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Abstract

Polymers realizing high thermal conductivity (k) have attracted much attention mainly
because they can reduce the weight of mobile devices with electrically insulating proper-
ties, unlike metals. Though the conductivities of polymers are usually lower than those
of metals, they can be enhanced by making the ordering of their molecular orientations
(crystallinity). It has been reported for polyethylene (PE) that prolongation of PE poly-
mers increases their crystallinity and then the conductivities along the prolongating axes,
where the resultant conductivities are comparable to those of metals. High crystallinity
is, however, known to be difficult to be achieved experimentally. This difficulty gives rise
to a lack of data sets available for Materials Informatics (MI), which prevents one from
searching for such polymers with high thermal conductivities. Theoretical estimations of
such conductivities would assist in providing data over a lot of polymers to screen out the
synthesis targets.

Preceding theoretical works include several model analysis as well as those by empirical
molecular dynamics. The predictions were, however, found to be seriously depending on
the choice of empirical force fields. Ab initio approaches are expected to exclude such am-
biguity, and are getting to be feasible realized by the implementations of phonon analysis
especially those beyond the harmonic approximation. Such approaches have been applied
to inorganic crystalline materials such as semiconductors, achieving the predictions fairly
coinciding with experiments over the range, 1-102 W/mK. For polymers, however, there
have been few applications in spite of the industrial demands as described above, though
there is a preceding work applying the framework to evaluate the conductivity of PE as
a typical prototype.

Heat carriers to contribute to x include charged particles, diffusing atoms, and phonons.
The first three ingredients are excluded because the polymers considered here are non-
magnetic insulators without any defects. Only the phonons contribute to s of polymers,
where phonon flow is described by the Boltzmann equation. We used phono3py package
to set up the relaxation-time approximation

of the Boltzmann equation and compile up the ab initio results to obtain specific heat

capacity, phonon lifetime, and thermal conductivity.

For PE, there are a lot of reference x values available from both experiments

and ab initio calculations. Here we shall benchmark the PE system in order to check
reliability of our framework. The references include both those of 'fibers’ and ’crystals’
(the reason why we put apostrophe on it is explained below): A polymer crystal means
the ordered stacking of fibers (bundle of one-dimensionally extended chains), which is
quite difficult to be synthesized experimentally. In general, actual polymer samples are

amorphous containing partially polycrystalline parts, i.e., mixture of disordered fibers and



crystals. The experimental reference values of ’one-dimensional (1D) fibers’ mean the ex-
trapolation of the observed values towards the limit by increasing the order of orientations
of fibers. For PE, such extrapolations are performed by controlling the volume fraction.
Values of "crystals’ are obtained from some model formulas such as the Halpin-Tsai model.
Insertion of values observed for several amorphous fibers with different crystallinities into
the formula leads to an extrapolated estimation for crystals.

We have applied ab initio approach to both chain and crystal polyethylene in order to
evaluate their thermal conductivity. Quantitative coincidence seem fairly well, especially
reproducing the difference between crystal and fiber being by an order of magnitude.
Though that is consistent within the theoretical works between ours and preceding works,
the temperature dependences seem to behave in quite different way when comparing
with experimental ones. We analyzed the distributions of the mode contributions for
the relaxation time and the specific heat to discuss the difference. We found that the
difference between them can be attributed to the dimensionality. While the simulation
treats an isolated 1D chain, experiment actually treats a bunch of extended chains (i.e.,
fiber) which includes inter-fiber contributions.

According to our ab initio predictions for PE, Polyphenylene sulfide (PPS), and Polyethy-
lene terephthalate (PET) crystals, it is found that the PE crystal has the very highest
thermal conductivity among them. Therefore we surveyed additional six polymer crystals
whose structures are quite similar to PE. Among them, Polyvinylidenesurely fluoride-
beta (PVDF-3) and Polyvinyl fluoride (PVF) have comparatively high thermal conduc-
tivities. It is further surprising that the x(7") of PVDF-beta is superior to that of PE
below ~ 80 K.

We finally evaluated s for all the nine polymers selected carefully in the present study,
because it is unfeasible to do so for all the entries (over 1000 polymers) registered in
Polymer Genome. It is therefore desirable to establish the way of screening for higher s
with cheaper computational costs. We have found out an interesting law: The predicted
thermal conductivities are clearly in proportion to the curvature of energy-volume curve.
Since it is much cheaper to predict the latter value, this law would be useful to discovery
a new polymer crystal having further high thermal conductivity.

Keywords: Polymer, ab initio calculation, Phonon, Thermal conductivity, Materials
Informatics
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EEWT, FFRARTHESELE,

=

1
(TaR):_§ZV12+V(T17 7TN)

ThHH, $EE. TEIREBIZE T A2YWED T 3V F — %2 IEFXT R - BrEWTLO FTRD 5
HERE LT

1
—§§:V?+V%mf-ng)ﬂ%m,-wrN%:EWOmn-ﬂw) (2.1)

PRohd,

2.1.2 BENBEE#EE Kohn-Sham AR

R 2 LT 4 VA= HREAD S5 NS ZRKEIBEEIZ, 3N IRTDERERBKTH D,
— T T NE MR OIFNEEZE D 5, F—T )L (Hohenberg) & I — ¥ (Kohn) &,
RDEH 2 5 2 72 [24],

(B 1) BEEREVPHHEL TWiRWwWe & G o (r) & EERTEO R E) BB E 755
n(r) 2525 —ERICRE S,

(FEXB 2) E [n] 1IE L\ n () IS0 LT BUNC 72 5,
Eldn(r) PO REREBOZANT -2 522 NEKTHD.

E [n] :F[n]—i-/dr'vext(r)-n(r)

thzonsd, Zhid, RERBOI XV —%2F 25 ETlE. ETEE n(r)(3IRT%E
M DI 2 kO NIXR . ZAREFIEAE BN T OEZB) 25 2 5 E T
WS e EEKRLTWS, INEOBHHEZR - 7-MED, SEOBEHEICEHEEZL
WO DIE, FEHEIZEIRESZILTHIN, ILITEEITARESE P Ba=—"¥1LT
HBLEVIETHD, ThbE, NEPFTTHAIBFERTDHAID, Fn]Dn(r)~
DERAFIEIZZED 572\, foT, SIEEE Fn| BEAREROPIZDR SRV, L
N INZHETENE, CABRKNKTH-7-2 L TH, HHEOEHE2 L, BoFEMIC
HOWT, n(r)2RkDBZLT, HERBOZRVT %2155 LhHK2,

AR EN R (3N T DEFZREE) 2. 3T OFEE n(r) CESMZONEZ LN
bh ok, EBLOMELLT [E5%>Tn(r) 2 AET B, [Fn 258
D] Vo EMERINT WS, 3— (Kohn) & ¥ ¥ A (Sham) ik, —EEL 728
EEHORLHS I 8T, ERICEENEBEETZ AL F — %*bf%ﬁtoﬁb®%@



& THEEARD n(r) L 2<HA—Dn(r) 252 5. HAEMEHD RN 72 — (KRS
EHETS] LWH eI AIHB, Thbb, MAFHRD n(r) LFE—DOEES %

n(r) =Y | (r) (2.2)
J
525 &5 7% MHAEEHONMARR) 72 — K[ E
|i—%v2 + Vot (’I"):| : "Lpl (’I") =& 1/11 (7‘) (23)

EEZDBDTHD (INESHRLEMER), a—v vy A, FREIIINEZRD LS ITE
A 77,

n(r)

i i)+ [ Vol —ane) e

r =]

(Y
(Y
o)

Vel = 250 2.5)

Th Y., Excln] &
Fn] = é/drqp; (1) [—%VQ% (r)] +/d7‘/dr% + Exc [n] (2.6)

TEHEIND, ZNE—EKEDOEZLTWEH, ZZFTOFHITIXELIZIA->TES
T, BTHOLRHBAEEE Z 2D AAFLIHRTH D, KT X Vic[n] Z2ED LD
WZHRET BN EWSHETH EH, TOEBEOKIIFOSNTEST, a—re vy AldE
AP EEE L (LDA) 247\, SEBRIZ Ve [n] 2 EFH/T 5 Z & T, EHREHBE 21T EM %
10 BNz, BIfE. LDA 2 A 264 RNBEBEAMEL I T WAL

2.1.3 70OviHrDOEEEEERK

NIV N T U TIEAER O ERFNED D B 72D, AR TR bV R 21T O R
fETg EHATHD, ZDE X,

H -4, (r) = By -t (r) (2.7)
XL T,
H - |Trtn ()| = Eu- [Trta (r) (2:8)

12 ZDZELWSIIE 2.1.4 TR B




Xy ohy (r) & Tri, (v) EDWHBT 5, ZZTHEELEZVDOA, 2 IZIHEIBIRD B AR
FARZ MVIZH U CTOFMBERE o TWAbiFTidtnwenwsZ e Tthd, ZITKF
DN Tr OFEABIE % 21T,

Ui (r) =exp[ikr]-u(r), u(r+ R)=u(r) (2.9)
EBEIZ 2 Tr ZEFIZSBTHS &,

Tr - [ (r)] = Tr - [exp [ikr] - u (r)]
=exp[ik(r+ R)]-u(r + R)
= exp [ikR)] - exp [ikr] - u (7)
= exp [ikR)] - ¥y (1)

L0, FEAMHED exp [ikR] DEIEBEIZR>TWE Z 22005, Kt ORBREKD
W72 REZDOEMZ Ty ROEH LIS, ZOREGEREKZ 71y FEKEIESR, 22
TEIZDOWTIHTDHIRE 7z, ZD 71y REBIZIZERDONY T— a VHVELE
TEHPODD (ZHIFERICHIBELTWSEEE X D), ZZTkE2UKTIRI MNLG
TR EIL TAB L,

Mig=expli-(k+G) R =expli-k-R] =)\ (2.10)
o TED, Ty REBIZIROFEFHDOAZEZZEZNIETF R THEI LR35,
—ggkég (2.11)
2 2

INTH, ZOHPFITIZMEED k AMFEEL, BRICHEELTWA WS Z L3 Lb ok
W, ZOHEIFHE T ATV — VLS,

NINVNZT YV HETHTH B LD RWFHEE LT UT, Lo, # ¢n Doy LRI T
FIVE MM IZJBT D L =,

Lo =l - Gns (2.12)
2725 LOBEAEREEEEEF->T, ¢, %
¢n = Z Cn,l - (bn,l (T’) (213)
l

LRI AL WS 22T B0, SRIOGEIIXEREPSBRRT VWS XS IZEBED k2
FAET B2, AV a—XTHET S & ITIRE ST k ZEESUE L THIZ B BB
Hb, ZNEERBONZT) aT VY =V EEYIINETLEONZYTH D, Z DR
MERDESIZE5EZ 5,

{G;} € [—% <k< %] , Gs € {m X %}m (2.14)
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ZDGEs %, BEOTH Y FEBIZRALTAS &,
G
Yy (r) = exp [z (m X M) -r} ~u(7) (2.15)

e, —BINES B ETHEm=1DTr—A%2ZEZZTHhdE, ZTNEIMRZEML L~
BB e B2 b,

WW+Mm—wp}<%>w+Mm}um

= exp Z <%> 'T} - exp {z (%) cMR} -u(r)
:@mf-<%>4iwum:¢ﬂm

CIFPEE R D A 2 L2 IZEWT MR TEZATWA Z EITHY T 5,

I u (r) 3G REE DR CH D720, ZNEFEK T MVG ZHANWTT7—Y
TR S &,

wip (r) = \/gtggjg:c@k((;)exp(i(;r) (2.16)
Y%, FERT I NEES BACIE. ¥ CHIEIE T Y S R NER S A,
COIBYAEE S Y FATIALF— LS, ZNEEOEEERICARATS .

1

¢%k(r)::-;%iz;jé;cak((;)exp(i(k—#(;)r) (2.17)
R REa—y - v LA AR,
H(); (1) = ety o) (2.18)

Y#EIB, ZIT, 20—y Uy AFRRDEDS exp (=i (k+ G)r) EBIFTr T
BT BL. FEEOERM, S,

Y He(G.G')=cipcin (G) (2.19)
G/
"EgEohsd, ZIZ T,
He (G G) = / dr exp (—i (k + Q) r) H(r)exp (i (k + G) 7) (2.20)

ThHy, fEa—y - oy A HBERZ2ML Z ik A AER 2B MEIREI NS, &
DITH SRR Z MR < BRziE, 2R Davidson 172 12 & > T O AL T
N5, NINVE=T7 VOITHIEREDOFHE U VI FNIZDWTIEZ T TIEFEL < filthv 7wy,
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2.1.4 FPEAERERT VT v IL2

a— - Uy LARBERTIE, MR ERITZHMEERT V¥ v b Vi [n] IZHILA
bonTnwd, bULINHKEMIZEZSNNIE, Ta—r - Uy LR Z2MZE) &
[ARKIREIRRIZ K> TR SNV 2L T 10 VAH—HRBRERZML Z &) 1%, FEEREIC
BRNIEEMThHE L FERD, ZORBMERT V¥ v VOGFEK, Hig LREI N5 —
ﬁ ZTOEDOKIFHIZEHONTE ST, EALIFRASIPDEMEZULTINDGEZ 51

—RBF AU CEBFE YT ANVAEREDEERY I al—YarhoiFon
6%%%%&&&@%~%Wé%k%@bﬂb%fh [26], —FRBFHATH D720,
BFHE D (r) BAEBIEEET. n(r) =nTH Y, Vyc[n] &, BIZVie(n) &b, Z
NE BB HATIIRV—BNRRICHETT S & 21T, Vien] % Vie (n(r)) 2RE
T35, ZOHEMLTIEZ, EHLTWBAMEIZEIT B850, %@ﬂﬁ?@%%%ﬁm®
AMEFTHLLTED, ZOLDITEHRSI NN Z BATEEILM (LDA) & IES,
., AUETEEETH->TH, BHELHORECLRIGHT L, 22HE ﬁ@@bm%%tf
. TITOLERMBIZELS LRSI NDD, FD LS 25 HRITZ LDA TIREHRINT
W5, £Z T, LDAIZHTAHIEE LT, TOHEMOEFEEL I TIERL, AlidVn (r)
BT B & D ITHRR U 72 LB R 2 — AL PLBEIBGE L (GGA) LIRS, £D 55D 1T
» % PBE NBEUE., BAEOYERITHT BEHRICE W Tid — IR & 1 5 B
Lo TWb, 7z, BETIE, JHUTHIR CEBIEZE & 2 DA % W TR #
19 5 meta-GGA ., & HFERZHWTRART Vv IV ERDTEE, TO—#%
LDA X GGA IZ{EH % Hybrid %A &, £ < ONBEBPREINT VS, HENEK
EOWNHTB 7T LB 0WTIE, L ORBHBERT V¥ v UAEIRERS K 512725 T
W5, LBULEMNS, COZHEMBERT VY vy LAREEY 1 & WD HEHITEEL R,
Bl Z1E, GCAIZLDA IZHIEZMA 25D TH M, LDA DEBETIXHZ I N TV
O DR 25720, BPELSLRIGERHLILERONTWVWS [27),

2.1.5 Orthogonalized Plane Wave (OPW) JE&#RT> > v

& kiR DR BRI SR SRR TR T % & =12k, Bz a 70 E -2 LD O B
.ﬁ#ib%oZVQ@%\37Hﬁ@%%i%b#k%fbf%b\Imufﬁok”
MR TENZGLBR L&D &35 &, EFIZHVEFBEROFHKE E TR DIAZRITH
ERSBWVNSTHD, INEINTE VRV ORMEENFRIEAp- Az > 2688
IoFITHRT 22N TET, ThbE, I7(HEDOETOEE) T 3L X —IZIEHITK
Lo THED, %M%%@fﬁ@‘%f’&bc:ti‘ REWEDFHEKEFEFTRLULEOLEDZHEND

5, ZOWEEEET D7D, HIDIZERINZONER/LI N2 FHPEE (OPW k) T
H5, ZOFELWEE Lﬁiﬁﬁ@AlK%b\ZZT@ﬁiﬁﬁﬁm%ﬁ&éo

ZRE O FLR IE B O MRS [25] 1ITIRILS B,
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ZETOHEmP OB ANB LD, ITHEDE T 2D KD DITEHEPFEZ S Did
\ﬁfi@< ZZiFEA, KEMRETLARLUT, ZOEAEHEKETRAIRETH S,
IKERREFIZW T 22> T, A T7(HEDBE IS 2 IREIBEZ 70 v RO e % i
2T EIICEE L. TNEFEHIEOMENZES &,

X+ (r) = dra (r) + GG (r)

1
:@exp[ (k_l_G +anlmk+G\Dnlmk()

Ay . Z Nz OPW %E bt ﬂ‘;“«Sic ZZT bn,l7m7k+G (= Xk+G (I‘) Yol \Ijn,l,m,k (I’) et IE:_L\‘—;_
5E5ITHRDD &,

n,l,m

><\

bn,l,m,k-{-G \/E/ nlmk exp[ (k+G) ]d
B, HEDIEDHIZ, TIT v FEEZHAWT, ROLSICBEBEZBE BT &,

Xita (1) = [X)

bresc (1) = [k + G) = ¢é—

core § :bak+G|a

8%, [\) TNINI=T Y HERDGE

expi(k+ G) - r]

dicra (1) = [k + G)

(X x) = (k+ G| [k +G) ~ ZbakJer el

LD, INEEHKREE Kk+G) THNINI=T Y HEZFHHLTWA L RET &,
& Z i

(x| H|x) = (k+ G| <——V2+V Z|a !) k+G)
EWVWININPIZTUEFHLTWAZ LIZHEYT S, ZHIEFHORT UYLV %

S ) By (o] THHTUE>TWVWB L ART Z EHHIKS,

2.1.6 Projector Augmented Waves (PAW) &

IRENEAB ORI ONEE X A3, 2 74 & F NS T D FEIS T DI BB DR 5 Z D3
KRELELRBZLIZERL, T 2BET57-0OIZOPWEZBOET S, ATV Y
WIERHRINTELZZILIXZ I ETITRR, T2 LD —{L U725 DD PAW LT
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HH, TITRZOMEEZBRS, ZORAKRWLRE ZIZ, DR TWIE S D BRI
. RETOWHEB (ZABEEKTIIR -y - Yy A8 LIS VS
DThHhbd, TOHFEHAEFZ2 T &35, IThroENZEZATIX, T CITHEIREHIT
HWOMTHHDOT, ZOHEBETIX, IT7HEDOREEHEBICOAEHALTIELY, £ I T,
ATABEICOAEAT 2HET TR 2HWT, T %

T=1+) Tk
R

L AETOWHBIL|v) &, BEDI |0) . 2 OMBEIT & AV T,
V)
t%@m5oZM6®W%%ﬁﬁ\%m%m%®%E\m%ﬁ»%%mfﬁﬁﬁézt
MTET, FHYEEF T I1X, ZOREICBRD LS ITERT 5,

9i) =T <5z>
OB A B & R e, 2 IO TIRD & 5 IR 5,

5) -3 [a)e

i

) =T

kD,

W) =T |0) =D T|6)e=3lo)e
b, Ubh o, REFORIBEBIZRD L 5I12ET 5,

) = 1;> —Z <,7~51> Ci+Z|¢z’>Cz‘

::?\Tﬁﬁ%®%%ﬁ%%ﬁ%éthfbét®\%ﬁqu\@i
T (5,] % I\ T
Ci = <]5i 1Z>

tibéztﬁﬁ%éoit:mu\Zé»@le%ﬁt?o:@@M@%%*%%@
KRUE. B A TIEOBISGR (f;] 2 0T,

gz~5l> =& &7z

J

_ (fil
T,
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LEL L THD, TD ZHREOLEBFORIMMBEABUIZARAT S &,

)= [9) = 2206 (e ) + 2lo0 (5 [ 0)
G_Z:@ym+g]mwok®
%+;Qw—@»@@ﬂ>

TS (o0 [6)) 6

L5, THEMAL T, BRSNS, 2B HREIEK TR S D YElE O IRHE %
5 HIEEZEZS, TOHEBETE AT, TOMHEIX, (W] AR REENE, T
IC. INEFTCTEHRINAGPHHE T T 2HAX. ThiX

WlAl) = (o] T1AT |
LEEEE D, LEdoT, AT TIAT 2o T, BREIMEBEHET 2L, ADE
BB T A HIREN RO NDE Z ik b, EBRI OH L WEHE T

TIAT = 4+ 315 (10 Ales) - (31 4]6;))

LY, WERTIX

EEETFT I ENHRS,

2.2 HE—[HEED# /) VEES

KBTI, SRR ERDH. B FEHIIBPWT, FTELBAOFY )T 2574/
VIZDOWTIHRR B,

T VIR TR ZETALZE ZITBONGIREOK T2 LTOMETHS, R
DRT VY IVERFEMTTA 7B L. 200 2RIEE THEBT 5 Hikz MM
LW, ZDEET xR EEET S, T4 v ERBOBBRERRLZEDE T 4
JUNY REEVWD, INEHVWTCROZENEZ2EBNT A2 I N TEL LR, Z
NzEMAT 2 Z L TRIETOMGIER IC DWW TN R ED D S [28, 29, Z DFFI
LD 7 & 7 VEBRIZS LT, KD ERDIENS K AHEZT-o 728 D2 IEFMGRE L W
5, FERFM ISR COMELZEE2ERT 5 ECEETH D 30, FAFLLLLIZHLTZ
DFIEZITD 2 e TREWZ R UL EDR D B [31], £7-, EHEEwbr S 7+ / VAL
DOHEERZEIET 52 & TRRERZ T 25BN TE O, ZOMAEMEHS 2
REDREVEROED S DFE & LTS5 =dIERAHR L ENn 5 [16],

SKREBDHRBIZ, MEBENBTHOONTVWATFFA N 2SEIIL., BPEMICHEBEZMAZED
Thb,
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2.2.1 NI bZTVEEFARER

WihEEZEZ, TNEHEKTSZ MBEORTFYA NDOIX)NV%Eab,--- L LT, TOTF
VAN EDEERICETANINV =T VR

=23 (') YU R R (2.21)
a,b

a=1 a=z,y,z
&L, FHAEPSDTNE w kU, HFLEMZITD &,
1 B«
H= 5%771&( ZﬁZbA“b ulul (2.22)
&b, ZIT, EBMERBIEIEL Uiz, $7220DL &,
0a05U (RO — RY)

Aaﬁ _ 2.2
ab 2 ( 3)
ThHb, ZONIN =T UNS, ZOZROEE HFERIZ
dt2 Uy = Z ab ub (224>
b,8

LR 5,

222 HEF—_REE—RDOBH

BIEI TR EHARD A A 2N 2B GRREAL (2.24) RT3 Rk LT, 2TD
YA b DE— D JE P TIREN T DRI ' A

ug (t) = US - exp [—jwi] (2.25)
£9%5, INERAT DL,

Maw?US = ZA“ﬁ .U (2.26)

AP
Z ——ab \/_\/_U’B—w -maUY

AO‘B
Z \/% \/mbUbB =w? /maU?
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Ay
Mgy
LREBTNE, A OXNTMEEREOH L WTH D 2 BATE S, 72, URRDES I
EHRT D,

Da,aps = (2.27)

= /maU® (2.28)

ZORFEHEZTER
(a,0) = (1,1),---,(1,3);(2,1),---,(2,3);---, (M, 3) (2.29)
THYH, THIIMIADKD 2 FFORT ML AT I eNTE S, iEX D, (2.26) ik,
> DoavpUsp = Usa (2.30)

b,B
AN MWW%@I%@W%K%ET%% U7zhio T, BEEBLEDONIX, 3M EOFEE
ﬁwﬁfﬁaaMM@lﬁmab»{wﬁ MESND, ZOEFRY L EEEE—
R EIPO, A 2 T — R RIS, S (DRI 35T

UQZE:@eg (2.31)
s=1

LEANZ NVCEMT 2 EEULAEL 2D, Z0 & EDBBIMRE{Q, )Y, % Hiv s
Kh5ovviff%1bf%tﬁﬁﬁ@%ﬁh E. TTONIN =T VIR,

=3 Z UAVERIED D) DAV Y

af ab
Y@@
-3 (504 @) (232

L0, T NBIZMN R BIRENZ DS 2 Z D TE D,

2.2.3 BFIRE

HIHiClE 1 DDEKEEZEZ., TDA A1 bOEFIDE — ROBEIZ DWW TIRAR7Z A3,
LI TIEENZEREROEGEITHEES 5, i REDOBAMAND A A > a DfiEZ {R; .}
LEL, Y1 MEHOMEERIX

U:%E:Zﬁu&ﬂfmﬂzéggf (2.33)

ab i,
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LEFL, TIT, HAEMEDIZ DWW THALEL Z 1T 21X

U(R,, — R;p) = U (RY, — RY, + u,, — ujy) (2.34)
0.9;U (R, — R,
— U (R, - RY,) + 2% (5 m) e, (2.35)
ERIHZ RS &

I=% > U(Ri.—Ry) (2.36)

i g
>y 00U (R;,a - Rj,b)ugauﬁb (237)

i g

=D D> AN ulau, (2.38)

i g

DL E2RDEMIZET B A X
Aaﬂ o 8aaﬁU (RZ',CL - Rj,b)
ij,ab 9

Thbd, ZIZT, Bfiu BEA FROE#HEpZZNTHIRD L SI1Z7— V) THEER
T 5,

(2.39)

1
=— Zuq,a explj-q-R),]
A8 (R?7a — Rgb = ZAqab exp j q- (R?ja — R?,b)]

Pja = \/_N Xq:pq,a exp [] q- Rga] (24())

THL, BN IV =T ELT
H=T+U = ZQM quapqa—l— ZZAqabuaqubq ZH (2.41)

ﬁ%6%50~Mﬁ\7—U1&ﬁ§%%ﬁ5ltﬁ\ﬁﬁqﬁ%bf%~Fﬁ%ﬁ%5
:t%%bfﬁb\§7—01&ﬁmﬁﬁéﬁﬁ

pap a

H, = q 2 4 = ZAqabuaqubq (2.42)
DN Z > TVWBHEFEZD T t#&%%obwn Vh=7viE, (2.22) REFE UK
THHDT, Hifi L FAEOBERIZEI > TE— ROEZEITO Z WKL, ZDONIL b=
T U ofgondEE) HEAR

d2
My=tieq = =3 ALy, (2.43)
b6
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THbH, ZoOEHHERNOFHEE UT, &Y 1 FDE— O BALAH CHREN§ 2k %5
Zy BhiuZIRD L HITESL

Uy o (t) = Uy, - exp [—iwt + 0] (2.44)
EAN
A%P
DY, = 22 2.4
q,ab Moy, ( 5)
EWVWIFTHIZEE L.
Uy = vmaUZ, (2.46)

ERITE. IROGTHFERNERE Z N TE T, KR 3M Xt DOFEEHEMEICRES 5 Z
RS,

Z Dgib'ﬁlfq =W ﬁlfq (2.47)
b,8
& 0 BRI F T IX,
Ut Utq
U? U?
Dt bl 2] T (2.48)
Ut Ut

Nz Z LT, K qlZHUTIMEORAMEw BKED, ZORRE 2 RTHITH
57207, M q. MEHIZ w ZE 72K Z2 74 VNV RRIEFER, UL72A3> Tw i
gzt onz4 sy As(=1,2,3,--- ,3M) IZ&>THREI NS,

2.3 BRERCEREHE

2.3.1 RILYTUVEZERARER
HELAZO ) 7Y ¢ OVEBIZ LU, EHENRWESICBWT, SEERIIEE I NS,

f+dt,r+dr,v+dv) = f(t,r,v)

AARFEOFMIL, Kittel [32], Srivastava [5] DERIFITHEILL TV 5,
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EEDIDWNGE X, BEEIZE > TZDORMEIREIEZITAT20, IROL I BAREEZIN
KRV,

ft+dt,r +dr,v+dv)— f(t,r,v)= dt(g{)
coll

I TRELERWAOETEL THhITIE

of of
dt (5) +dr - grad, f + dv - grad, f = dt(at>wn

ERD. RV DL R

0 v 0
(o) oot (55) woter = (1),

2185,

2.3.2 T#/VICRTBREEAILY T YAER

ZOHTIE, 74/ VIZHUTRLVY RV ABERZEH L, a2 T5Z & T,
T i VRIS T ARERLY 2 VR EEL, WM 2 TR, BBENRENOAZR
R, EODFHUVWEHEBERIZOWTIE B.1IZiE - 7=,

EFEIREETD T 4+ /) VieEZD L E, RVYS VY ARRIIRD X 512445,

v-grad, f = (g{)
coll

FEAZREANRIZOWTEZEE R

of _ (9f
VTa_T ( at )coll

(y
(y

2185, ADNOEEER BT (q,s) DRI B 77 5 ) VI (¢, ') DIREA & BH
T2 &8 (q,5) = (¢, 5) EEA D, TDOLEEBMRI

P = fos (fors +1) QLY

L#I3B, TIT QU EENAESHER TH B, 2. ZOWDMEE, b (¢,5) —
(q,5) DERBHERS AR

Pgss/ fq’s’ (qu + 1) ngs/
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LEHDI B, TIT, QLY =Q, ThHBzd, ZOBRIIB B HHBBOLLD EKRD

HEIX

(). -5 )

q's'
= {fars (fas + 1) = fas (Farw + D}QG
q's’
V5B, ThEED RIEEREE UT (gs) + (¢'s) — (q"s") + (¢"s") = £ THIET
I,
of
ot coll
= Z {fq//S//qu/S/// (qu =+ ]_) (fq/S/ + 1) — qufqlsl (fq//S// + 1) (quI/S//, + 1)}@3;'72/’/;?///3///
q's'
(2.49)

LB, TIT. Hi B g, RO & S ITEHET B,

1
Jas = exp [hw (gs)/kpT — 1gs) — 1
ok
= (s (g9))
- qu + ¢qsqu (qu + 1) (250)
Iz (249) MITMRALUTEHT B &
8 /IS// /I/s///
( a{) = Z (qu —"_ wasl _— ’l/}q//s// - wq/llsl//) qS q S
coll 1 q"s",
q/ll 111
_ Z Pss
==th (2.51)
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7 11 //Is///

Pq”SN ///s/// — fQS.fqlsl (fqus” + 1) (qu'SW + 1) Qgsz ’s!
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Thbd, LEXOBERLY < HER
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vs(q) ' VT aT — T “gs
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2.3.3 #pEX
7 —1) TDEA]

J=—rVT
X0, BVEERIZ, EAWIZIFRDO IS IZEZ 5N5D,
oo Ji (VI
Y vT O\ VT

_Ji - VT,

VT

(2.52)

Bifjld, 74/ VOWRERE—RDODLTORLAEDLEIZE>T, KD LS I12EIT S,
) 1
J = m ZS hw (q5> qu'vs (Q)

T, NoQ IZFEKRDUFETH B, 74/ VO FEL LT (250) ATEHEL =0 % H

-
—

&

Uy

NOQZhw a5) Vgsfas (fas +1) v (@)

& o TEVZER X

Kij = th‘” as) Vas fas (fas +1) vi (as) - VT

2T, ERFDOT ) VOREE v, (q) &, IREARITEITTH E720, BRERE
Iiij::‘i(%j K%<o %bfi@/ﬁﬂi

1 o
h= _W %: hw (q5> ququ (qu + 1) Vg (q) -VT (253)

b, HROBIERILY Y AERANS
X,
v, - VI = ———%

(%)
oT

Of _ hw _ explhw(gs)/koT]
OT ~ kpT? (exp [hw (qs)/knT] — 1)°

h""(“)f (F +1)

THY,
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X
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(%)

C ksT? X
hw (@) fos (fgs + 1)

v, VI = —

THddD, INERATHE

kpT?
Y sX s
NJNVTf%;wq !

kpT?

= vowrE @9 (2.54)

2155,

2.3.4 BEEEICEKEL-EBEIC & 2ENRERE

COHiTIE, 7V IDESENS, 3T 4/ VIBEOEBEBERZELH L, ThE XA
KL TN EET B, M. T2 T, BBENLLHRNOAZIRR, KDFHLWEE
BRI DOWTIX B2ItE S 72,

BN S 72012, REBI D SIRRE fF AL BT AR, 7V IDESENS
2 .
Ff(3ph)==7;Kf|ushﬂ25(Ef-E%)

CEITD, 3T7F/ VBREEZDGE. BREE UTHRERDIX, 122007 %/ v h3E%E
LTC12D7 %/ k5. 1DOD7x ) VR2200D7 %) VIInET 35 O2DOTH
b, BIEDGEIZDWTIE,
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|> = |fq87fq’s’7fq”8”>
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2 " ’ 7
Pif(?)ph):h—gr“qu—l,fq/s 1 fq”s”+1|V3|qu7quafq"s”>| 5( ( )_w(qs)_w(qs))

ZZT, vy BAEREBHAFEHVWTELL

. 1 qqlq” ASS/S” 5
s = 8P3N0 qsqgu " Oscslc " aq’q” a+q’'+q" .G

f f
X (ajls - azqu) (a/_qlsl — Qq’g aq,,s,, — Q_grgr
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Thd, INEME>TT Iy PEEHT S &,
<qu - 1, fq’s’ — 1, fq"s” + ].‘ V3 |qu, fq’s’y fq"s”>

_ h3 qq/q// Ass’s” 5 o
8PSNOQ \/ CSCS’OS” aq’q’’Ya+q’'+q" .G
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mh o qd'qd" | e |?
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PL, =
a5.q7s 4p3N0Q CSCS/CSH
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7. BEIZOWTEHFEREIZ,

2

YNy
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1ol I 7Th qq q
qq/q//
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o 4P3N()Q CSCS’CS”
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o

[l D 856 DEZREIIZ,
—Xgo =Y _ P (3ph) vy
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! Yl 1 100 100 18 11
_ q-s qs,q"" s s"".q"s qgs
- Z |:<qu?qu/3/// - Pq”s” ) + 5 (Pgs q — Pq”'s’”,q”s”>:|

//S//

e 1

q'"'s
ZZT. BBOROFREDFEIM, 120074 /) UHMEELT1 2D 7+ /) Vilhb] &
WIORMAEERE L., BEOFEMMN, 1DODT 5/ U200 T ) VIR TE| KT,
BLEOFEIUZOVWT WD L DRI, YA vy avD2BEA YV FEZELZHDTH

%, (251) Xz e E LFERIC, (2.50) RZ2HVNIE, 2l

~Xgo=>_ Pu (3ph) ¢,
qISI
= //s// s S/// s// 1 = ///S/// I/s// s S/// S//
- Z [Pjs7q///s/// (wq + /l,bqlll - /l/)qll) + §Pgs a (Q/Jq - 1/1(1/// - /l/}q”)] (255)

S
117 111

q'"s

Lib, Tk, KFOMTES DA, P (3ph) B P 2 FWT,

ss’ _ E 1 5q’’s" 5q’s!" .q"s" 5q’" s
qu/ (Bph) — |:§653/6qq' <qu,q”’s’” + qu qu,q”s”
"l
1"
qs
=q’’’ s — I I =q’’s"
—55/5///6q/q/// <P¢;157q"s” + P(;{IS SoaTST ;"s”’,qs)] (256)
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L#HIFB, TIT P (3ph) BRAS L TS ICH T TELS &y
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2.3.5 FRMEFEHTML
37x /) VilfEEFE Rz &, (2.51) XL B2 DFEE» S
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- Z (Fqséqq’ésS’ + AZZ’) w;’/
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b, B—E— NENREEMITIX, ZOWEEHEZIRD & 5 1TEMT 5,

qu = Fqs 1/Jqs
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255, MIERLVY <V TRADBYRELRD RN
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;= #@f (XTI, X)
- % > {~ot@ vr (S5 () ) |
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.
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3.1 ENFHEOBE

3.1.1 HBEDOHE

MNERINTWAED T, BETENLV I 7 ATH Y, b U 7zE 0 7O EKIKE
MDD (4, Lo T, BRCHIoNTWAES FERIE U2, ED &S ZatEid
BB DD EHD Z LIRS TIiE%\W, PolymerGenome 710 Y =2 Mid, BRIZAIC
THIGNT WS 34 DFE 1L, Universal Structure Predictor: Evolutionary Xtallography
(USPEX) *° minima-hopping (MH) IZ &> TFMlET N7z 314 DARE DT & 472 DA
JBES T ORGEZRELL TW5 [33, 34, 35, 36, SENIHIHMEGE E LTInERAL 72,

3.2 BWENBEBUE

Force % 5183 57212, VASP [37, 38, 39, 40] iZ & > CTHE—JFHHEH 21T -7z, VASP
XA —ARNVT - T4 =V RETHFEINZY 7 MT =27 THY, Projector Augmented
Waves (PAW) K12 & 2 ZBENEBIENFEL I NT WS [41], Cut-off energy 1. L
AT Y VT 7 AIVTEZSNT WS T 7 4L b D Cut-off energy @ 5 B KD
£ D% KA bf:o % DA TENIZ400eV TH 5, k-points DX 0.5A 1 12K E
U. PEREDOHZEICOVWT, TOPKHZMAELTH O, TD& SAEKS N7z k-mesh &
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3.3 ZBON)IT—I 3V

QB 3MDINER % EIET B2, BREFEEZH VS, Zid, K PIcEEE
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a2 N DOMED S, PFHMEEIZEL T, &8 FR7 Mba, b, c DEIHMN10A 2
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3.3.1 ZEARBOKEFMLE

3.4 EREXRrBFEFEMOER
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B, TNETCIZA—=NN—RVEBERL 7+ /) VEtEZITS, UL, BIZA—N—k L %
PEE U CEF NI U TS ERE/L 2T\, TDXE 74/ VEtEZITS Z 2 6 YRAJEET
Hb5, RVZFLVO—RTHIZHGUTIRDIDDGET T+ / VEtE 27577,
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CIEATVWS, ZOFRERZ &, BIEERTIIREL TOWRWI Wb h 5,

WINDGETHHETIZZDOEVEZHER TSR WVEEIZRUMEE R->TE Y, ER
BERRP IERE L TR, L2 T, 25 DFEIZE WX, FIZ A—/3—v L ERR &
&R ELDIEF (ZENT 5, [ErBRFNEDENTH S, o DFEEIZDOWT, i
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Thermal properties
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X 3.2: FHHGELITHRONIHHTIALF—, T ot —, THEEE T 3x)L¥F—HiEK,
FARLELLOEIPHANTIX, TS DREEDHEDH HIZ X2 EWITR S i\,

IhzR2e, HPIZWTNOHETA—N—LEHBLTHIEE A LHUEIES
N5 LDHRTE D,
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Wm K ' EINTWS,

INzi5 e, SN pelmds & pe2m2s, §7405, A—sN—&)UIERHETIZ S i
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EUTO0.03AZ2HNTWEL, ZOMMAHELENE I DEND ZLIZDOVTHERLEZW, JH
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3.9: mesh ¥ 1 X2 AL 72L& EORRERDLYL, ZOMEIZI=Y M EILAIZE
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BERHOBD X ¥ VT & LT, BT IR 7/, ZLT74/ VAL
NTW5a, SHES E0F, KR THE7-D, EBFIFEROF YV T 3RS0,
7z, RV~ —ORU/MEREALE THERKESTHALZDT] THE720, K TOHLEI
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D7 F /) OFNIERLY 2 v Ofink RN k> Tidida s, SHEFLIFRLVY <V
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Volda=w NeVDRERFETH D, C), vy, 1 THET— NOEMEILE, BEEE, BEFIRHE T
H5, (MY O LR SMRT I Single-Mode Relaxation-Time D).

B HHERIC K > TR I N 2RO EBUHEI N F 2 AT 52T, 74/~
DREEE R OEREAERET B, T o2, AULKB-FHHEFRIZE > TRONAZ3IRD
HERMEZBEHRICANDZET, 74/ VOHCIZTRAVF—2FHE L, TOEHDOME
o7k OBEMKRZ2G5, BonzInsofiz (3.1) RCRATEZ LT, BYE
BR g %2GD, ZOHNETIO—F ¥ — MIRLUT,

Flow Chart
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o STl i
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X 3.10: BVZERFF TOWHIN, HJREFHATIMLUZ BilzLksz ¥ —LER7]
D 3IRDRELD %23z, BB O ST X RORE X I, FEREEEEAL O N2 BYEE
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4.1 FEMEFELELLDEIE
4.1.1 =EERSRE

FlZIR ATz X 50T, RHIRERELELUZ & 5 @0 MmO BYRER DI EHIZ I E Ttk
W, £ZC, ZOFEMNEAMRENRY S 2 iEimd 572012, EBE L O ZT 00
N, B TREROEA. TNERETH S, @0 TITEE (I A TG » [V AhNT
W&l L\Wo iz & 208 (Fig. 4.1), GRIOY Iab—Y 3 v Tk, & F0FEICHE
JELZA6 2 EFThbii &4, A, MOEEDHEZEL TW5 (Fig. 4.2), #il 21X,
RYVIF VU YDEYEERIZOWTIE, FATHEER) ZF LV OBYRERIZOWT, BEX
B DIRAFNE % SR TARSE [43] . BAORIZ 2RV TF L V7 4 )V ADBYRERIZD
W, ZTOMREMRFIEL & BTN [44), BEDTERY TF L v ORRER (ZH
T B [45) e . FEEIZL K DIFFERTTHON TS [46, 47, 48, 49, 50, 51], ZH 5%k
WIENEMOE D PEEROBEELRDHIE L 13> T 53, Bz Hkc OfE R L ks
LZOIXNEETH S, UL, 19934, Choy 5 DWISEIZEWT, ARELZER % Fig. 4.3
EETIT B Z & T, EBRTHE X NZBRERD S FHRINEBIZ & £ MUY D 8458
BMOBYRERZ BED A ENTONTE D, TITHRLONZERERE2 B2 OFER L T
WEDDIFZYTHD [4, TOWMFETIE, 3. EEER)ZFLYI MY v I ADH
IZBWT, AR >72R) ZF LV 7 74 N—DEEDRE2E X, BIKNZHMNEZ LS
ZEIZEoT, RVZF LY I 7AN—DREERZ AL > TW5d, £, LEDR
BN T AHEME ., TEILT 7 AR EIZET 2Rk4 R EEBREZ HAGDOE T, FFHD
BRERZEBEDL DL VWS 2L %2fToTW5, BERMIZIE, Halpin-Tsai A= [52] (2568
D7 7AN—DFEREEZRAT S LT, MmOBRELRZE BAE > TW5 [53, 54,
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4.2: FHRTHWAZRY) TF L ViR OME, AEd, MOEh#igEz L >TWwa,
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4 4.3: Choy 5 DIFEIZHWT, RV ZF L OMOE DG HOBYZER % RES 572
DIZHWONTWEZET IV 4], E, C, A DFEIIZZENZT N, HOE 0 #HiES, 10 7=
A, TENLT 7 ADMHEEERT,

F/. RVZF L UIZOWTIE ETVER [56, 57, 58, 59] P H 4 13 Z & 705 Fik
12 & B FHNERER OB ETHONTE Y [60, 61]. N5 DFER L YHEFIEDL
BETAD720, TOVOZERTHRIEIZEHUTWAEES ZENTE S,

4.1.2 RUYIFLUVEROBTEE

Tex OE—FHEEHR D S RE S N ERLAE, R ZF LV UiE. T = 310.15 (K]
T, 1653 [Jg 'K &2 0, FEIRED B 5 HEEMA 1.479 [Jg K1) LHARTEI LK -5
5oni Hex OE—FEEHR L FRLE B OFFEN T O ADIEYS M2 HIRT 5,
Z OFHEIZIE phonopy % FH U 7z [42],

BVRERDFER % Fig. 4.510R7, Bonz ERTIE, £9, e 771 3=-201n>
2% 2DDFRT, AYREROEENLMADEN (—HED) & WO ERFEFEN, ¥Ia
L—=yarvTh, LK<HEINTWS, 22T, 77 A N—DRRERIZ, IsZL7- 1A
DRV TF L VHDOBRERZFHHE T 5 Z & THMli L 7z (Fig. 4.5), EERIEEL OIIZH
WTHIZDOL DIE, EEKREEDENTH D, ZTIUIDWTIKIRETHRT b,
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44: RV TF LY 7 7 AN —OBRERZ TS 5 7201 W S0l L7z 1L AD
RY TF L VOIS,
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Axial Thermal Conductivity of Polyethylene

1000 ¢

K[Wm—1K™1]

10 This study PE Crystal ---=--- 7
PE Crystal/Ab initio approach [a] — -=— - ]

C. Choy et al. (1993) PE Crystal [b] — & - ]
This study PE Fiber ——e— |

C. Choy et al. (1993) PE Fiber [b] —o- -

100
TK]

4.5: [pe_chain] (a:[60], b:[4]) RV TF L VSIS 58— B O BTSSR (X
NBID [a]) &, FERBTT 7 A N —DFERAE (BB D [a]) & DEGEE, EERIZEWT,
Fhifh e 7 7 A N—OBYLERD I MR35 Z L RICRIohTE Y (FORTEFOY v
), Fx DR T 74 N —DRRERFEFR (ROKOHROY Y FIV) EZD b
Ly RERFICHBELTSD, M0 E0REERIJIFEREENKEL FREREL S
TWd, —H. B OIS L 130 - ZIREREEDIF SN T WS, ERIEIZ,
RV ZF UV UFERZDEDANDHRETIZRLS, RIVZFL VT 7 A N—DEZERN S|
FimDFEREHE L TEY, ZOHEPRERFEOAR—BDFRRZLEZ S5ND,

ZOFMRIFIRBIZEATED, T70bb, ADHKIi-7ZR)VZF LV VHEEDZED
X, TR EOEKREZEZT, U1 AOBIINTA Y IaL—varhefonsd
BURER TN ETH D, TNEMEBIIEE TS Z & THIO T 1H & W3 BRI 724t
x5,
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4.2 BERAGCEXRSHFOER
4.2.1 HBENLESSF

BRI &0 T2 D WT, YEFEZEA L., EOBMZER2HET 5, AR
m 1 & U T Polyethylene terephthalate(PET) & Polyphenylene sulfide(PPS) % #A 72,
NS IETRMITIASHEHEINTE D, FIZPETIZE LU TIX. Xy bAR MLVOHHETT,
EEPOHIZTAZEHZ WV, IN6DED T2 RAZMHIZ, TS5 UTERNERE S
5 M5, PEREGICTHAR, KRESHRBIEEZAELTWHLIAIZEH D, BKkHY

ZiE, PETIEZDHEIZ1DDOXRVYEVEREZHF L, PPSIZ2 00XV Y VEZAGLTW
5OPEHA/%/F%ﬁbT%b?\p?bt%L@ﬁhﬁ\ﬁﬁ§+~K®iﬁky
BERITTONEZZD ETHHIFENIRE S X5, ZOFHHEMERZ Fig. 4.TI12R U7,

4.2.2 SECEXRZHF

BMBAREREG ) TORREITVZW, ARLZES THEmORE 7 7 1 )Vik, 1000 %
A TBED, 2o Z2MENICHERTI2DIIRNEETHS, TI T, MoPDHEETHZD
o2 LHENREV, BIEOMERIX. T3V —DERBERGNED S BYRERN R
FEENBLAREMEZ RIB L TW2A, FIEMEEN3IOEZITTHD, ZOFHGLGIENZY TH
HIRFEIE RN, £ 2T, Ao THEROMEIZEH Uz, INETHELZ32OE D TD
BT, —HREEROEH VDX PEFERTH O, Tk, KEZ2EE LT, B DITKEN
DVWTWBIEGEE > T W5, RUEVERPHZ S L, BYEERBE T T2 0WH B8
AR S, T O PEFEEOMEN, SEVRERIIFELTWSEEZ OGNS, £IT
PE A DKZEDE S %2, 7y RPERITEM U -FEZZOCHE L. ZHUTDWTEHEL
T2o E72. TXNF —OERBEMKFNEIC L 25HES FRHZITW, ZOZYME 25T 5, 5
[ BRALNZEI R L 22 TOE D TAERDEFRE . £ DIEFR%E Table. 411280, 260D
%E%Fg4ﬁﬁﬁbkoih\ﬁﬁ%ﬁ@%ﬁ#%%Fg47hrbtoMKT R
2T ROV X — ORFERMRAFNE, Ml S EHRE U 72 300K 12 81 28l 5 1 DO EYRE R % plot
L72HD% Fig. 48 1R L7z, ZD& FEHEINZMHBEREUIZ ~ 0.9045 &, FEFIZRW
FHEEZ R LU 7=,
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# 4.1: [table.chosen] S FHIF 4 DWEHE L -@A F&2. TOMFRLILIZ, ZOT7—7 Wi
R,

Name Abbreviation
Poly(ethylene) PE
Poly(phenylene sulfide) PPS
Poly(ethylene) terephthalate PET

Poly(vinylidene fluoride)-delta PVDF-delta
Poly(vinylidenesurely fluoride)-beta ~ PVDF-beta

Poly-trifluoroethylene PTrFE
Poly(tetrafluoroethylene-alt-ethylene) ETFE
Polyacrylonitrile PAN
Poly(vinyl fluoride) PVF

".."5s o

PVDF-beta

4.6: RV TF L v U E z K om0 7 DREIE,
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T T PVF

e “eeee— PTrFE

< s

3 seess — PVDF-0

X 4.7 [figkappa] ZHEIFIE L ZE0 FREOBRER, VY VEREESTRWIIEOE
DTE. ENSEZEL PET ® PPSITHART, SWERERZEHTLZ L2305, A
T. PVDF-beta X' PVF X, PEIZILIT AEWERELR 2> TE D, IHIZEIR
& Z 2iZ, PVDF-beta DEUYZER L, KR TPEDZNZE VTS,

4.3 RMEEROEDRT

o — S T RRER ORI IR Ga ENMZ2 H T 5. SROBREERGED 1O
HREAIEA T2 ST, X VERE I A DONSOYEED S RZERDVFHTE 5 A A
MR, e G E RS 572012, 7Y aF A L VEBIER L, 7Y 274
¥ VEBIZIERMEDO R S 2/ RS TH 5 DT [62], WBHMERD o IFHNORRZ R
MB2 I eNTEDES S, PANLLIOMIN TRAMZERPMERIC LD Zeh o, T
IDSDALTHLIMIMEARE Ve &, BBERINSKBDLES LN TE S,
2 2F A ¥V EBUTARIME R L BT 2 [63], 7 2 CHRBEZMICHT TR LE—0
ZAED S, RURERZ AL 2 2 2ilA D,

HHEZLSEL L EOTXNF —OL{LFER S/ 5NV ODOREHMAAD
WA, BZER B OB DEBELIL T A, (0PE/02) 7 LW\ S E, BURE
REFFHICRSMHET LI L2/ Lz, TOMRER%EZ Figd8ITmdT, TI T, eld &
MV eV =>04+)3, 207D 5,
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4.8: [fig.corr] I I N7 BVZER & T 3 )L X — ORBEKIFME (82E/8€2)_2 DR, Z
ITeld, BBV EV =1+, LWVWOBFREAEH 2, Vo I FEREBOURKETH 5, ##
FBORREIZ->E D RTINS, ZITHOMIIB/N RKIZL>TRONEZT 1Y T+
VIEBEMTHD, TORXNIE, y=1.122 x 107z — 8.085 TdhH 5,
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hE EX

ANl
JdiT

51 PE77AN—DXRER/GIETOREKREFEDESE

MEDGEOHEIE, O ETHLZLIZT S, il s, MEOGAETHHEINT
WBETIVATIE, TdDi@ED, e RERECHRENMDIAEFNTED, ZNoDb]h
SIIDIERITEME B 5TH D, T2, FEHICEALT, $5 532K %ﬁﬁ%@
DFT OfER L EH, A DOFERIZIL —HUTEVHEIZEEELHZDT, THHED
T@%ﬁﬁ&nv—yay®ﬁ§@ﬁﬁiﬁHif$%ﬁ@ﬁﬂ#6ﬁﬁ%éjtma
KR/ ETNVAEDFHEEDAEIMUIAD D Z LB HKE7ES5 5, —FH, 77413—=D
BERoIE, EBTH>TWADIEDOATH D, Eimd il L md7zH, 7714 3—0
Ban [FEReyIalb—ya vy OREKRFEDE ] OimICET T L LT 5,

Fg51K774N—®%§@ﬁ§mﬁ%®mﬁ€%®vs:v—ya>q%%btmm
HOY VRV &Y VRILV2), EBR/VIab—varvosRik, 1774 N—FEHKD
] OFNMRSETWEEEZONS, YIal—>ayTlk BRI 1T T 7
AN—] ZDOIZH LT, ERTIE, TBEAOHi->727 7 A /N—FE]| DT, 771/ 3—[H
DIEWEENRA>TWVWDS, ZTOERF, ROy Ialb—yay] & N 1RT7 7
AN=—DYIalb—Yayv] LOFREZIKTIHT, UTOXS ICHsFEE, HETE
%, BpBR %525 (3.1) AT, [E—NMZHZRH] I2BWVWT, YOE—RAKE
RUHGEEGADPEMNT S, E—R A= (bq) i2BWVWT, DA VT v IR q] %
fifl, XY RDA YTy Ab) ML T, ZD2RTEM ET, TEDE— KN THE
AR T 7574 7T (KERFEE2H5EZATWD) &R U7 (Fig. 5.2,53), 7774
TE— NODMHEXR, ARSI TS D HiE, B U TiE, #f/ 771 13—%, K
HEUZH, BEHIRFREIZOWTIEERNKREL, T7ANN=TRXT 7 T 1 75N, K5
DHEHNIZH U T, RELSEFHEBNIZHIBEINT WS Z bbb, 20 x> 7/
W7 774 7L vl PREREEEROBEZ ERETLUTD L S RiEmd R
TE5:

(31) AT, FE—RFAPSOFLIL, AL EEARLBENREOBETEASNT
W5, BEEREOEEKEMNIL, Y Ialb—Ya ZiF Ao TWARWS S, IREMKEMELH
5D, LB BHMIFMTH 5, LB DWTIEK, EdRO XS5 12fEq/ 7 74 3= £ K
FRU DA% FEDODT, EMEEHE (Fig. 5.3) TOME/ 7 7 A NN—=TDT7 7714 7E—N
DR MR TOREMRFNEZREZ G Z TS LTINS,

2T, I7AN=IIHUT, BHRROTY 72540 72— KoMz, #ETcoHz
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NEWNZEEHZ T, k Z23HMEL7ZDA, Fig. 5.1 DY VRV 3 THhD, EBREUUER
DALH B PBEEHINLZHDEDNE, ZOHIS, e TN 1IRTET 7 A 3—DY
Salb—vayv] LOREBKEHEDAR T, YIal—varyToHiEIhTnRn 77
A N—UEIRIZ RIS U 72 AR AR 2 5 X 2 E— R (3ot ] 23D ZIFENTWABHIZ
FRZFRTL2HENTEZS TH S,

Axial Thermal Conductivity of Polyethylene Fiber
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E 20 .
R e S . - S S
ol A/ — S T ]
0 This study ———
5 C. Choy et al. (1993) PE Fiber [b] —o- -
Artificial —e—
0 < I I I I I | I
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TIK]

5.1: [fig.results.pe_chain.pe_chain.1] (b:[4]) PE 7 7 A /N\— D BYRZE R 1 (T) OIEMKSF
M, BT 0y bAEBKR, Ko Toy FBF L OHEwRERREZRT, BOTay b
FEERFERRICT LT, ALICE—FOHFEE2EA 2L DTH 5,
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X 5.3: [fig.results.tau PE_c_and f] ik & 7 7 A N—DE T + / > E— N OFEMIKEH 7 %,
T=50, 170, 300 K DG EIZDWTR U7z, HEliAY q sl #EdlAY phono 73 > R DRI KTt
5,

5.2 Common Polymers D3EER{E & DLLER

2/ A T polyphenylene sulfide (PPS) XU poly(ethylene terephthalate) (PET) (Z
DWTHEBMMEE DU ZTo72, ZNODED T2 EALEEIE, — BT <HS
NTWLEDFTHY, TOWED PE LREINIZKRE S R0, £/, HEBRRRISE
WiEI COEBRBRENLAFARETH > 72720 TH D, 15 OREE L BYRER D L
FERIZDWTIX Fig. 5.4 (2R U7z, PPSIZDWTIE VL2 h DR [ % fif 2 72 30k D Bk
fill [64]. PET (DWW TIEKERMEZ 51% F THED 72RO FERE [65] & DI %17 - 72,
BoNEESRIL. ERTRESNS LY R $74bb5 & (PET) < & (PPS) < & (PE)
EWVWOBREBEBLTWAZ LR bnd, 72, BeBIEHTHR LM ZRI R 7204
ftEE LI 725 DI OV TEHADEIRITED L ZAETRTWE Z Lo Tz,
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5.4: PE, PPS, PET DEIA & EhjfE & D Lb#g, Z Z T PE OFEERFERIL Fig. 4.5 TH#L
LTWAHDLELUTHS, PPS & PETIZOWTIREELREEMIINT2ER»SEFE SN
ZHDTIEZRL, TN, WL RORAZFA DL, #ifiMz 51% X TRH 7R
FlICHlEIN-EDTH B,
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5.3 I XRILF—DOEKREKENE

Fig. 48 THR7Z L 512, TNV F —DERBKIFNE L 300K TORRERIL, K <HBEL
TW5, ZZ Tk, TOHHIZOWTERT S, TRXLF—DRBEIKEFEED L Z A TEHE
LTW3 DI,

q= (5.1)

(o)

e=0

EWOIRTHD, ZhE, V=V1+e) OBREHACT, £28% 2o RiEh: v icE
EHET L,

(5.2)

2
1 (6%8U (5.V) | 420V (S V))

9 oV V2

e=0

&b, ZIZT, U(S,V)DVIZDOWTD 1 FEMAIE. 2B ICHARNTHEETE 2D T,

1OPU(S,V) 9, (U (S,V)
1=57 9= $£N§W)< ov? ) (53
EFEITFL, —H. EEEMEER Kg 13,
(U (S,V)
ThHH, The qLOBERIFIRDLDITHR B,
2
Kp(V=W)=:-q (5.5)

Mo

22O 3R (55) BMEIC 2 D, 300K TORMILS Oy & B E 5T, ZhE OB
REMRAL TH L,
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5 5.5: BEHINT 300K TOERUELE Oy, HiEHi V7 (55) 220 70y b Uiz, RIS
fa R e MHBEREGR 2 B Z & YISk B,

INER3 ., MBI OBGREZIRT S Z ks, Ld->T, #HL 3R
T 1/¢* &, ERMEBC, ZHWT, 1/C2 CEEMA LI LHAEETH S, LML, 74
JUHAEERAVWTEERDSND ¢ ZFHLZIZON, FHEIAMOE»STIUX, N1
ZN—"T FEHEIZHEL TW5d, 22T, SR COERMMLEDL, ROHHEZ KL TV
LZHERZZZNIE, ZITHEONEFEREZVS DX, TOHHENKE V& EBYRER)
INE LT B, TRbBIERNMENRKRE L RBMHEAVRHEE NS L THS, SHHEIL.
2=y b ELVADFEFED 3ETEZONEDT, 2=y MILVHNDOFEFEN LN, FE
FAFRMERKRELSRBEVZ L Z WKk S, UL, ThiE—RT 2 LA EikIicHE
A5, WO DIE, HAEIZMAEHETS =y bV Z 252U TH, BYSERIZ DS
WA, ZORBFOEIZEDLS>TLULESI RS THD, TZ T, ZZTHRODTHSEIFEHL
2=y PEVDOEDERIZDOWTEZRATAD, SHEEHRICHHALZ2=y bEILiZ, £D
BT DOWTH, OELDOB/NENTEZ SNT WD, Lz ->T, 0K/
MAIZFDN DR F OB L WV EIERAMEN K EL B VWH 2 ThHD, EBE. 2=
NV DRTENRKREL 25 L BYLELPMELS b L WO HA B R TE 5,
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X 5.6: FEfiz 2= bBILVOMAKEE V. HEHIZ 300K TOEYRERZ L ) 7oy b LTz,
2=y bRIVDOEEIREN, THROBBOEUBR/NAMOREI DRSS WE, BYRER)N
INE K IR BHHAIN R Z 5,

5.4 PVDF-beta DEEKEMN

Z ZT. PVDF-beta fifa DREMRAMITIEH S 5 & @RI HE W TIE PE &I
RSEPYEERZRLTWS, U LERERRRY) TF L ViR R TRONER DN S

5.4.1 EMEFRELEDLLEE

ZDRBEENDENE, BE—RNIIBTE74/ v OEMERD I TERT S, &
E—RNIZBIT5 74/ vOFfm%E Fig. 5.71Z/R U7z, PVDF-beta i&. FATHIIZ 20000 i
KD, PEfERZHESEREVWT + / Ve RLULTWS, ULA2L, ZDOMDFEE D IE
1000 # R ZFEETH 5, Zh 5, PVDF-beta DEHBYZERIIFEDE— RIZE X 5
NTW5E720, GHiRFIETORBZERDYILEZEATNWS Z LRGN 5
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5.4.2

IREIE— RDLLER

22Tk, LR OBMEEOSHOENE, IREIE— NOEWAS5ELKT S, PE &
PVDF-beta DIRFE— KD 55, &HEMGDOLDZEY, TNE2EHTHRERLEZHD%
Fig. 5.8 1Z/8 U7z, PVDF-beta D EHME— NiX, X TOEFHFE U ARICHIRET 5
EWVWIE—RTHADIZHN LT, PEOEEFEME— NE, KENIFEACEDNT,

ADIRENTAE—RTHBZL VI E VLD S, PEDEE.

E—RON) T — a3 URELFET 5B,
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PVDF-B PE

5.8: /£ PVDF-beta O & HFMIREIE— N &4 PE O &S HEaiRE € — N E, PVDF-
beta lZ. TRTOFEFAFE U HAIZIEEIT2 2 WS E— RRELF@E2FEFO DI L T, PE
. IREVIZEAETEHNT, KEOADIRIHTLE— RV EHEMTDH S,
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JdiT

Lo [a| $ 2 135 — REE R TIE [16) 2 VT, WL DO ED FAERIZ DWW TEYEE R
DM T 572, RV ZFLIZHLUT, #me 774 NN—DETIVILE LT, HTFEDH
PSSR N U — e DR B A 7o 72 8 2 A, EBR S AL onEzFh o 0l I
HIZELS—BUTWD Z L 2R LD, BERGFMEICEL CIESERE RESER ST
Wz [4], fRITORER, TOERIIFERE Y I 2L —Ya Yy TORTEDEN, Tbb,
77 AN=[EOHEAERADRDZMEDIDL VWS FHIZIFIEINDE Z BN bh o7, T OIIE
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