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Fig. 1. 1 SEM image of cross section of crazed PP.
(Crazing conditions: 22 MPa, 80°, 20 mm/min, 1 time.)
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Fig. 1. 2 Schematic diagram comparing meniscus phenomenon to generate of craze.
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Fig. 1. 3 Schematic diagram of light scattering voids in craze phase.
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Fig. 1. 4 Schematic diagrams of light transmission in crazed polymer film with (a)

incident light from the normal angle, (b) diagonal light by the craze phase.
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% |
Fig. 2. 2. 1 Chemical structure (a) polypropylene, (b) polymethyl methacrylate, (c)
polystyrene.
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Table 2. 2. 1 Properties of PP

Property Unit Value

MD TD
Breaking stress MPa 98.2 33.8
Breaking strain % 320 5.8
Young’s modulus GPa 1.6 1.1
Melting points °C 164
Glass transition temp. °C -20
Density g/em? 0.93

Table 2. 2. 2 Properties of PMMA

Property Unit Value
Tensile strength MPa 55-76
Elongation to break % 2-5
Tensile modulus GPa 24-3.1
Melting point °C -

Glass transition temp. °C 105
Density g/cm? 1.17-1.20

Table 2. 2. 3 Properties of PS

Property Unit Value
Tensile strength MPa 42
Elongation to break % 2

Tensile modulus GPa 3.2
Melting point °C -

Glass transition temp. °C 100
Density g/cm’ 1.04-1.065
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Ctaze Processing

direction

Fig. 2. 2. 2 Schematic diagrams of crazing process.
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TR 7 v iR E ST LT — T Tu—TF =0, Fig.2.2.3 1ITRT X 5 icER
T ANLHBHRBO N E B LREECRE L2, ST TR0k WIRETT7 4 VL%
00— —~&E LiF7z, RiCH > —Hobmzilims — 7 L ERTFER LT v v 71T CTHl
BRL, EROFICEY ZEY )72, HEEZEBIS® 2 L n— T —AEELL TT 4 L LD
—ERETEZ T 5720, BTl 24 BT/ L —XHPEAI NS, ZORE
I, B VICK BN OEHEZ T T, HOFRBELITIC X 2 WHMAEOLEHE L £ — X — D[
HRETIG U CHUHE DZEE D AIRECTH 5o F5M T TD 7 4 v LSBT AUHEEE % 20
HLCIE 30 mm/min & L, WAL EY ZELHT LI LICL>TT 4 VLITHD B0
EGE, BIRCTOIL—V v I R Tot, 2L —V Y IR Table.2.2.4 1R T, b, &
FERITE RS (23°C) TP, ICHEFZE T 20D NIFAT v L 2B A ZFHF L
72o PP(1) 1X7 L —XJEREEHI CE 3 2 3lkld, PP(2) 1&R A FWrHit &Rl cfEH I 2
kOIS TH B,

723, PP(1). PMMA, PSICOWT, ZL—L Y ZIGHEHINNT 3 2 & ic X 3 MR~
DIFIER 2RI 2 2 7201, Fil Bl O BRI T F 72 1MW is 1o o6t 3 2 G 1 o &4
#[Fl— (40%) iC L7z,

Table 2. 2. 4 Conditions of craze formation process

PP (1) PMMA PS PP (2)
Stress [MPa] 22 22 15 26
Angle [deg.] 80 80 120 80
Speed [mm/min] 20 20 20 20
Time [-] 1 1 1 3
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HOBEEEHIM, A74 Xy Z7ICCTHIEEEZ 5 °C/min BEICR 2 L O ICHHE L, HER
ETor7L —XBEEZBE L 72, sk, EEPosURHRE RIS —€ 2 7 7 4 (NEC
Avio #RIMRT 7 7 B ¥ —(#K). ThermoGEARGI20EX) I CHIE L 7z,

7 L — XTGREFHIE ik & L €. Fig.2.2.3 1O/ L7z X 5 A RMEHER % HIC 7 L — XHHOIE
MUT 7L —=Xig) . 7L =R 0/ AT 27 L — X)) Z2H0EL 72, Bigans 2
L — g s X OCRFEIZIE#EIC —~EDEEI S b Tidh\v, 22T, HEOH%R Lo 7L —
A% 7 VX LIC 100 s, s X OREOFEEEZEH Lz, /2, MELAZZ7L—X
. 7V —XMEREZEAL, 74 v aREICEHED 227 L —ZHOEIGEZH (2.2.1) K TEHE
HL 7,

Craze width

Craze phase ratio = 2.2.1)

Craze interval+Craze width
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Craze interval

Craze

Craze width

Film surface

Fig. 2. 2. 3 Designation scheme of craze interval and craze width.
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2-2-4 HA FERE

JL—=V VT T ANLDRA FERIE, 7L — NSOGB O e L CEEARIA
HO—2Thd, 7L =YV 77 ANLDFRA FEREEHNT Z1CHzo> T, UTOHEEH
Wz,

WERICAA FBREHE L T34, Fig.2.2.4 v 4 P29 5ICEL Tw 3 “BIAIL” & [
RNICBALIA® 5N TV B “BAKIL BFEET 5, £, BEICIRE (T T “BEE,
REOEE. SEE BMEET 5,

HEd L. WEBEE O 258D A 2 BEREICERN L 2FE 2L, KX (2.2.2) T
KIns,

d, == (2.2.2)

r=
Vsolid

R EEd, 3. MEBS L5 26BICZ, AKX 50 2K EZ N L 2% ETdH
., K (2.2.3) TIN5,

dy=——— (2.2.3)

a =
VsotidtVclosed

BEEd, X, RETEECHEHL ZAEECmx. HA5XAB 0 26E2EHLZ%ETH
D, X 2.2.4) TIN5,

dy, = = (2.2.4)

Vsotid*Vclosed +Vopen

m I IERDEETH 5, TN DEFEOHEEH S & T, LRI L CTHE
R 5D B EETH B “WXEE, SBT3 25D 3EETH 5 KA FERHE
AR Td 5, MHMEE DI (2.2.5) TtKEIns,

m
_ Vsolid _ VsolidtVciosedtVopen _ dp
D= = o =2 (2.2.5)
Vsolid+Vclosed+Vopen Ve dr
solid

7. A FEelxX (2.2.6) TRIND,

£ = Vclosed+Vopen _ Vclosed+Vopen+Vsolid_Vsolid =1- Vsolid =1-D=1-— ﬂ
Vsolid+Vclosed+Vopen Vsolid+Vclosed+Vopen Vsolid+Vclosed+Vopen dy
(2.2.6)

FA FRelZAB 2RI T 2T RTCOFRAL PR 3EETH B, ez Xric, K
A FICi3BRAL L BASILATEIE L T d, bR A4 Foatkhlic o 28 &iIconTdh
FHWTRETH 2, 2AROERICH L RS » 2 E8E TH 2SR E e penlEH (2.2.7)
TRIND,
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Vopen _ Vsolid + Vclosed + Vopen - (Vsolid + Vclosed)

& = =
open Vsolid + Vclosed + Vopen Vsolid + Vclosed + Vopen
m
=1— Vsolid + Vclosed =1 Vsolid + Vclosed + Vopen —1— @
Vsolid + Vclosed + Vopen L da

Vsolid + Vclosed
(2.2.7)
RO L TR 0 2EETH 2 B E e pseq 13N (2.2.8) TEI NS,

dp W) _d _ %
_Z_(l_i)_% 2 (2.2.8)

KiwmXHN TR, FilloR4 FRE2RK 2.5.5) 2HCCEHE L2, &k, 8%Ed, 271
— VDT AN LD, BEEdE L=V Y TRIDT 4 VL0 bENEREIE L,
FHL7Z, £/, ZL—XHDOFA FRIXTHALTH 2 & L=,

Open pore

Closed pore |

Film

Fig. 2. 2. 4 Schematic diagram of film with pore.
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Fig. 2. 3. 1 Surface images of crazed films. (a) PP, (b) PMMA, (c) PS

Cross section

e

10 pm

Fig. 2. 3. 2 Cross section image of crazed PP film.
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Table 2. 3. 1 Surface morphology and properties of crazed PP
Craze width [pum]
Craze interval [um]
Craze area [%]
Porosity [%]
Porosity (in craze phase) [%]
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16.2
16.2
12.1
74.5
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(a) T

Blade
Film
Blade
(b)
Tcos 6 Tcos 8
T sin® | ‘ T sin@
Film

Fig. 2. 3. 3 Schematic diagrams of stress at craze generation point
(a) the film is bent by the tip under the constant tension,
(b) the film is assumed to be a linear elastic body and the force applied to the film

is resolved into vertical and parallel.
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Fig. 2. 3. 4 Crazing stress dependence of craze form in crazed PP film (a) craze interval and
width, (b) void ratio and porosity.
(Processing conditions: 80deg., 20 mm/min, 2 times)
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Fig. 2. 3. 5 Crazing angle dependence of craze form in crazed PP film (a) craze interval and

width, (b) void ratio and porosity.
(Processing conditions: 20 MPa, 20 mm/min, 2 times)
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Fig. 2. 3. 6 Craze processing rate dependence of craze form in crazed PP film (a) craze interval
and width, (b) void ratio and porosity.
(Processing conditions: 20 MPa, 80 deg., 2 times)
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Fig. 2. 3. 7 Number of craze processing dependence of craze form in crazed PP film (a) craze
interval and width, (b) void ratio and porosity.

(Processing conditions: 20 MPa, 80 deg., 20 mm/min)
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JEDOBELIR L 72 0 . SCFABAMEE COBISRHCERPR VLT T akke LTB%EINLD
Tl retEZLNS,

30



20 pm

20 um

110°C

20 pm

Fig. 2. 3. 8 Annealing temperature dependence of craze form in PP film.
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Fig. 2. 3. 9 Annealing temperature dependence of craze form in PMMA film.
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Fig. 2. 3. 10 Annealing temperature dependence of craze form in PS film.
(13.43 MPa, 120 deg. (40% of yield stress in the vertical direction), 20

mm/min and 1 time, annealing time = 20 min)
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Fig. 2. 3. 11 Annealing temperature dependence of craze interval and width. (a) PP, (b)
PMMA, (c) PS.
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Fig. 2. 3. 12 The stress relaxation of crazed PP film (22 MPa, 80 deg., 20 mm/min and 1

time).
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Fig. 2. 3. 13 Frequency of void diameter in crazed PP film.

(22 MPa, 80 deg., 20 mm/min and 1 time)
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Fig. 2. 3. 14 Frequency of Laplace-pressure in crazed PP film.
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ke LT, 2-2-1 ICCEHHKL 2D D LFEEED PP 7 4 L L Z{HH L 7=,

3-2-2 VL= v TEM
2-2-2-2 TIRL72FEIC T, Table3.2. 1 Do L —Y v 7% fTo 72,
Table 3. 2. 1 Conditions of craze formation process for PP film

Stress [MPa] Angle [deg.] Speed [mm/min] Cycle
26 80 20 3

3-2-3 FH5|REER

BT 7 AN LD R EET B ke LT, RETCIRERERTH 3 5ERE %
L7z, &kZ 10X50 mm OFEfHRICE] Y L. 10X 10 mm O JEHEZ ki i< Bk O 715
R L 72o 7 4 AL O 10mm O & & A CHliREAEE (BfslfEirdl, EZ-L) o LT o
F vy 7HSICEEL, 7 — YK 30mm, 5l5R#EE 20 mm/min, JUEREER (25°C) ©
IR Z T o 72, TNHIR XV ELNAIGH—OFT RRL L, F5&H7 4 L LI
DT OMWIEREE, WO A, ¥ v 7 E2 kD7, Fig.3.2. 1 I — MRS — 03 Al
L R I
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Stress
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L

N €1
Fig. 3. 2. 1 Stress-Strain curve and sample shape of each point.
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0y : Yield stress (Pa)
o0, : Breaking stress (Pa)
&o: Yield strain (%)

€0 = (Lo — L)/L — ALO/L

AL,: Expansion of stress maximum value (mm)
L : Gage length (mm)

&;: Breaking strain (%)
L — AL
g = (L1 -) /, ="y,

AL, : The maximum expansion of sample (mm)
E: Young's modulus (Pa)
o
E=-2
&

o, * Stress value of AL
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7L — XM R T FICEGE L T 3 5A. 7 L — XHHEEBRE & L CRURPIik %
BBXE L ENTE D [63][64]. KUELCHIADE R & FEEE 1T, EERIEEOHENKE
WV, £ T, EERKRE, 2% 0 RN AR A FofE Ak X NRIROERERE R 5
BT 7 Aot 3 2 Eol AR 4 MR L B S 72 0 o R4 FERREH L, A F T%LH:
filfi % 5 A& 7=

SpEEEE S Ll Uoic, itz @EsBHA T v L Ay ) v R L ZICRE L,
ZZIC02MPa D7 —VIETCTERTAZE VAL, COBRAE 2 E®E L -EROMEEZ T
¥ ZOVILERE (Digital flow meter, GFE1000) % F\»CHIE L 72, FA X ICHRE L 72k o X
BB HREIL 09 ecm?> TH 5, BT ZITiZKkE vy 2%, kg e Hz2s ) v
CWRINEF 2 =7 %ML TR L7z, BBZAT Vv L RA0 ) VIRV RICRE LITKkE v
JICEEMKZ FEE L, EFR A A %8 E) ofitfs UMK 2 5URINICER X & 72, Bkl 2 &
WL MK ESTRE L, & 2 R oBHK A ER T 2 K 2 5HHI L 72, [ - iS5
HICHBERE R A I LT o 3.2, 1), 3. 2.2) ZH W TAKRE X ORIAIE EH € 8 % 5
HL 7,

V .
Ry =—"1— (3.2.1)
Aliq'tiig"AP1iq
F,
R ps = —25— 3.2.2
gas AgasDPgas ( )

T T T\ Rygs [m3/m?-s-Pa] [35MEEELER. Ryq [m3/m? s - Pa] (3HRAEEEEE
B Vig [(m3] 13058 L 220R DR, Fpgs [m/s] I1EESATEL Ayy [m?] (3HAEES
DI, Ages [m?] I ZXAAE BT DL, APy, [Pa] (FHAEIRIFIC 2213 72 E)), AP, [Pa]
FRAERF DAL CTH D, 7oy Rygss RugZHWTHA P, HALEIRY 72 ) OF A F
BAER 3.2.3),(3.2.4) HH L,

d = 3210 Ruq

3.2.3
3P Rgas ( )

4&
B=—- (3.2.4)

T ZTCudm] FHA V& Bum?] (TR EE Y720 DR A N8y [Pa-s] IZMRIKD KL,
v[m/s] (ZXURDO T EEE, P, [Pa] 13EFHEET) (=101325Pa) TH % [65][66] [67] [68].
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REZ NI 2 72D ICIERICHETH 5,

REHBTALF =0T, KRAIKEL TR EHICER T 2, kIS T2
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AR EN A Z T T L72Bici Fig. 3. 2. 2 D X 5 1T F L 72A BRIk & 72 0 . LR
CHET 5 L, WRE EEORTABT AL F—yg 1k, X 3.2.5) X v EH x5,

cos® = (vs — ¥s.)/V1 (3.2.5)

QIR L BR DT AR, yolXEEFRHEEH BT AV ¥ — yo (ZERE TR E H 5L —
YOI AERAHH I AL F—TH 5, BERATABETAVF -2 RN T 51CH> Ty, Ly
DHERBIIAAIRTH 5,

FESSRHHE T AL —y, 03 Zisman 7’0 v F 22 b RMAERS, 2F W REHBEZ AL —
DIBERNC & 2 WA EE 2 EARKR ISR T L, BA 2 E S 2, EORBHH T AL F —
W L CHEfil A0 L < ldcos8% 7my 35, 78y b DIEEM D cosd = LICEHEL 72
B D VR A FLIHT I = A L F — 23 AR O FLHN H B o8 v ¥ — (B RR IR ST T H 5, SURSEH
HH T AL ¥ —y, 13 Wilhelmy Pk, fmiiikd L IdBEE» b BH I 15 [69] [70],
ARFEFRTIE, KT E B o4 L F — I 3 R & > T B SSRATE T oL F — 13O0
EZ M L 72,
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BRiE (v Xy b s Fay 7)) &id, Fig.3.2.3 0k 5 ic, HEEZME,»LIFLHL
S I B & R, BRI OTR A & FUII H o A v ¥ — R BT 2 T H 2. Ok
X, MRk R, HEL FUEE T AL F I X o THIE I A K O R AR
FEDEATICDVT, Ttk & RO RE R T AL ¥ — % HET 3 A TR TS 5.
SRR L 72 5 Cld, B 0% Young-Laplace BFli#E 7 4 v 57 4 v /&5 C
ETCIANANF—HERHL 72,

Liquid
Vst 0
YL Vs Solid
Fig. 3. 2. 2 Schematic diagram of static contact angle.
Needle point

__—Fitting line

Droplet

Fig. 3. 2. 3 Schematic diagram of suspension method.
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Table 3. 2. 2 The interfacial free energy between solutions and polypropylene (PP).

Interfacial free energy between solution and PP

[m]/m?]
PC 6.30
PC:DEC=5:1 3.99
DMSO 3.78
In air 28.5

P

Copper plate

Rubbersy.

sheet

Separator
(Socked with electrolyte:
0.05 M LiCl)

Fig. 3. 2. 4 Schematic diagram of electro conductivity measurement.
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Laplace-pressure of the sample

4 .

N Laplace-pressure per void
a R Ap,

d L
g SR L
Crazing film

Porosity = &,

t Void diameter = 7,

Identical (if the pores are nano-sized)

T v Ap,

= Ny ¢=

A X

Porous film
Porosity = &,
t Void diameter = 7,
Porosity [%]: & = &,
Void diameter [nm]: 7, = 7,

&
Aps = Ap, % F

Fig. 3. 3. 3 Schematic diagrams of Laplace-pressure applied to the crazing film.
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—, " FREEKTALVF B XN KRS FMEREYS 720 D)5 1% Table 3.3. 1 IR 3,
Table3.3.1 XV, A4 FHAHEZELXMH2LOT P 7T A v iciElET 32 L cREABHT AV
F—BIUOFA FRAERZANVF—1IRE D, FA4 VERISHIE 7 L —XFRENT

DFERICT % T lal B KR & 72 o 7z

INOLDORERE I, 7L —X%2REXGBZICHE>T, T4 F, 2F VI RmERIZ
HEALEHETHY, A4 FPORBHEIAALF —2HHT 2T, cNETITZL—XD
RAENPKNBETCH 2L INTE LGN T~D I L — v ZOAREE DL D > 72,

Table 3. 3 .1 Interfacial free energy of voids in the crazing PET and stress per void volume

Interfacial free energy

[mN/m]
H>O 35.1
Tetradecane 2.97
Air 43.8

Stress per unit volume of void
[MPa]
23.9
9.31
19.9

Blade

/

Film

Crazing stress = T

2Tcosf =29 MPa

Tsin@ =17.2 MPa

Fig. 3. 3. 4 Schematic diagram of stress decomposition near the blade.
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10 times the initial

electric conductivity

A\ [

Electric conductivity

P <
)

Temperaturey /\

Healing initiation Healing end

temperature temperature

Fig. 3. 3. 5 Schematic diagrams for determining the initiation and completed temperature of
healing.
(Initiation temperature: temperature of intersection of tangents with different slopes.

End temperature: temperature at which 10 times the initial electric conductivity.)
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Fig. 3. 3. 6 The solvent dependence of healing temperature in crazed PP films.

160

Table 3. 3. 2 Interfacial free energy of PP/void interface and healing temperature of each conditions

Interfacial free energy [m]/m?] Healing temperature [°C]
PC 6.30 110
PC:DEC=5:1 3.99 120
DMSO 3.78 130
In air 28.5 60
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Fig. 4. 1. 1 Creep property of polymer and sample shape for each point.
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IV =PV P RELTZ7 A MBI LT, 7L — v 2T BRI E & N 2 BB (L
T2V =7 #1757, 40x40mm Y)YV HL 727 4 V2Dl % 7 7 v 7 CREE L., %
LY 31T 7= 8 AR QWL ICPREF L 72 AN CHM O O3 HMlIC 72 2 £ THHE L 72, S&F
% Table 4.2.2 ICR T, UTF. 2L —ZXMHERUHEZL 727 4 V2% [27 L =R 7 4
VL] BT B,

Table 4. 2. 2 Conditions of craze growth process

Temperature [°C] 80
Stress [MPa] 8, 14
Creep ratio [-] 1.5

4-2-4 R A FURHEERIE D FHE

BRERE 22X 27288, R4 FORRILARLET 2 Ll etkoNELrE L 5, 72,
7 4 N IAEBIRF QR IENIC X 2 EA L DRI N 1T TH D, £ T.HE T4 NVLD
PR E 7 ) — FHIE & RO TR I TRE L 72,

HIE e LT, 2L —Y Y ZHIED PP 7 4 v L% BRI SEE ICHL Y fHF, 21—
ZANDORA FD e =V v 7273 2 WA IR 2 HiE . IRefalfadic X 2 2560 2 JlE L
oo IHIT, ZL—=RRET 4 VLD WT ALEDIGH ZHIN L 72 REE T D225 8 o
EZITo 72 WIESM%Z Table 4.2.1 1ZRT,

Table 4. 2. 1 Conditions of creep measurement

Initial tension [N] 0.001
Temperature [°C] 80
Time [min] 30

Applied tension [MPa] 0-12
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IJL— VI BINIL—XEETANLORAEBI N L —XERER, 1-2-3 L [EIFRIC
FE TR AR I CRIZE L 7,

4-2-6 7 L —XRDHA FEEOFHE -4 REEE, [UREEL-

AR R A P2 T APGEE & Ak L O EE AR o B L, KA PSR %
ATz,

7L — AN W R EIR (Fig. 4.2. 1) 226005 X 51, /7% A4 XDKRA FHEkE
P - EAE L 72 REEcERIIE A ANCE R o T B, DF D, ZL—XHNDFRA Ficid, ik
W7 IFT 77 ) 12 B L SR PR iRt i & i Y 15 % 3845 L (open pore) & FAFIDRKAID O
FOMANC B3 > T 7 WHHAZ AL (closed pore) I H 5, KREBRTIIZEHEDOFRA FE%R
BH LT 272010, A APEECHE - Pl 2 AR L /%, [i0E R E#
2 b EfLERENT 5,

AW (741813, REOEHE S L ML mlEE e LTHwoh s 0T, P
WEICK2bDTH S, MALNF TS I 25Uk (WEE) %< kb L BEE TR
RELTHEST 220355, TNIFEERME LT IEIN T2, ZOEBEEHRERS ICH VT
I¥ Kelvin D=

In(p/py) = —2V,ycosO/r,RT @1

DAL T D [75]e p/po l3MXTE (p: HIEETT. po: BEMIZASRIE). VIFBEEREIC X - T
L L7z 20 FOBAKE, yIIREE. 03BEfA. r i 3HIFLER. R IKAMEER. T
HxHRETH %, REFFE T > T ZHFLED A~ 5 nm FEEE D MIFL O /3 AR HIE 13 2 DB
REFHL T, R@ Db Lic, & 2N Ep/pic B0 5 MIALEMR L MFLEEE 2 4
AWEEDPOBITL, ChooffRE 7ay P LAELDOBHMIILH 7 r Yy F &7k D [76].
REBRTIE, WEE L LTERT ALz, SEGECTUEEIT- 727 4 L LB HIEE I
o7 b DRWUEBRILE L, 74 v ARTEoREEEbNE <A 7 n A= F =X —D
fill % JEAGE R D DRI L 72

LR E X OHR DB R E E R DM X 3-2-4 L [FARED Tk % 72 [65] [66] [67] [68]-
BonzBEE IR A P, BAEREY 729 OR A4 P8 #EE2EH L, 22T, B
PR L AR OEHEE A RTIECTH Y. EHINABEED 1 1GEWIE EREER XD
BERATH 2 ZEmRT, 7L —ANDOKRA FiFiElo—EicR 4 FAESIL., Z OfiE»—
EFMITHRYEINTVE, 2O b, —RNZEED T2 MR L e g R 2K <
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LY EEN BB EE LT b LT D,
7 ) —7DEHE, 7 ) = TRMICK o THEA PR R4 Pz L CiliigRic 2 brsfn s
DE». ZENENOZADOME & 7 ) — 7ML OB ZHAE L 72,

Cross section

10 pm

Fig. 4. 2. 1 Cross section image of crazed PP film.
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4-3 FEREER

4-3-1 27V — 7= o

7L =YV 77 ANLCELT, BERED EAR & DI L —XHAKRA F DR
HETT 5, CNETICHERL T2 2L —XHNDORA Foe—Y v 2%, 45620 5 OHIG
NBFHEL B CEMED R TH 5T, F4 KD —) ¥ ZHET L T 2 ERIFIC BT,
S 2> & 6] % FIAN L 72 BE 0 BARHE e B URHARZE AL D I 35 & CYHIINIG I A7 1 % 3
L7z,

A CTHEHALTWE PP 74V LABXV 7L =Y Y JRHIEDO 7 4 VLD 27 ) — TRk
B LI, b, JEHHAINCHE S AT OBIZER 72, Fig.4.3.1 X b, KB <ff
L7 PP 7 4 v 2B EN TR OZTR 3R I N o7z, 2O & 13, RUH
B IIEREIC IR IE L A EFE L o722 8 ZR LTS, ZL =YV 77 40D
EMBGAFTICHHE L 728 25, HiEREM OB, 2% ) 7L —XNDKR A4 FORAFLA
REINT WHISIABIZ LA EHFELZVEBITH 2 ICb B O T, K4 FOPALAREEL
2 epo, LRI NIC X > TRET 2 L 3FE 2T v, T2, S8 5I6 71 2 HIN
L7zREECRIKORABEZ T o722 2 A, HIIGT O KR E 12 X » TRE O LB DR 23K
E B o7z, 4~8MPa DL % HINNT 2 &, ik 7 4 v 2 ZBER &S 2 & 38— 1 it
PREZ o727, —JT 12 MPa LA FEIINS % & BEIREH % 1 - 7= WT R L 7=,

T 2T REBCIE INRICH ZFIM L 2 WEIETIE 7 L— XD R A F OILE - ALY
FeA - AT T AIRMERICCHELZ LT b, BREMFT RT3 & EMEST o FRE
CHRA P OGS FHEOEEMEZR & O SR ESZE L T, Tl v — ) v oo
TF2METIL—Y v 77 A VLD ERADISTPEM A S OBERAKE KT
L 7-f5 % (Fig. 3.3.2 (b), Fig.3.3. D25 dWL2TH B, bbb, AKE4 AT
FTHMETH-TDH, W2 LIC N ZHMT 5 2 & T, 4 FEAFLIC X 2 5kl 0 Ui 23
oW LB L7z, SO DFIRD O KA FOUHES LIERICH D8 F v ZH3FE
WICHBETH S EHRING, JGHHIMCX 2 7L =Y v 77 400D —1 v 728
DWT, UTofiicERT %,

R OB ORI 2 & L IERIZEINE I O RE XX > TRAE> T, JEh %
L 2o 72856, 2L =Y v 77 4 A LRIE L 72, 23, MBS X > TR A P23
LU, A4 FBEBL COZARESBIPNME L 72720 CTH 5, HIMIGSI23 8~12 MPa TliZ,
EMESTOER (v ¥ v D) BFRELE, 7L—=V v 77 4000, 7L —XHOHE
IC & o THPERD 1/3 1K L T2, S 5 0IE I IZ MR 0K 7 L — XI5k
LCHmE ., FE7 L—XMIicEilk L. B 2R BBREBZ Lz, —F. HIG A 4~
8 MPa Tlt. Btk s — IR L, BREB L kh o7, 2L DRSO HINIGH
75 4~8 MPa Ti3, EMEN TEEOER L RER 2AHEHEE LT3 ELLNR 5,
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DF O RS X W MEsI 7R 2 v — XTSRS AR A R L2 b o e FHIZ
%o —J7. HIIMIGS1 23 12 MPa o556, FIAIGH %2 7 L —XHD A TIIHX 2 5 Z B3 TE 72
Wiz, 7 L — XD BT b FTHEME S T OB RN ICHERE . FRZETE DRI L 72 &
Ezbhb,

HUINIG ) 28 U /N & 72 56 Tld. BEERAME T L Cw 3 7 L —Xic)g I s erh L 2
Y — TEEBFET b RO DB DL D720 BERICRE I N EM DL %15
AR RFEL v, LaAL, 2L —XHOATHKZENRVIEHBHME N EIZ 7 L
— XD A b FTEHMES T HFERFICEE L, i ~ERT 2, 2o k5K, 7L —XMHo
LI e EM et o AR OB IZ, 7 V) — 7HIEDFEF 5 H 8 MPa & 12 MPa D] TH b |
COEMEIXZ7L—ZXHNDOFRA FRELTWEHE T 7 I RETH S 8.7 MPa 253447 %,
R U 72 4 R ¢ DT - SEZTE DB R fUCIIIRERAE FFE L, 2 Y — 77l
ERETCOE RS DIESTITH B 1.8 MPa it/ %, — /. FMHE DK - Bl 255
RER3FAVVYAGOZ 77 AFEPERLTEY, 2L —XHNDKA FEDRFE—THIITE
REDIGHHFE—DfEL 725,

FIECRLZLIIC, ZJL—=—Y VI PP 7A4LVLDRA FPET YT 77 R T 8.7
MPa TH o7z, T I T, EiRFMF T TCORE-FRADORIVMEICO T, EiREFTTD
JL—=ZXMHNEF 7L =Y v Ik o TR LZZARA FBRSEFEELT0WDE, 74NV LDY
L — XHWHE L O Wi &, A4 FREEDSZICEHE L CO 2T 28BHELTwb, 2% 0,
7L —ZXMNFAA FOIUE-CIERICIE, D har o3 R A FROMHAERARAEL 3 & PR
N, b L7zX9ic, 2L —=ZXtHIZFRA FOFAEICK o THERPE L KT LTW3,
DF D AR SEIME NG 7 L —XHICER L CHIME 5, FiE hz)ehic X
%7 L —ZAMHNBEEOEIE, ICHEZHIML 72K IHcRET 2 eE 205, T2 T,
JL—=ZMHND 7 4 7YV VIEESTHEHOERTH 205, —EDIGSIHEFAN CIHEETE %
L. #2720 CIRBWERZ 32, @ma+ 7 4 Vv LD5REERFRICIE, 2hd =D
DEFEBYI ) b - 7206 — O F AR B IC X REARRT 2, cho b, B8
Mz HNFBICHIE S N2 PIHZEENE, 7 L — AR A F OESERPHELTE 2 O ¥k
EIGICYI D B b 2 BROICITICEL T2 LHEH L7z, 2% 0 B RE QIS 72 72 WG
NBHME N EE TR, 7L —=XHNDRA FefIEHEEFofMNTd b, HINE %
PrE< 2 LIGHTEMAT & [ CTERE~ L BIEAJRECH 5, —T7, BH—RADIST 22 7206
TIHEHME NG TR, FA FREIZENE L 5, J5— 03 Ailifie 5155 -
] &G 2N L 2B 2 U — ZHIE T DICHIRFEE D 23 —E L 72,

M B & ORER - iSRS ch 2, A DRA FAET 27 7 7 AEEEBAICT %
HMs 2L, A4 PRSI N 7y 70 b~ LR T2 LEZ LN, {4 DR
AVPET 2777 AEMLAT OIGH OEHIITHiLIZ, 4 MPa ° 8 MPa DG /] ZHIML T
HARA FIRILREINT 7 4 L LG ERHINT 2 2 L A3 A[RETH B,
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Fig. 4. 3. 1 Shrinkage properties of crazed or original samples (applied stress = 0-12 MPa).

Thermal shrinkage of sample (non-craze) itself or void in craze.
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4-3-2 7)) —THIETO Y L —XREZ AL

RIffiicC 7L —Y v 77 4 M ADOEBBREIZFINIG I X > TRE K BB & K
L7zo E72. HIMIGTI DR E X1 X o T, BIRETE O R4 0 F k75 LRl 0 ZE TR DT RE A3
Bl otee 7L —Y VT T7 4 NVATIE, 7L —RDOREIC X > CTRFTHINIC R MK
LCTWa, 2% 0 JSHHMENS & 7L —XHB X OFEA FiEfED 7 4 7V Michs S5
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T35 b KRBT 20D bR I N, HRRS X OHRIBIR 223 5
T, ZL—XHNOWED BT eELLNE, 22T, 7 ) —7HoERENCD
W ORI S BRI L MG L 0 R ICOWT, RIHTIZZ Y — 7HiED
Akt R M 3 X WA SEM B15%, RIBIZEH{R A O BN L 2 &5 T 7 L — X, k.
B EICH T 2 7L —X 08l LORILEZIE,. 7Y — 7 H%okIERE & o HEIRE
REFEL 72,

7 ) — ZWEDHINIGTIC DWW, FiJED Fig.4.3.1 27 V) — 7z SE i, BREkKC
SRR IR L7z 8 MPa DG &, el & & b ICBRRZT LT L 72 14
MPa DI %A L7z, Fig.4.3.2(a)-() & V. HIEHIC X > T2V —=THD 7 L —XH{
DRMEEEIZIKRE B> 72, Fig. 4.3.2 (a), (b) X V. FINIIES 8 MPa Tl 27 L — XHH%E
WKIEICHM, £/, 7L —XtHOMW (Fig. 4.3.2 (a), (b) © A 1ICi%4 3 254551
AN eI, 7L —X B E L2 Ty 7 EOBBERRIIFEL b oz, — /7.
Fig.4.3.2(a),(c) & V. BRE L 7230k Cld 7 L — XM & i Mo & 3 i~ & 2L
L7z, ¥£72, Fig.4.3.3%X0, 7V —=7I5J1 8MPa D2 L — XAHNEIXILERE L 72 27 L — XH
SRICHRA B L Cniz, 7 ) — 7HiD 7 L — XMW S & ik L <, ZEfpictE s &
A FPDEALARLEFAL PEIEL AL KT RERI N AR - 72,

oL, 7V —THitRTOZ L — X - Bz KT 5 &, Fig.4.3.4 XV, 8MPaTZ
V=T L7221 —Xi37 L —XMREPZENT 5 & KIEDRPRIEICHEML 72255, 14
MPa Db D, 7 L —XIRDOFEEIZSEICiRRT- 8§ MPa Db D L [AREDE{LE L7248, 2
L—XMEkEIE 27 ) —7Hiodbo L KL TR LE, 7=y v 7740007 L —XHH
FERED HINMIC IR IE X, Fig. 4.3. 11T TR L7z, BoBEsETics 3§ 2 SRR 2L o 6 k7
Hic @R H - 72,

T T, Hiffi Ciub 7o TEM A S ORK - ER A TH 2, LA DFA FBHETE 7T
IAEME] ICEHT 2, H—DFRA FB3ET 2777 ZEL Y /NS RIS OHIITH LI,
JEINEIBEED 27 L — XHIC O BHN, BEEELA 7 L — XN THEM T 5720, 7L —X
MHiZ 7 ) = 7Rt AL v, — S 0L DRA FBET 27 77 AERB2 72065 %H]
MLESE., 7V =71k 285 OHNTr L =X oAk b7 L —XMHicE T
TEHEZAL MM, Btk - T iCEE LB 2 e Ex b b, £/, Figd3.5L0 74 vas
i 3 7 L —XMHEEIE 7 Y — 75O R 5 “HOMICENEL 225, SILEIRIE
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IR ORUE L 7o oo RFEBRTIR, 7 ) —THROHMBO VDT AENF—E 5 X 5%
HFEHALCWS, IO DEFEBLXCHRE LY. 7Y —FOHMIE I L i—K 4 FZ 75
AEDKNERICE 5o T/ L —XHNDKRA FOFRERE K B2 L RBEI N5,

7 ) —7Hi%TD 7L — AWK AL FIcOWT, Fig.4.3.4, Fig4.3.5k 7L —v v
T ANLERHEEL T L — XEBP ALK A LA L, Fig. 4.3.3 X b WimEZE & KgAK
A FRLDHAPCIESERIN R o022 8 b, FERETIE IEROEDTFD XS 7x
IEfIC X 2 NETRRE D L 3 F e 3. 7 L — XN 2 #EEs L - IREE R E L 7=
TEHRBING,
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i s 50 um 34 ey 50 pm
5.0kV 8.0mm x500 SE(\M) 5.0kV 8.0mm x500 SE(M)

! \r 50 pm
5.0kV 8.0mm x500 SE(M) H

Fig. 4. 3. 2 Surface images of PP films by SEM. (a) as crazing (b) craze growth (8 MPa) (c) craze
growth (14 MPa)

Craze growth (8 MPa)

Fig. 4. 3. 3 Cross sectional image of craze growth (8§ MPa) by SEM.
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Fig. 4. 3. 4 Craze interval and width in each condition. (measured by SEM images).
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Fig. 4. 3. 5 Rate of craze area and porosity in each condition. (measured by SEM images).
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ESIEHIC X o T, BFEDO 27 L —XBER L TW 3 D TIlE AL, Hilzah A FHAFREL T
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M%7 L —XMRIIZ L e o7z, 22T AEBRCHHL WS 7L —XRET7 4
AL, S EEML, SRR E 150%ME ¢ 72bDTH 5, Fig. 4.3.5 L b, WUHEHEKD
7L — X OEIE DK 150% TH o 72, RIT, WS DOHIINC X - TIEZ L — XFEICHi 7=
7 L—ZMABRBL 727 61, 7L — XA 2133 TH b, FERRIZ, Fig. 4.3.2
DIRAFIRE O SEM H{R-°, Fig. 4.3.4 XV, ISHOHIINTZ L —XtHD MR I e 3,
MEDABEML 7z, £72, Fig.4.3.6 XV, SMPaDILHZHIML727 L —XEE7 4 v L4
12 AT 72 0 DR A4 PO ALK 330% A L7220 b, 7L — MBS o8N,
2R A FPHERLZZLICERLTWS, IO DRI L, E7 L —XMicHiz R
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WA T5, R4 FRRERA FEICTOWT, Fig.4.3.6 £ v, BREGRE 80°Co%A ., xR
A VDT 77 RELF OIS %HAN L 725 T g, BRI RERICIK S 3, A4 oA K
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Table 4. 3. 1 Void diameter measurement by gas adsorption method

As crazing

Void diameter [nm] 30

After craze growth (8 MPa)
40
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Pore diameter [nm]
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0.0
10 MPa

12 MPa
80 deg.

As crazing

Fig. 4. 3. 6 Pore size and pore number of crazing PP film before or after craze growth.

(craze growth temperature = 80°C, ratio = 150%)
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Fig. 4. 3. 7 Pore size and pore number of crazing PP film before or after craze growth.
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Fig. 4. 3. 8 Pore size and pore number of crazing PP film before or after craze growth.
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Fig. 4. 3. 9 Pore size and pore number of crazing PP film before or after craze growth.

Table 4. 3. 2 Tortuosity of crazing PP film before or after creep

(craze growth temperature = 80°C, ratio = 250%)

800.0

700.0

600.0

500.0

400.0

300.0

200.0

100.0

0.0

Pore number [pm2]

condition x1.5 x2 x2.5 x3
80 deg. 8MPa 1.3 1.4 1.5 -

10 MPa 1.8 1.8 1.5 -

12 MPa 1.9 1.6 1.5 -

14 MPa 1.8 4.1 - -
110 deg 4 MPa 1.1 1.4 - -

6 MPa 1.6 1.6 - -

8 MPa 1.8 - - -

10 MPa 1.5 - - 1.8

As crazing 2.357095 - - -
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Fig. 4. 3. 10 Environmental temperature dependence of conductivity (healing started
temperature) for each free energy at PP/void interface in craze growth PP

films (a) craze growth stress = 8 MPa (b) craze growth stress = 14 MPa.
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Table 4. 3. 3 Interfacial free energy and healing temperature in each condition

Interfacial free Healing temperature [°C]
energy [m]/m?] Crazing Craze growth  Craze growth
(8 MPa) (14 MPa)
PC 6.30 110 115 115
PC:DEC=5:1 3.99 120 120 115
DMSO 3.78 130 135 125
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Fig. 5. 1. 1 Surface image of crazed PP film by SEM (stripe shape is craze phase).
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Fig. 5. 1. 4 Schematic diagrams of the wet process of porous.
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Fig. 5. 2. 1 Schematic diagrams of gas permeability measurement of crazing films.
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Table 5. 3. 1 The structures of void in craze of each sample

(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Craze growth conditions: 80°C, 8 MPa and X 1.5)

Porosity Pore diameter Pore number Tortuosity
[70] [nm] [um?]

Crazing 21 34 24
Craze growth 37 33 327 1.3

Film 1 49 87 3.4
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[}
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2 g
= 100 | 80 &
= e
g =
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D =}
E 10 40 :g
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© 7
20
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Crazing Craze growth Film 1 Film 2

Fig. 5. 3. 1 Gurley value and shutdown temperature of each sample.

(Film 1 and 2 is refer to commercially-supplied films.)

(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times)
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Fig. 5. 3. 2 Healing temperature dependence of N, gas permeability coefficient of crazed film.

(Crazing conditions: 26 MPa, 20 mm/min, 90 deg., and 3 times)
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Fig. 5. 3. 3 Electric conductivity dependence of healing or annealing temperature for crazed PP film
and commercially-supplied separator (based by polyolefin).

(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times)
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Fig. 5. 3. 4 Electric conductivity dependence of healing temperature for craze growth PP films.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Craze growth temperature: 80°C, stress: 8, 10, 12 and 14 MPa, ratio: x1.5)
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Fig. 5. 3. 5 Electric conductivity dependence of healing temperature in craze growth PP films.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Creep temperature: 80°C/stress: 8, 10, 12 and 14 MPa/ratio: x2.0)
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Fig. 5. 3. 6 Electric conductivity dependence of healing temperature in craze growth PP films.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Creep temperature: 80°C/stress: 8, 10, 12 and 14 MPa/ratio: x2.5, 3.0)
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Fig. 5. 3. 7 Electric conductivity dependence of healing temperature in craze growth PP films.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Creep temperature: 110°C/stress: 4, 6, 8 and 10 MPa/ratio: x1.5)
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Table 5. 3. 2 Healing initiation and end temperature of crazed and craze growth PP films.
(Crazing conditions: 26MPa, 90 deg., 20 mm/min and 3 times
Craze growth conditions: 80°C, 8 or 14 MPa and x1.5)

Healing initiation temp. [°C] Healing end temp. [°C]
As crazing 110 135
Craze growth (80/8/%1.5) 115 140
Craze growth (80/14/x1.5) 115 140
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Fig. 5. 3. 8 Charging load voltage / current form of the battery incorporating the craze growth film.
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Fig. 5. 3. 9 Capacity retention rates of batteries incorporating each sample.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Craze growth conditions: 80°C, 8 MPa and X 1.5)
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Fig. 5. 3. 10 Negative electrode surfaces after 200 cycles (a) membrane (b) craze growth PP.

Part of the dendrite is surrounded by a rea frame.
(Crazing conditions: 26 MPa, 90 deg., 20 mm/min and 3 times
Craze growth conditions: 80°C, 8 MPa and X 1.5)
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AL, Ao L7 L —2 v 7RI & L CHREERI DB A 2 AT, 7L —
VITANLHANDKRA FRIBEBF /) HFAXTH D720, 7L—Y VT 74 0nbonint
DECIRAE L, HHETIAA FRFIREATE 2w, LAL, 74048 DantED RV
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oG, T4 FATICESITRAFRETH 2, D V| BREEAIDAEWRIC X 2 EA D [FI7ARE
TORED T BER CHAET 5, £ 2T, WA ZEARL, F4 Ve - vr5ple
T, R4 FREBICHERER ZBE T 2, K4 PO —V v 73R LUT O CHeAE - 1T -
T %720, MEEDEKCEERER 2 I ATRETH 5. A4 PO — Y v 7 O#ETHEZH
9 5 LT, [HRRERIZMRINERICERICEES 2 ), R4 Fo—fizflL Tk &, &
RERl 2R A T 32 ) R EDOBEIEEAOTEITEETH 5,

7L — X &M L 72EEEARIT 5 7 4 v 2 o BRI DT BRERERE E B O N2 FE 2 5%
REFA 2 H A S 2 IR EEARAF PR IS o v TR - B L 72
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6-1-2 R 7O L vOfFEREZRICDONT

WSS TTH2RY) 7a L VITEWL O DORERRBTEET 5, DR TARIEER
Iafd BRICEHLZ, Zo0fRITRRIWEARFF> T3 [86],

aefb %2 4T 5 iR F‘F X Dfuaaﬁiﬁi_)#%ﬂﬁﬁﬁj—éﬁ 90°CLATNH LI 133°CLLETH N
3 a BOMREEEE (G,) 2KEL 2D, 90°CELE 133°CLLFThNIE B FHDfsSHK
R#EE (Gp) 2 7(% (7%, “HEDREHEEL (Gs/G,) DRAMETOIREIZ 118°CTH
% [87],

AT o ST 165°CICHf LT B fbid 150~155°CTH b, —HORSEIC B W25
o DR DBRAET B, EEENT o fh28 1685 J/g TH B DI L, B &hiF 177.0 /g
L% [87], o, mEEBMEHE (DSC) TORMMEEE (7)) X > TEREIND
AR ELT 2, 180=Tr=205 D & %, 150°CICT B Wafsib L AL 213L B
YT 5, 220= 0 L 2, o EOADERLL B MIFAEK TR [88],

fhEEm ORI XA & [ZRBBE] © 2 20RF13Eb > Tw 5, —RIZIC
DWT, KAIFEOFER A LG ERE#RF (30~120°C) TR TR S 1L
Twb, —Ji. &AL 56, FEREIEL 25, B & PP EAIZAML b 0
(X, KR LIREE 85~120°CIC TRAAE KSR S 7= 23, 7T5°CLAT Tl o MBI FAE
L7729, B ZIFBLHIE in - 72 [86],

a e B RMOKESRET ZHA, IO OIREKEEE IZERLEE 2 90°Ch L
133°CD 2 7 T TRET %, LB E 90°CLUL T L T 133°CLA ETlE o &4ERE D B RH
FEA AR Z Vs, 90°C~133° C@{mﬁ?ﬁulf X, B MR OREEE A K E W [86], 7z, B
i PP EFIA WS Lick Y, B BORELZELIEMIZLILNTE LN, ZOK
T o BoFE inﬂ?ﬁ'Jéi(Léo T a BREOWHIZ B BOFKELLY B MG DK
Rick v, o=l B Mifbiic X > CThHE SN, a EBFAET 5 ERIARHH 7 <
Rolzl-wtEz bbb, KADOTMEICK LT, #ZAESEE M T 2 D, L ICHL
TR S E 72 IR ER & LT3z o K BAIOGRNEE 2 &R L Tw 3,

Bl bR 3 5 fldh 2 M L CRBl ek o Btk z2 il 3 5 15 72 o T, KAl 5K
R L7ME e A & 3BIfR 7 B BUR L 7=/ S 2 AT IC X 3 2 A H 5, 2 Z T,
AWsecld, B PPFERAZH WS C & ©, el fFE o2 XA L, ko
Fe it & OBIRIEIC O W CHiE - a2 3 3,

oAl
pusg

-
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6-2 &
6-2-1 tHd

6-2-1-1 RV 7oL >~ (PP)

PP 6-1 T/RL7ZZMY, FUAME D FL LCRAEVHECER I Tw 25, —i&IIcfHE
HEINTw2 PP OfifRIZafTH Y BREDORICIHET 2 2 & T HARICARK - 1K
B3 2, RFEBRTIZ, Bl d 2 F 2 54K - KE L7z PP & 2 LIS ofEIRD & AR - 5K
RL7ZPP e%#XHT 279, Bak PP BELANICHKET 2ERET CHUEZIT> 72,

KEBRCTEREB LR 7 ANLA~D 7 L —XFERNEE LT 2720, pFEMEVLTEE
'L —F PP (MRF = 10 ® PP (HAFR ) 7 uthl&HE, 7 <5 v 2 PP)) %ML 7,

6-2-1-2 B &R YU 7ALL vHEKH

BeiAFEZAIE LT, =T XY =A% — NU-100 (¥ HAILtk A 248 N, N*-
dicyclohexyl-2, 6-napthaneledicarboxamide) % ffif L 7, £ 7l D & % Fig. 6.2.1 1T/,
NU-100 iHEMETH D  (ED2 7235 PP HUCIEMEE LiERIC 7 5, PP 1T 3~ 2 IR AL 1T,
RN PP DIRMEIC X o TELT 2, Al Z DD D DRl IE 380-390°CTH %25, PP KL
THEAIDIRED 1 wt.% LA T D6, 300°CLA T CTHANIRIEMR T 5. £72, Az 0 b DD
IRIZBARCTH 2 235, PP ICHKAI 2 M S 2 7RI L, PP Hic CHRATH - it 2 22 %
Zlick Ao IRZERIc TR 5, 2o HIHIBEZ V5 2 it X0 $HRELA
g (MD) I TICECA L, B fAR Y e v L v o FEIZEHIREANICON L H=IE
1] (TD) Ic&3 5 [89]. 7xdb. Al AR LATY T3 2 B A A EHR IR 5 A A

XL DONWTE, FFEHL2E > TR,
? )
N

H
PO
(T

Fig. 6. 2. 1 Chemical structure of N, N’-dicyclohexyl-2, 6-napthaneledicarboxamide.
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6-2-1-3 TRARXFH T v

TAZRFYFvF v ElE, 1938 FIC R Kuhn HIC X > THREINE, T8 - A= L OH
I, YT AR EOBBER EDHENICEZ LN TV ERWERTH S [90], (LEHhE
X, 3, 3’ — dihydroxy — 8, B’ — carotene — 4, 4’ — dione TH %, &% Fig. 6. 2. 2 IT/R
T, WA % 476 nm (T & / — L) | 468 nm (~FF v i) KD, B-huaT v Ed
CLAhaT7 /A Fo—ExH v 74 0il@T 5, TAZFHVF VIidE i ILIER % £
b (€% IV E® 1000 %) . IEEEREICY OGS b AR Z il d 2 -T2 FEz2ohn
TWd, BJE, TRAZXFH v F v ERE LS 7D X v b R@ERMN. LR % 55 5E X
N2 EFHPET > T0E, KEBRTIE, =2/ —AVEMET A2 X5 vF v (§HL¥
TEMRARME, TAX ) —A A 50F, TAXFHFvFVERRE : 5.0%L0F) %A
L7z. 7nd. THLARE [HEREA) & RET 5,

OH
TR TR TR TR TR TRy TR TRy X

HO

Fig. 6. 2. 2 Chemical structure of astaxanthin.
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6-2-2 BRI 7 4 L L DAFH

AREOFECTHM L7zl e LT, @i - REL 2502 T 24 2oL, Rk
Eravitu—nLleFru—n hidifiLids, BEME 2L TT7 4 VL EFERL 7, M
L7-3iE % Fig. 6. 2. 310R T, MEMMEES T2 HVTL35A, 7o — VR
LRI & 72 2 ABFFE T, AR LIRE D RL 5 7 4 v L % TR CFRI L 72,
Y v R Ay SO E IR D T &4 el - 5w — A R D 5 % 2L
IR T TEXARAT ORI YY) a—B XU Fre -V inEES —EL Lz, 744
VERLIC 351 2 IELME% Tab. 6. 2. 1 1c, LM% Tab. 6. 2. 2 1IR3, &7 4 L LADY)
% Tab. 6.2.3 IZ7R T,

T-die Cylinder Hopper

Extruder

Chill-roll

Fig. 6. 2. 3 Schematic diagrams of melt extrusion molding.
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Table. 6. 2. 1 Part temperature of extruder for PP film molding

Temperature [°C]

Cylinder 210
Hopper 150
T-die 220
Chill-roll 30-120

Table. 6. 2. 2 Part velocity of extrusion for PP film molding

Velocity
Screw rotation [min™'] 70
Chill-roll [m / min] 24

Table. 6. 2. 3 Thickness of samples (product in laboratory and manufactured) and concentration of

added nucleating agent

Lab. PP film Manufactured PP film
Thickness of film [um] 30~40 30
Concentration of nucleating agent 0.2 0.2

in film [wt.%]
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6-2-3 1FEL 7 4 L LOKERR. ERCEOFE -~EEEREAE (DSC)-

B —E I I TR AL 2 AT o 72 BRI AE R T 2 R iR 2 B L. i bR O il
B LU e — 7 R O S8R LR R 2 E S 2 ik e LT, nAEEEREN
ExAT o720 RIFCTHEICTIID Y & o728 mg DK ZEABIARRIC AN & | wEHI{H X
NMBERNICE & | FHESUR L HESRIR 0B 0 2R % DSC Oofg5 & L Ciils 3,
BoOHMAY Z5HIT 271 =@ Y H v, BMEPifAEZ L OOMllicd 2 iRE 2 v —T
AR CIEEYE OREZRA L, ZOREEI ORI LI OB OO LY & b KD 5 E
TRA DSC i & | kB LR HEYE % 5 IR CIREEIC IR D X 5 42 b SR AR HEY E ~ D 2
DHAY ZHIEIL. ZOHAYDZELIIEZ2 LRI EFOMOBD LY & b &k 2 Edl
R DSCHEDH % . ARfmX Clkr#E 2 w7z,

6-2-2 fiiC CTER L 2 &ALk 0kl %2 . A EAEEET (TA Instruments #,
Q2000) 12T 30°C/min T 200°C ¥ TR &, Bl v — 2 X ) 2B OREER % RE L
720 MIELM% Table6.2.4 1R T, ok, Fru—aZHuziil X v HICER TR
il DSC EENICTIT o 72, &b % Table 6. 2.5 183, 1t 4 7 Tld, DSC Ik
e RE L, skl eiciligs 2 £ T 5°C/min THIEL 2. £ D%, (EEOHMA{LIRE
¥ T 50°C/min TEMH L. 5 min §iE Lkl z o ickiffb &7, Mk, 2d 34 2
L BRAIRIRE ¥ < 10°C/min THAIL 72,

T C AR CEE L 72 FEEE 1RO HEER: (4~5 °C/min) & HH#RL T 10 5 |
KE WV, T, @R (R ) s T B & PP 2 a & PP ICBWRIN ©—
IR I NSRNCHIE L CLE S M &E. &ibdR OlfFz e — 7 % BRI HlE
35720 TH 5,
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Table 6. 2. 4 Conditions of melting point and crystallinity measurement in DSC

Temperature [°C]

Rate [°C/min]

r.t.—200
60

Table 6. 2. 5 Conditions of crystallization and melting point measurement in DSC

It cycle Heating Temperature [°C] r. t. - 200
Rate [°C/min] 10
Cooling Temperature [°C] Reach the
(before crystallization) crystallization temp.
Rate [°C/min] 50
Crystallization Temperature [°C] 115, 118, 120, 123, 125,
128, 130, 133, 135, 138
Time [min] 5
Cooling Temperature [°C] 200 - 70
(after crystallization) Rate [°C/min] 10
2m cycle Heating Temperature [°C] 70 —200
Rate [°C/min] 10
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6-2-4 55| RFER

BEMETER L 72 PP 7 4 ML DN RERBIE S 2 5k LT, 3-2-3 TRz Fik%
PR U 72, HIESAME% Table 6. 2.6 IZ/87,

Table 6. 2. 6 Conditions of tensile test

Rate [mm/min] 20
Gage length [mm] 30
Temperature [°C] 25

6-2-5b UL — v T

HElZ 4 st LCcr L=y 2R {To 7, WBEE On), HE, A, B %
Table. 6. 2. 7 1T/~ T,

Table. 6. 2. 7 Craze processing condition

PP
Stress [MPa] 14, 17.5, 20, 21, 23.1
Rate [mm/min] 20, 30
Angle [deg.] 60, 80, 90, 120
Number of cycles [-] 1,2
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6-2-6 & L — RABRRA K Rt 0

IJL—Y V7 4 N LNIBERED PRI/ L —XHNO RS Pl —Y v oL,
AEHREDEAO T 8, 71—V V77 4 VL OBRBHRE IS 2 HEROZ(LIZ, 7L —XH
WORA Foe—) v 7okt -T2 RdfaEe % d, e PP ICREL7 L —XMHA
DR A4 F ONGEEE % 3l 2 720 TREGRE O EF IS 2 SRR O &L 2 /IE L7z, #ll
TES&M % Table 6. 2. 8 IT/RT,

Table 6. 2. 8 Conditions of creep measurement (film size: 10 mm X 15 mm)

Initial tension [N] 0.0010
Initial strain [%] 0.010
Ramp temperature [°C/min] 5
Frequency [Hz] 10

6-2-7T 7 L—> 07 4 )L AANDEEBERIE A

IV =V VT EToR T ANLICEREERHOTEA FNICHERER OB A % A7z, L
2L, KK ERRA T ANLF =25, BEMHTH LR FICHEISEEL RV, £
7o ARWFFECER L T 2 PP IRBIKMETH 0 BUKM:TH 2 258K LR v, £ & T,
RETANF—PELSBKEZET 22 ) — A2, WEERIDEMR L 7222 ) — ViR
WORA F~DEREITI L & Lz, —MNRBEEDOREIR % Table. 6. 2.9 1277,

AEREE 2, 5, 10, 20 wt.% GRIEH OBEREATIEES 0.01, 0.025, 0.05, 0.1wt.%) &7 %
EOFRL 22 &2 ) —ABRICZ L —R 7 AN L EE L, BEENICAL—HEHE L 72, 8K
O H L2, RARET C—HEZES 2, BEFRIEGR7 4 v ot Lz, 2Dk, 2,6 f
EARRICEMLER 2 T\ R A FNE~ DBRREAIEE 21T o 720 7 4 )V LRENTHE o 7- HEREA
IC X o CHRARMIEICSIREZ & 72 X 7n v X5 | HoMERT, W20, BVUBR IC 2 n T WK 3 5
PEREA 2 bR L 72,
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Table 6. 2. 9 Critical surface tension of each solvent and polymer

Critical surface tension

mN/m
Hexane 18.6
Acetonitrile 19.1
Ethanol 22.4
Methanol 22.6
Acetone 23.7
Methyl ethyl ketone 24.6
Ethylene glycol 48.4
H>O 72.9

Critical surface tension

mN/m
Polytetrafluoroethylene 18
Polyvinylidene fluoride 25
Polypropylene 29
High density polyethylene 31
Polystyrene 33
Polyvinyl acetate 36.5
Polyvinyl alcohol 37
Polymethyl methacrylate 39
Polyvinyl chloride 39
Nylon 66 41-46
Polyethylene terephthalate 43
Epresin 46-47
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6-0-8 L —3 277 4 L L~ DEEEFIE N B O THE

BRI CEMLE 21T o 72 7 4 Vv LN OREREFIE A& % 5Tl 9 2 7z o ic, BEREAIA A
WD RO FEHIE & HEREAE A SURL D SAL RIS EINE 24T - 72,

WSERE Lk, HBINOME ZRIEETH 2, ENMEE . BT Iem OEIKIE TR L
DHEN (—EREDH) BASF L, —ERINS W CHOMER T ko & K (6.
2.8.1) oo, zoXE [Fv_—n - X—L (Lambert-Beer) o= ], = (6. 2. 8.
2) % WO &5, HPIRE ¢ (BABOLRED I3 ER O JEJINEE %2 s L
b o &b HPINAED K Z WYE TH 105 DEZFFD, A LR 1 OBRZYIE DI A ~
7 P TIED TR DI, SEBEREAIE LCTHERLZ T722FFvF V] © ¢ 13210 T
»H5,

ARSI B E 1 I PTG (74 7 v BT 4 (BR)#L, SP-808) %fEMA L

720 BIRECEE A 4T o 7-HERERIEA 7 4 L LB T & ) — 0 10.0 g T 20 sec #8#E - vl
L, e L7z 2 7 — Vol EZHE L, K (6.2.8.3) AW CAHEICHE
L7z, HIEMHEIZ 470 nm & L 7=,
AEBICE T, BBICE 2 =Y V7 Z2{ToTnhWn T 4 L AOKEREAIEARIZE 1
TH 2 (KFHoBET, BEFZI_Tx ) —AhiiRET2) LREL, =) v
ZITo TR WT7 4 VAL DEHELE, FRETe ) Y I L7 4 VL6 ORHE
D7 7 A N LN~OEREAIEAR & LCHEIL 72,

I=1, - 107¢ (6.2.8.1)

A =log,o("0/)) = ecl (6.2.8.2)

I: Intensity of incident light

I : Intensity of transmitted light

c: Molarity [M]

/: The thickness of the solution layer [cm]

¢ : Molar extinction coefficient [M™! + cm™!]
A : Absorbance

Molar extinction coefficient of Astaxanthin = 210

Astaxanthin concentration = ﬁ x 1000 [pg/mL] (6.2.8.3)
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O AIIR 61 (Ultraviolet-visible spectrometry) 13431 D 1 IRAE D LI FED < W
INAR~Z7 b, FThbb A& (B X %2R 200~800 nm) O &2~<=7 %l
ETDE2HDTH S, 5 OMEICET 2EREZE2 2 L3 TE 525, ”)&HX@?EZETPE%?T”<
Al R RIS R T 2 720, BKESAIEE (NMR) RAMRINGSEE (IR) o X Hice—2
fERTIC X o TALAPIOREEREITICISH I N 2 2 13 v, — /T, HAEKCED XS 7

SO 2 b DL B O HRALEY OIREIE I I fib T b, E, A
FEIICRINE b OtaED X 5 hEBEO{LEVM L ORICZFIF L CEEA A v, JEHEA 4 v,
ARLAY ORI R EHNE . (BOLREE) chfiibh s,

UV-vis (22 bRk, [Effe, T IEnBROREHCEICTE 5, £/, £2 LK
FTAULRE, R 7 & OAE 72 RICHBEICHAIRETH %, HIEEICIE [FEEA =27 oVl
E] e TRAT RS FOVIEE | 238 %, AFEERCIREIR (7 4 /I/L\) DMEZITH 7=dIC [
BfR~=7 P VIIE ] 2 V72, SRR~ 7 B VE 21T 5 5E it — RIS ERZ v 5
B ERIC X 2MIE X, IR EEEZRIT 2 b 0 TH 5, Ek@{ﬁ'ﬁ YN I W NER Eﬂ:ﬂ
Y AT 5, a0 B ALE S T, JR Y ORESERO 2NN 1E, & WA
b OHBEMRWEBEM TN TR S
AR TIFHELEE L L, HiLH JIEJIEFEH+ (U-4000, HYiBIANA T2 7 4 =T 4 vV
B REEAL 7z, HIEEREOHERAE X 240~2600 nm, YRR Z 512 340 nm TH
5o N—=AT7 A4 v RHEGE L 28, BURHIY AF I 5ATIc &5k (7 4 v ) ZREE L. HIER
FH#ifH 340~700nm, A F ¥ ¥ At — F 120nm/min, A U v b EFEHE 2.00 nm 12 THIE %
fTo7,
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6-3 FERLEER

6-3-1 B & PP AEROIERILEEKEFE

WCIIEB OB ARDFET 5, TAAVF—HICHRD CERMMmRITamTH 2, Th
(= ﬁﬁ@ fhdnR &l — KRB - RERERE /-0 TH 5 [87], —FH T, —X%
AR - R 2 R A O @ X o CTHIBD L L R IR 2 @) icfilfl 35 2 & <, B&m PP

REBERIICAR - RS2 28 TE 2 [86], Aff7ETid. BAlH» L HRET 245 %F]
M35z b, dkletkoblmt:ofll z i 7z, &%Al2 bR LG s, &AL (2B7%
7 AR - R L7z fi & 2 IXBI3 2 72000, Bk PP FERAIZ AL 72, —EREICT
b ZITH) T T ANV LERIET 2BICAER I N B8R 2 HAI L, 655 % O Rl
B L OHEEL v — 7 K] o SE iR As S LI AR e 2 A L 7=,

Fig. 6.3.1 X V| #ffLiRE, ©2F Y Fr v — iR 90°CLAT Tl 150~160°C D R EEHH
Wi T g Y — 7 BBl T e, TR o SOREREICHY T 5, —77. A i
100°CLA LTt 145~150°CicliZhve— 7 28> 7 b L, fERLIRER LA T2 icohe—7
SR L 72, COmEIHIE B MOMERE CTH 2720, FiC f MBI THE
TEDBDD D, a D PP 7 A4ANLDPE B RO T 4L~ FEREGIERE 100°CHHETY)
WEDo T3, 72, Miftidhk & b, M (LiRE D EFICiE VIR A Il B e — 7 iR D5
BHENCEEI L CTEB Y., a4 XD RLTWwb EEZONE, ZOEX Y, R LEL
ko7 Fig. 6. 3.2 X0, ffLIRED 11I5°CAETH B L &, 7 4 VA 2ROFEME X
BRI WICHERE L, 135°ClcTiA L7z, £/, Mk 3 p Rodl&iEEo LR
CHEo T L, 135°CTwAfEL & o7, MimmBEIchHD 2 B FoFEIE. MM EE
BEMRBEHICKEL RS, L2 L, 22 TDSCHEDERIC, B fDREFEE % ¢kl 2
A INZZHEIC, B fiT a BICHEE T 2ENTIE ALV, 22T, Fig.6.3.3
Tl FROEMETIER L 72 7 4 L L2 DWW T, FUllEE 228 2 CQHE %17 - 72, Rl
PNE K722l B &b PP ORlfFEY — 7 255 U, FfbabLicfE 5 88y — 7 28 148~155°C
WCHIR L 72, FE0EE 4~30°C/min Tli. o &% PP O v — 7 2SHfEIC s o T\ B, AR
A CH W2 B E T, ZA EORIREE CHIES 5 2 L IXAA[RETH % A3, Fig. 3.
20KTRLT a b B EDFETELD 5% Z A 727 4 VA TlE, 1ZITTERIC B e H
ZTH X,

TZT, BoN7ZPP 740 Lo TE ED D, 150~160°COEEEIL a & PP Rlfi#
BETH Y, FERERE 90°CLAT Tk o PP 74 v b7 d, —J5, 145~150°CDEE
Bz p & PP RMEEE ©H v, FEELIERE 100~120°CTlE B PP 74 vl b, £
7= ARSI E T 28R LIEE 12 120°CHHETH 5, & & TUEAIZ v i wigaia,
Sl DGR & & ClE a SIS 3 2 R bNT W3, KB TIE B & PP 58
FlEFEHLTWE 2 b, ARERERD a BTHENEIHADOHELETIKRE LR WT v X L
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REREAEN AR, B MTHNEEAERO P 7 v A7 ) AXABHELZC
DB, RIBT BN FABRDRERZIMKT 5 & BAlD»D a DTV R7 ) Z2N
PRET 2 AReME IR, FEEIC/NZ W, = AT B MELTHKELAZMNIVRAZ U RZAN a
mm ICHEMS 3 2 AlREME X & 5, 120°Clic TREL T 2727 4 L 4%, fLES IO B Mo
HAE TSV, ARSI B T 2GS OIS AR L SHREATICHREL 72X 5 = b T v
A7 Y RZAZNIRD a §h PP DFEPRBEING, $7-, 120°0Clc CTHEMb 21T o727 4 v A
COWT, AREEICL>T a B LU B PP Oflfig v — 7 HELIE(LL CTwE T &
5. a & PP (2 DSC HIERI 2 HFEL TW72DTid7a <, #HIEHIC B & PP 205 i
BickoTAERLEEHERINS,
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Fig.

N
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Crystallinity [%]
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Heat flow [a.u.]

Chill-roll = 80°C

90°C
100°C o~~~ ]
110°C v
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1200C jr_\/__
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Exothermic UP
Heating rate 60°C/min

6. 3. 1 DSC heating curve of PP films after the isothermal crystallization at various
temperature.

100

O
(e
p-form ratio [%]

1 85
80
[e]
Temperature [°C] Heat of fusion of perfect crystal
a-form 177.0J/g
B-form 168.5J/g

Fig. 6. 3. 2 Crystallization temperature dependence of crystallinity.
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o-PP 4°C/min
B-PP 4°C/min \/\’:/_/
10°C/min
womn N
=S 30°C/min
S
3
(=)
=
= o
ﬁ 60°C/min
100 120 140 160

Temperature [°C]

Fig. 6. 3. 3 Heating rate dependence of the generated crystal form for PP film with B-form
nucleating agent.
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6-3-2 7 4 JL LD 0 F1m

6-2-2 I CTHERIL 72 7 4 v LD Ty itk & JE 9 5 7z 00, B 5 [REER %2 1T o 72, #idh
LR %2 X ¢ 7% 7 4 v 20 MD (L) BX U TD (FH LIicEESH) Zh
ZRC oW Z 1T - 72,

a ¢ PP 7 4 M A DIGH— 0T AR ©H 3 Fig. 6.3.4 £ B & PP 7 4 L LD Fig. 6. 3.
8LV, WO TARICEHT 3L, a i PPIEMD - TD BlICHHERZIZE L Rd o7, —
Ji. B PP TD OO 34224 MD X ) K& kb, BHERECRR LN, Th
1. fEdROME TR, fMOKEAMOENTH S, TXToOREHTIE B ML
BREIEBA-TWER, ZNThH a MBEET 254 Tld, A L I3 1 AT L ER
L EZONS, —J7. B o727 4 VAT, RIS CREAIDTELE L 2w
BEicli, a bl erb, ELE B MIETXTEA»OERELZbDEE R S, D
¥ 0 VARHTR L LR SRR oS G HNE. MD ICBCAS 2, 22005 B MBRET 3729,
7 A VL OFEEET AL TD &7 %, WG Z i3 5 &, Fig.6.3.10 X b, B & PP
WBEAFEZREI RV, a i PP TIlEMD 23E L o TWwiz, Tk, I LKEEICA
U7z FRmED 720 Th 5, fTFEic s T, ke %, —EHFMICE/MZTH 2 &
I X o TR OB EE 3 Z L L 72 L WO EDRH % [91], BEIRIGT B X ORER O3 A

ICBI L TlE, WERTE B3R, Fig. 6.3.11 X v, BMRIZIB U T B & PP 25&EW»
ﬁ%TLtoEg639;D‘mmkmF@Lﬁ > T MD DT O3 3 53 2B

fEa LR 50°CLLF & 120°CTid MD & TD o K/NBEfR2 L T3, —J5, Fig.
6.3.12-6.3.13 X b, BRIG I XL ORR O3 AR id. FERE 0 Z(LIcBb & 13T H
LD E=NTz, £7-. Fig. 6.3.9~Fig. 6.3. 13 12l L T, #EaLIRE 70, 90°C D
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Fig. 6. 3. 5 Anisotropic mechanical properties to MD and TD directions for stress — strain

curve of a-form PP films.
(Isothermal crystallization temperature = 50°C, Crystal form : o)
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Fig. 6. 3. 6 Anisotropic mechanical properties to MD and TD directions for stress — strain curve
of a-form PP films.
(Isothermal crystallization temperature = 70°C, Crystal form : o/ composite structure)
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Fig. 6. 3. 8 Anisotropic mechanical properties to MD and TD directions for stress — strain
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Fig. 6. 3. 9 Isothermal crystallization temperature on Chill —roll dependence of breaking
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Fig. 6. 3. 18 Optical microscope images for PP film after crazing treatment. Crystal form (a) o-
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140



50

A Processing angle = 60°

40 r Processing angle = 80°
E_ Processing angle = 120°
=30 1
»
3
E
820 r
]
o
Q

10 r A ~——a......

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35

Processing stress [MPa]

Fig. 6. 3. 19 Processing stress dependence of craze interval. (Processing speed = 30 mm/min)
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Fig. 6. 3. 20 Processing stress dependence of craze width. (Processing speed = 30 mm/min)
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Fig. 6. 3. 21 Pattern diagrams of the craze processing (a) the film is bent by the tip under a
constant tension (b) Force applied to the film, it is assumed to be resolved into
vertical and parallel components (¢) the vertical components is the action force of the

three-point bending of the film (load point)
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Fig. 6. 3. 22 Healing temperature dependence of creep test for crazed PP film.
(Vertical scale is displacement of the sample end to length 30mm)

(Processing conditions: 20 MPa, 20 mm/min, 90 deg., and 1 time)
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Fig. 6. 3. 23 Microphotographs of crazed PP films with function-impregnated in crazed region (a) as
impregnated (b) after healing treatment.
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Fig. 6. 3. 24 Relaxation temperature dependence of weight fraction (based on the absorbance).

(20 MPa, 20 mm/min, 90 deg., and 1 time)
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Fig. 6. 3. 25 Relationship between the wavelength and the absorbance at each functional concentration

(a) PP with astaxanthin (b) after healing treatment (120°C, 1h).
(20 MPa, 20 mm/min, 90 deg. and 1 time)
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Fig. 6. 3. 26 Absorbance peak comparison of before and after healing treatment/

(Astaxanthin concentration: 0.05 wt.%)

(Healing conditions: 120°C, 1h)
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Fig. 6. 3. 27 Absorbance of PP film with astaxanthin and after healing treatment.
(Crazing conditions: 20 MPa, 20 mm/min, 90 deg. and 1 time)

(Healing conditions: 120°C, 1h)
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