7,23.5,22.2,21.4,20.,19.9,18.7}
npoihts=Length[frequency]
10

Mathematical description of problem

This section shows the derivation of the model describing the thermal behavior of

the system. There are three layers: sample, bond and detector. The one-

dimensional heat conduction partial differential equation is written for each of the

i QO AAY OF G S ix-bDoundanry-conditions-are-reguired..The. first-one-describes.-the
absorption of the laser beam in the top layer. The last one states that the bottom
surface of the substrate is at ambient temperature. In addition, the temperature
and the heat flux must be continuous at the interface between every pair of

matcrials giving four more boundary conditions.

Consequently, by assuming that the temperatures vary sinusoidally in time, the
partial differential equations are transformed into a set of ordinary differential
equations. The bouhdary conditions are inserted into the set of differential
equations to give the ten equations shown at the end of this section.
This program analyzes the thermal diffusivity experiment.

The experimental samples are composed as follows :

sample: Test material

bond: Bond between sample and detector

detector: Pyroselectric sensor
Nuli

The geometry of the samples is as follows:
sample : 0<5z<z1

bond: z1<z<z2
detector: 22<z<z3

This will require evaluation of u'.




u=c1 3 Cosh[f} z}+c2 [3 Sinh(P 2]

Three simultaneous equations must be soived to give the 6 constants (2 per layer ).

eqnB=cH

-G ptt GttOHO NS

The various parameters in the ten equations are evaluated in this section.
The layers are located as follows:
z1=0;
z2 = z1 + thickgampre;
z3=z2+ thiCkbond;
z4 = 23 + thickgetector
The effective laser power is about 5 mW on a spot with dimensions, 0.5mm square,
"5.4107°
~ 0.00082
area= 0.00052;
w = 2x freq;;

We give the B terms:

w
Boond =(1+1) :
2 anond
w
Paetector =(1+1) | ———— 53
2 @ detector

Psataple = (1+10)

Ksample = CPsample @sample;
The coefficients in the equations are:
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a1 = —ksample Bsample COSh[ Ssampte Z11;
a12 = —ksample Psampte SINh[ Bsample 211;
a21 = Ksampte Bsample COShI Bsample 221;
a22 = Ksample Bsample SiNh[ Bsample Z2[;
a23 = —Koond Boond COSh[ Boond 22];

24 = —Kpond Bpond Sinhl Spond 221;

a31 = Sinh[ Bsample 221;
a32= COSh[ﬂsample 22]:
a33= —Sinhl Brond Z21;

a34 = -Cosh[Spond22];

a43 = Knond Bhond COshl Brond 2315

ad4 = Kpond Boond SINh[ Sbond 2313

a45 = —Kgetector Bdetector COSNI[ Buetector 2315

ad46 = — Kdetector Bdetector SINN{ Bustector 231;
a53 = Sinh[ Byond Z3);

ab4 = Cosh{ Bpond 231;

a55 = —Sinh{ Bgetector 2315
a56 = —Cosh|Sgetector Z31;
a65 = Sinh[ Bgetector 2415
aB6 = Coshl Baetector Z41;

The minimization of the sum of squares is carried ouft in this section.

stdev([atrial ):=

[d ifftable =
Tabte[

[amatrlxo = ({at11,a12, 0, 0,0, 0}, {a21, a22, a23, a24, 0, 0}, {a31, a32, a33, a34, 0, 0}, {0, 0, a43, ad4, adb, ad6),

(0, 0, a53, a54, a55, as6), {0, 0, 0, 0, a65, a66}} /. {freq — fraquency[{il], osampts atrial, adetector - atrial};
eqnrightside = {f0, 0,0, 8,0, 0};
ps = Pseudolnversefamatrix0}; coef = ps.eqnrightside; c70 = coef[[5]];
¢80 = coef[[6]];
. 1 1
Argliw(e70 (T) [Z4sinhi Bgetoctor 2} Az + €80 (-14—_2—3) FECoshl Pgatoctor 214Z)|

z4-13
casel = I8

Dagree

{freq — frequency[[1}], @sampio = atrial, agetector = atrial}; CosiDegree caseO]], {L1, npolnts}];

npoints 2 SUmMs(
sumsqg = E (difftableffil] — blueDot Cos|Degree phase[[i}1)"; Sqn[———-—-]
=1 npoints—1
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If may be necessary to change coarseminCl and coursemaxC{ so as to bracket the
correct thermal diffusivity. If the plot of COARSE FIT does not show a maximum,
either the range of diffusivities does not include the correct value or the parameter

pos is wrong.

coarsemine =9 10_8;

coarsemaxa = 1 10'5;
subdivisions=50

o

( Logi10,coarsemaxal-Logl10,coarsemine
atrial‘able = Table[10 subdvisions—1

i+Log[10,coarsem'"‘ﬂ), (i, 1, subdivisions}] /IN;

coarseOltable=Table[{Cltrialtable[[]]],stdev[Oltrialtable[[j]]]}.{,1,subdivisions}];

Arg::indet : Indeterminate expression Arg{0] encountered. More..
Arg::indet : Indeterminate expression Arg[0] encountered. More..

Arg::indet : Indeterminate expression Arg[(] encountered. More..

General::stop ¢
Further ontput of Arg::indet will be suppressed during this calculation. Hore.

LogLinearListPlot[coarse(?,table,GrldLInes—)Automatic,Frame—)True,FrameLabeI
—>{"THERMAL DIFFUSIVITY","STANDARD

DEVIATION"},RotateLabel—>True,PlotLabel—"COARSE FIT"]

ScaledListPlot::sptn :
Coordinate {1.32815/10’ﬂ Intexrval({1.04705, 1.231%1}1]} is not a pair of numeric values,

ScaledListPlot:isptn
Cocordinate {6.18371\10'1 Intervali[{1.23077, 1.392036}1} is not a pair of numeric valuas.

ScaledListPlot::sptn: Coordinate {0.00001,intervalf{1.25055,1.40306}]} is not a pair of

numeric values.

Genezal::stop @
Fur-.her cutput of ScaledListFPlot::sptn will be suppressed during this calculation. Meore..
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COARSE FIT
Zz 1.24 - - :
Q . ) |
%1.22 .
Q 1.2
%1.18 : ‘
k2 1.16 . .
1-14 [ LA ' J
1.x1072.x1077 5.x1071.x107%2.x10°% 5.%x10°%.00004
THERMAL DIFFUSIVITY
[ 1Graphicsl]
[JGraphics[

coarsesmallstdev=MIn[Transpose[coarse(ltable][[2]]]

1.04705

coarsesmallLocation=Position[Transpose[coarseCltable][[2]],coarsesmallstdev][(1,1

1
28

coarsebestOl=coarse(ltable[{coarsesmalll.ocation,1]}//N
1.32815x107°

finemin(1=0.9 coarsehestQl

1.19533x107°°

fineinax((=1.1 coarsebest(l

1.46096x10°°
subdivisions=100;

Log[10,finemaxo]—Log[10,fineming] , .
atriaitable = Table[1 o subdivistons—1 teLog10;fineminal) (¢ subdivisions)| // N;

fineCltable=Table[{Cltrialtable{[j]],stdev[Cltrialtable[[i]]]},{i.1,subdivisions}];



ListPlot[fineCltabte,FrameLabel—>{"THERMAL DIFFUSIVITY","STANDARD

DEVIATION"},GridLines—>Automatic,Frame—>True,PlotLabel—>"FINE FIT"]
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FINE FIT
1.1398 T

3 1.1396 |

E
<E:1.1394 i
i 11392
o 1139
< 1.1388
1.1386 . .
1.1384 o

1.2x10F25x10F.3x 1035 x10F.4x10F.45x107°
THERMAL DIFFUSIVITY

STAN

Ll Graphics []

[JGraphics(’]

smallstdev=Min[Transpose[fineCltable][[2]]]

0.885115
smallL.ocation==Position[Transpose[fineOltable][[2]],smallstdev][[1,1]]
80

bestOl=fineQltable{[smalll.ocation,1]]//N

1.40577x107°
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bestfit=

[ﬂtlag =

Tab]e[

{amatrixo ={{a11,a12,0,0,0,0}, (a21,a22, a23, a24, 0, 0}, {a31,a32,a33,a34, 0,0},

{0,0,243, 244, 45, 246}, {0, .0, 353, a54, 255, 256}, (0, 0. 0, 0. 65, 2661} /,

{freq — frequency[{l]], dsample —+ beSte, Cdetector = besta); eqnrightside = {0, 0, 0, 0, 0, 0};
ps = Pseudoinverse[amatrix0}; coef = ps.eqnrightside; ¢70 = coef[[5]];
¢80 = coef{[8]];
, 1 ; 1 4
Arg[iw(c70 (24_23) JESInh{ Betector 2] d2 + €80 (;_;) JECoshl Bustector 21 42
casel = Iz
Degree

{freq - frequencyl[il], @sampie = besta, ddetector = bestal; Cos[Degree caseO}], {i,1, npolnts}];

npoints 2 stdev
stdev = Z (fittag[[i]} — blueDot Cos[Degree phase[[i]1])"; Sqrt[—————-—-—-—]
i=1 npoints -1

intervai[{0.885115,1.27007}]

Resnlts
THERMAL DIFFUSIVITY OF SAMPLE
bestXl
1.40577x107°
STANDARD DEVIATION OF FIT
bestfit
Interval[{0.885115,1.27007}]
SAMPLE THICKNESS/THERMAL WAVE LENGTH (Results shouid be less than 2; if

not change frequency range)

( thicksample thicksample \

- hasta besta
. frequency{[npoints]} x frequencyl(1)ix

{2.32495,2.04017}
FIT OF EXPERIMENTAL DATA POINTS TO THEORY




87

rawdata=ListPlot[Transpose[{frequency,blueDot Cos[Degree

pha.e]}],PlotStyle—>PointSize[0.02]]

0.94 . o
0.93 .

0.92
0.91 .

0.80| ' 3200 3400 3600 3800

[ Graphics| ]

hest=ListPlot[Transpose[{trequency,fitlag}],PlotJoined—>True,PlotStyle—>{RGBCol
or{1,0,0],Thickness[0.005]}]

T
0.75| /\ /o

0.5 / /
0.25| ,

~0.25!/ 3200 3400 3’600 3800
-0.5
—-0.75 /

U Graphicsl]

labelplot=StringForm["({= "1"",ScientificForm[best((,5]]

o= 1.4058x107°
Show[best,rawdata,Frame—>True,FrameLabel—>{"FREQUENCY (Hz)", "PHASE
ANGLE (RAD)"},PlotLabel—>{abelplot]
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a=1.4058 x107°
Y. N A N N
// \\ / o

oh ] i

150
3008206400606800

EDENIENCYV. (Li=)

HASE ANGLE (RAI
QIIOOO

DGraphicsD

thermalConductivity = besta cPgample
75.7006

stdDeviation=bestfit

Intervalf{0.885115,1.27007}]
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Abstract

The composites of a ferroelectric polyvinylidenefluoride (PVDF) and metallic powders with low concentration
were prepared using a spin coating technique. Microstructures of the composites were observed by a scanning
electron microscope. The dielectric properties, electrical and thermal conductivity of the composites have been
studied to clarify the appropriate process parameters such as type and particle size of the fillers, heat treatment and
thickness of the composites. From the investigations, an improvement of the electrical properties, low dielectric
constant and low thermal conductivity of the composite suggest that the material is attractive for electronic

applications.

1. Introduction

Composites of polymer matrix filled with
conducting particles are of interest for application in many
fields of engineering (Dias and Das-Gupta, 1994). This
interest arises from the fact that the electrical characteristics
of such composites are close to the properties of metal. This
work aims to fabricate the composites of a ferroelectric
polyvinylidenefluoride (PVDF) with certain weight fraction
of metal powders and studies the electrical, dielectric and
thermal properties of the composites.

2. Experiments

2.1 sample preparation

A diagram summarizing the main steps involved in
the preparation of sample is shown in figure / .The PVDF
powders (Fluka .81432) was mixed into 1-Methyl-2-
pyrolidone (NMP) (Fluka 69120) with 10 : 90 %wt. at 60 °C
and stirred 3 hours to obtain the PVDF solution. The
polymer mixture filled with copper (Cu) (sigma-aldrich) and
with nickel (Ni) (Merch) were prepared. The same weight
fraction of 0.02 was used for both 3um Cu and 17.8 um Ni
powders. This low concentration of the fillers was used in
order to prevent the connectivity of the fillers in the matrix
which possibly lead to the voltage breakdown of tne material.
Afterwards, the mixture was slowly warmed until it became
viscous. The density and volume of the sample were
calculated as (Lang and Das-Gupta, 2000):

gl o

Where M, pand ¢ are the mass, density and volume
fractions respectively, and the superscripts P and m refer to

@

polymer and metal, respectively. The density, p of the
composite is determined as:

p=gp" +(1-¢)p"

DY

Heat and stirrer

Heat and stirrer

Spin coating
Drying
2
Annealing
\2
L
L FRIRRS Polling

Figure 1. Diagram of polymer-matrix composites
preparation.



A glass slide and a disk of lead zirconate titanate
(PZT, Ferroperm) was used as the substrates. The solution of
the composite was @ropped on a substrate attached to a spin
coater. The sampl. thckness was measured by 2 thickness
guage . A speed of the spin coater was varied and the sample
thickness was plotted as a function of the spinning speed. The
obtained samples were annealed at 120 °C  (Curie
temperature of PVDF) for 2 hours to increase the

crystallinity of the polymer. The DC voltage of around 2.5
kV was applied to the sample via a corona poling method at
room temperature (25 °C) for 15 mins. to generate an electric
displacement in the PVDF matrix. The dispersion of the
fillers was investigated by a scanning electron microscope
(SEM).

2.2 Dielectric and Electrical Property

Measurements of the capacitance and the DC
conductivity of the samples were performed using the LCR
meter (HP 4263B) at room temperature.

The dielectric constant and the volume conductivity
were then calculated from the measured thickness,
capacitance, and conductance using equation (3) and (4)

. IC

- e A 3)
-

r==0 )

Where ¢, is the relative permittivity or dielectric constant,
g, is the permittivity of vacuum, y is the volume

conductivity, G is the conductivity, 4 is the electrode area
and ¢ is the film thickness.
2.3 Thermal Properties

2.3.1 Differential Scanning Calorimetry (DSC)

Phase transition behavior of sample and heat capacity
were DSC determined in a temperature range of 20 — 500 °C
with heating rate 10 °C min™.

2.3.2 Thermal diffusivity measurement

A method for measuring thermal diffusivity of thin solid
films has been developed by Muensit and Lang (2002). The
sample spin coated on PZT was used in order that the PZT
substrate could act as a pyroelectric detector while the sample
was under periodic heating by a laser diode (figure 2). The
pyroelectric activity of the detector was arised by the electric
displacement of trre poled PVDF matrix and tae thermal
property of the composite itself. From the detector responses
at different modulating frequencies, the thermal diffusivity
of the composite could be determined. A relationship
between the thermal diffusivity and thermal conductivity was
as followed :

k
o= 5
PiCp
Sinusoidally Sample glued
modulated laser on pyroelectric detector
h h
where a is the
Function generator > Lock-in amplifier

thermal diffusivity, & is the thermal conductivity, o is
density and ¢, is heat capacity per unit mass.

Figure 2: Diagram of the thermal diffusivity measurement.
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Modulated laser beam

EERR

Very thin opaque layer

sample

PZT detector

Figure 3: Schematic arrangement of the composite
sample.
A temperature change in sample arranged as
shown in figure 3 depends on the thermal capacitance,
thermal conductivity and thickness of each layer.

3. Results and discussion

3.1 Structural characteristics of sample

The density of PVDF/Cu and PVDF/Ni were
calculated using equation (2) to be 1883.60 and 1883.3
kg/m®, respectively. At the same spinning time the
dependence of sample thickness on low spinning speed
were found (figure 4). At high spinning speed (> 2000
rpm), the sample thickness is smaller and more uniform
across the substrate area. As a result, the samples were
produced using the spinning rate of 3000 rpm and 30 s
spinning time. The SEM images of the composites were
shown in figure 5 The metallic particles were randomly
dispersed in the host polymer matrix. Similar texture was
obtained for both PVDF/Ni and PVDF/Cu.

80
o
70 1 ~ —se— PVDF/Cu
C\ - . .
60 | N -o— PVDF/Ni

40 A

thickness (um)
3

W
S
s

20

0.5 1.0 1.5 20 25 3.0 35
spining speed (x1000 rpm)

Figure 4: The spinning rate dependence of thickness for
PVDF/Cu and PVDF/Ni with spinning time 30 seconds

Figure 5 : SEM micrograph (x 100) of the composite
with 0.02 weight fraction, showing the Nickel in white
and the polymer matrix in black.



3.2 Dielectric and electrical properties

Figure 6 and 7 respectively show the frequency
dependence of the relative permittivity and dissipation factor
of the samples. Values of.the 1 kHz relative permittivity of
PVDE/Ni and PVDF/Cu are 1.32 and 1.87, respectively.
These values are relatively low compared to a value of 10 of
poled PVDF polymer. The smaller filler, i.e., Cu yielded the
higher permittivity owting to the higher dipole moments in
the matrix. Howev.r, both types of the fillers resilted in the
dramastic decrease in the dielectric constant of the polymer.

Plots of the volume conductivity of the samples as
a function of frequency are shown in figure 8. The volume
conductivity decreased with increasing frequency. The
electrical conductivity of PVDF/Cu was ten times higher than
that of PVDEF/Ni. This is because the electrical conductivity
of the Cu is higher than that of Ni. In addition, at the same
concentration, the smaller particle size of Cu powders leads
to the higher surface area embedded in the matrix.

2.4 ]
z221 T
=z AN
£ 20 ~ - —e— PVDFNi
g . —-o— PVDF/Cu
v 1.8 1 ~
= \\‘O\
[-5} ——
E 1.6 1 -
<
=
B 14 { 50 ety
12 +— : : ,
0.1 1 10 100
Frequency (Hz)

Figure 6: Relative permittivity of PVDF/Cu and PVDF/Ni
versus frequency .

0.6
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‘% 0.1 4 -
172} Gy
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(b)
Figure 7: Dissipation factor of PVDF/Cu and PVDF/Ni
versus frequency.
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0.1 1 10 100
frequency(Hz)
(b)

Figure 8: Volume conductivity of (a) PVDF/Cu and (b)
PVDF/Ni with 0.02 weight fraction of fillers.

3.3 Thermal properties

Figure 9 shows the DSC traces for PVDF/Cu

and PVDF/Ni composites. It was observed that both of
the composites showed an endothermic melting peak
around 158.0 °C, which was lower than that in pure
PVDF (Limbong, 2000). Values of the heat capacity
of the composites were determined from the DSC
data and listed in Tablel.

Heat Flow Endo up (W/g)

158.0 °C
\ PVDF/Cu
———PVDF/Ni
~ —— e ,L ————— - -\\
158.3 °C
v
0 100 200 300 400 500

Temperature (°C)

Figure 9: DSC trace of PVDF/Cu and PVDF/Ni with
0.02 weight fraction of fillers.




Values of the thermal diffusivity were determined to be
0.23x10"m%s and 2.09 x10'm%s , respectively for PVDF/Cu
and PVDF/Ni. These values were used to calculated the
thermal conductivity of the composites as listed in Table 1.
Thermal properties of the composites are close to those of
insulating materials (Muensit and Lang, 2000).

Table 1: Measured values of thermal properties of
PVDF/Cu and PVDF/Ni with 0.02 weight fraction of

fillers.
Heat Thermal Reference
Composite  capacity conductivity
J/kgx°C W/mx°C
PVDF 120 0.19 3]
Cu 390 401 [8]
Ni 540 90.9 [8]
PVDF/Cu 30.7 1.33 -
PVDF/Ni 15.9 6.25 -

4. Conclusions

The PVDF polymér filled with different kinds and average
particle sizes of the fillers at low concentration demonstrated
a slightly different behavior in an applied AC filed while a
similar manner of the thermal property was obtained. The
permittivity and volume conductivity of the composites
strongly depended wn the electrical conductivity and average
particle size of thr, fillers. The composites became insulate
because of the influence of the polymer matrix. An
improvement of the electrical properties, low dielectric
constant and low thermal conductivity of the composites
suggest that the material is attractive for electronic
applications.
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