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A Study on the Relationship between Relaxation of
Amorphous Structure and Physical Heat Resistance in

Polystyrene Injection Moldings
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Fig. 1-1 The structure of polystyrene.
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Fig. 1-2 Schematic representation of the volume and enthalpy as a function of temperature for an

amorphous polymer, and the relaxation of the volume and enthalpy during the physical aging.
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Fig. 1-3 The schematic of the injection molding process.
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Fig. 1-5 The thermodynamically unstable structures inside the injection moldings.
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Fig. 1-6 The schematic of the measurement of the heat distortion temperature.
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First, we investigated the effect of heat treatment on heat distortion temperature (HDT), and clarified
that the heat treatment below glass transition temperature (7,) increases HDT of polystyrene injection
moldings. It was also clarified that HDT is more affected by the heat treatment than other mechanical
properties such as tensile properties and impact strength in the case of polystyrene. Next, we
investigated the changes in physical properties that cause the increase in HDT. Although there was no
change in 7, before and after the heat treatment, there was the change in the dynamic viscoelasticity
in the temperature range below 7T,. In the untreated specimen, loss modulus (£”) and loss tangent
(tano) increased around 60 °C during heating process. On the other hand, the increase in £ and tand
around 60 °C did not occur after the heat treatment. It was clarified that there was a negative correlation
between tand at 90 °C and HDT, and we devised a prediction formula for HDT using dynamic
viscoelasticity.

Because the dependence of the enthalpy relaxation and the increase in HDT on the heat treatment
temperature were similar, it was considered that the enthalpy relaxation was related to the increase in
HDT due to the heat treatment. On the other hand, when we investigated the time variation of the HDT
during the heat treatment at 70 °C, it was clarified that HDT increased significantly even in the short
time in which the progress of enthalpy relaxation was not observed. Therefore, it was suggested that
structural changes other than the enthalpy relaxation also might have caused the increase in HDT.
From the comparison with previous studies, it was suggested that the decrease in residual stress due

to the heat treatment might cause the increase in HDT.
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Fig. 2-1 Specimen for dynamic viscoelasticity measurement.
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(a) Tensile modulus
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(c) Nominal tensile strain at break
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Fig. 2-2 The tensile properties as a function of the heat treatment temperature. (a):Tensile modulus,

(b):Tensile strength, (c):Nominal tensile strain at break.

(a) Flexural modulus (b) Flexural strength
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Fig. 2-3 The Flexural properties as a function of the heat treatment temperature. (a):Flexural modulus,

(b):Flexural strength.
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Fig. 2-4 The charpy impact strength as a function of the heat treatment temperature.
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Fig. 2-5 The HDT as a function of the heat treatment temperature.
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Fig. 2-6 The deflection during the HDT measurement.

Fig. 2-7 The HDT as a function of the heat treatment temperature.
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Fig. 2-8 Schematic representation of the volume and enthalpy as a function of temperature for an

amorphous polymer, and the relaxation of the volume and enthalpy during the physical aging.
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4 DSC Hi## (Total Heat Flow)% Fig. 2-9(a)lZ, DSC #H#RMD R A% sy (Non-reversing heat
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FATHFTE T, T UL FCTOBLEECo > X )V E—RRBNEIT L, RYU ATF LA Z 7 ) L— |k
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flow TIE, 24 RERIEVLEE L 7-3BR 7 D T DSARMEEER i X 0 HIKWRER & 72 - 7= (Fig. 2-
9(a)). —7J7 T, Reversing heat flow Tl Ty 23 [FIFEE Td - 72 (Fig. 2-9(c)). Total heat flow Tl
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Fig. 2-9 DSC curves obtained from each specimen. (a):Total heat flow, (b):Non-reversing heat flow,

(c):Reversing heat flow.
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T UV E— R B ) IEVILVE TR L (Fig. 2-10(b)), EMLERTE Tl T, fAHmic i #ie
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FFFRIZ I T b [RIBRIS AR AN B it 72 BVLBRR B O fFfEAN R S L7z, £72, HDT % 80°C T
DOESLIZ I The b i1 < (Fig. 2-7), IREERAFIEN = > # L & —fFFn & Rk Oz H -~ 7=
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—T, FATHIETIE o Z L E =D T, O EEPAHRE SN THLDH00 9, K
WFFEDOBIEL T T, B X O Ty ® LR N A L2 0v- 7= (Fig. 2-11).

(a) DSC curves 25 (b) Enthalpy relaxation (4H)
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Fig. 2-10 The progress of the enthalpy relaxation following the heat treatment. (a):Non-reversing heat
flow of DSC curves, (b):The enthalpy relaxation (4H) as a function of the heat treatment temperature.
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Fig. 2-11 Changes in the glass transition following the heat treatment. (a):Reversing heat flow of DSC
curves, (b):Tig as a function of the heat treatment temperature, (c): 7, as a function of the heat treatment

temperature.
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Fig. 2-12 Changes in dynamic viscoelasticity parameters following the heat treatment. (a):£” and £,

(b):tano.

T I T, FPLHEAER D 90 °C (BT DATERGMER 'S L <Id tand &, HDT & DORAf%
RGP U7, fER % Fig. 2-13 1O, JEATAFSEICC, HDT IXEIRICIS T 2 kR & B3tk 3
HZERFEEINTHDHODD, E’E HDT OIZAHENT A & 172 - 72 (Fig. 2-13(a)). &
D—JT, tand & HDT IZDOWTIX, ADFBEMN A 5 L7z (Fig. 2-13(b)). L7=23-> T, @ikl
BT 5 tand DK T (Fig. 2-12(b)) A3, BULHEIZ .5 HDT ERICKESBRTIEEZHND.
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Fig. 2-13 Relationship between the HDT and the dynamic viscoelasticity parameters at 90 °C. (a):£",

(b):tano. The data point represent the mean from five measurements.
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REEIZRIT 5 tand Z LG L7z, #55HE % Table2-1 (2”3, WO IZHB W TH tand 1L
FIfRETH -7, ZORERIE, FEBRRICTHEED tand THDH L X, TmbAhEbREE
DT EEEWR LTS, tand 23 0.05 LA EIC o7z L TR T-bAEIZET D EE
25, Tihbbh, FMEERICEIT 2HMENS D T OOREN, HEOTbARIZET S

LEDORELEAKRTLEEZALND.

Fig.1-6 Tt L72 £ 51, HDT I/ TIlI—EME F COTbAEDOREZZHET 5.
Thbb, MBIREO ERICKY 7 V=T EREAREL, BIROT-DOAREITET S, B
7o B &ICRER ORBR A IZITKAELRDFRE L TRV, MR E 234 U 5 sl T o
Thd. 0D, WIS EFWVEMERFTE DIRED L5, HDT O EFICHB W TEHE
ThdreEZLND.

Table 2-1 The relationship between the HDT and the tand at the HDT of each specimen.

Condition Unfreated 60°C 70°C 80°C 90°C

HDT /°C 78 86 89 93 91

tang

005 0.05 0.05 0.06 0.006
(at HDT)

2T, BVUPREE 22 2 o RBR I oW, EE RS 1Hz 128 W, FREFE T
tand 2% 0.05 LAk & 72 DR (Tansany z0.05) & HDT OBREFRE L7z, £ & DR % Fig. 2-
14 1”7

95
%o

90 |
E -,
e ° .
285 | .

80 |

e ]
75 hd [ ] L I I
75 80 85 90 95
T, (tand(1Hz) = 0.05) /°C

Fig. 2-14 The relationship between the HDT and T{tans(1Hz)=0.05)-
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Fig. 2-14 |28 L72 K 918, Tiansann =005 & HDT IZIEOARBENH 0, e/ “HRIEIZ L 0 (A7
EAROMEX LU 2RD7=E A, TRRAQR-DBE SN2, Tansaun=00s) & HDT D3[EIFEE D
HETHY, tand 25 0.05 L EICR-7c L SITHBROTOARIET 2 B2 615, Fill
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$72, WERIE DSC RIEICH T D T, RCEATKIMERIE 2 31T 2 E B OIRE % B o fast
ELTWED, TREE-DRUTEKY, Tasaunzo0)Z H7- 268 E LTMZA D Z &M TER L
EZHND.

HDT = 1.056 X Tyans (11)20.05) — (5.2018 + 1.279)

2-1)

244 FREEELLMEES SUBRMEE OB R

T VE RN & HEWEDRIfR A B 5 NC T 5729, Fig. 2-7 38 LWV Fig. 2-11 v b, =
VA VE—RME(AH)E HDT OBRMRAHIE L=, #R% Fig. 2-15 1277, 7ed, Fig. 2-15
2B W THEINAN OEF I T B ERIR & 2 7~ 9. BVLERE Y 70 °C K RVIREKE, 70 °C
LV EWIRERTIX, = 2V E—EMOETIIT 5 HDT LR OZ@8R R 5 2 L3R
®E Ny

S (80 °C)
°
°
92 } ° (90 °C)
S (70 °C)
= [ )
85 |
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°
(As molded)
75 : :
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Enthalpy relaxation (4H) /Jg

Fig. 2-15 The relationship between the enthalpy relaxation (4H) and HDT.
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DB — 7 ORI ST, E£7, 4 FFEF L OV7 R COEVLEETIX, Fig.2-10 12
BT H 80°C R 90°C TORMHE L il L, WL —27 037 n— T, T, L0 UIRWIRE
W DWEN R STz, 4 Bl X OV 7 KR COBULELCIX, Fig. 2-10 TiEm L7z &L 91T,
TR OBEFT R WIHI O BRPEICH D, ROHRER A & i U TERES MBI R L TV D & HEE
T5.

Fig.2-16 3 KON Fig. 2-17 Z L4 % &, BULEIC L 5 HDT kA & = Z v —fEfoit
TIZRT DR ELOFENKE B, Z U XV E—EMOETMIEE A LR BN
Motz 2 EEILINOZMLEE T, HDT 1ZKE < BRI 5 2 LB E 72 - 72 (Fig. 2-17).

(a)DSC curves (b) Enthalpy relaxation(4H)
5
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é E”
z \’% Ez.o
< g
S <
= — Untreated 1h _E e
2h ~——4h Z 10
l IU.U[ mW-mg?! [=7h E % i llllllll e
I L , *
60 70 80 90 100 110 0.5 ‘ " ‘ w . :
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[e]
Temperatll re /°C Heat treatment time /h

Fig. 2-16 The time variation of the enthalpy relaxation during the heat treatment at 70 °C. (a):Non-
reversing heat flow of DSC curves, (b):The enthalpy relaxation (4H).

70 L 1 Il L L
0 1 2 3 4 5 6 7 8
Heat treatment time /h

Fig. 2-17 The time variation of the HDT during the heat treatment at 70 °C.
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L7 (Fig. 2-18). Fig. 2-18 (/-3 XK 91T, EMLPEBRALA 2 FECTI TIZ E”MHER LEAD iR
FERERMANCKRES 7 FLTEY, ZHUES T tand 2K LEAD DIRE & sl >
7 ML, Tuansiiz=00s) S IR L7 (Fig. 2-19). Fig.2-14 IZ/R L7 & 912, HDT & Tuana(112)=005)
DFHBAT 5728, tand 23MEHKR LIRS 2IRE O @miRMl~D > 7 k23 Fig. 2-17 |23 5 HDT |
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L22L72h3 b, Fig.2-16 IR L72 KL 91T, 2 R OB CTld— o Z L B — MO EITIX
FEAER NSl U E—EMAR BN HDT ERE, & H12 80 °C DEVILER
2Tl b ETT LTI Y (Fig. 2-5, Fig. 2-7), BMLER FEARAAYERFIER ORI H o 72 2 & h
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2-18 DFEFR LY, = XL E—FEMUSMT Y HDT EF-OEK & 72 2% FEdb i O 2L Bl
BTHET TV D RN R ST,

ROE b1, 7RU AF L ® Physical aging (2B L T, = & /)L E—FEFINET L 72 WEUL
FERERIRICB VW TS 7 U —TRER BT 2 2 L 2qE L TRY, 7V —7RetEDZEbn
T NVE—EMEE T TIEHRATERNZ S 2Bl L T D 20 KRBV T, =
ZNVE— RSN OBEREZZLET DUEND DL EEZBND.

f S Cub 7= X 912, Ramarkrishnan 5I1IAR Y B —HRx— MO HEIEMIZ T, EoHIC
BT % tand DK LIAD HIREN T, UL F COBMEEC LA T2 L 2RELTEY, 20
AH= AN E U TIHREIG T OFEFINERT 2 EHEE LTV D O REFFEDR U AT L U5
PRI AIC WD T HBMLBRC X 25 FIG I DIR T RE L TV A AR Y, Ty
LV E— R OETN R O 0272 2 KRIOBBLELIZEB N TS “tand AR LAR D 5
EO@IRY 7 8 BE UM E 2 5 (Fig. 2-18). L7=23-> T, Fig. 2-17 TR.HH
TR COBMLERIC X % HDT B2, ZHBISTIOIK TR %5 L T2 ArRENEAHER =
b, FATHIRIZT, RY I—RF— MRIEROD Ty LT TOEIEIZ X 5 ff E 7= b AR
D EFIZONT, BREIGHOKTICRRT 2 EHLZINTEY 2, KFFETHREOIER
DAELTWHAEEMENREZ X bILD.
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Fig. 2-18 The time variation of the dynamic viscoelasticity parameters during the heat treatment at

70 °C. (a):E’ and E”, (b):tand.
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Fig. 2-19 The time variation of T{wans(1H2)=0.05) during the heat treatment at 70 °C.
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FI3IE RURFLUSHBEERIZE TS0 FEFIREED T

3.1 EE

In this study, in order to investigate the change in molecular orientation during physical aging of
polystyrene injection moldings, we considered the analysis method of molecular orientation. We
evaluated the degree of molecular orientation according to the peak intensity ratio at 1000 cm™! and
620 cm! ( 11000/1620, pa=45°), with the flow direction of the injection moldings set at 45 ° relative to the
laser polarization plane in a crossed Nicols configuration. In addition, we determined whether the
orientation was parallel or orthogonal to the flow direction by measuring the peak intensity ratio at
1000 cm! and 620 cm™! while varying the angle between the flow direction and polarization plane of
the Raman analyzer, with the flow direction set at 45 ° to the laser polarization plane. When we
analyzed the distribution of the degree of molecular orientation from the surface to the center in the
thickness direction of the injection moldings, the degree of orientation was highest at around 400 um
from the surface and relatively low at depths of 400 pm or more. Overall, the orientation inside the
injection moldings was almost parallel to the flow direction. When we analyzed the change in
molecular orientation due to the heat treatment below 7, the orientation direction did not change, and
only the decrease in the degree of orientation at depth 400 um or more from the surface was confirmed.
Then, it was suggested that the progress of orientation relaxation can be analyzed by measuring the
decrease in 11000/1620, pa=45°. Furthermore, based on the results of in-situ Raman observation in the tensile
test and the result that the orientation direction did not change during the heat treatment below T, it
was considered that the change in residual stress during the heat treatment can be estimated from the

change in/; 000/1620, fa=45°.

32 #%&E

2 ETIE, T,UFTOBMECLY HDT X L4528, £7/2%2® HDT LHFCiz=
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51X Physical aging Th 5 B2 L., LI X VB —fERLSMNZ S HDT EHO
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PRSI S H OFRE OTAICEK L, sIEMICERE L CWDIE I Th 5. Eor I
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SRR TR SR EE R 42 B ()3 Si-80IV]IC L 0, 3 U & —IRJE 210°C, &R 40 °C,
T HIEERE] 10s, ST 10.4cm’-s!, {RIE 30 MPa, {RJEFRERE] 20s DT, £ & 80mm, 1E
10 mm, EE 4 mm ORBRA ZFHEE Lz, Aok, RIEANCEVR 2 O Tk &
80 °C "C 2 RF[HRLIE S W7z,

333 L—H =3I N HEICKARAETI T HE

Fig. 3-1 12, AHEOHMEKZ R, Lb—V — T~ o5 o bk & (k) I 5 B4R pr il
LabRAM HR Evolution] % i 7=, HJRIZIZZ U —> L—F—E32m)E=FEH L, st X
X 10 fi5, BHERRNIZ 1R E L2, b—P =Ky RIS 10 512 X% W TEE 10
um FEEEIZK VAL TRIEE T o7, ZOFRMETIE, Fig 3-1 12810 % x il L Oy @il
DZEM S FRAGEIT 10 um FREETH Y, z G M OZEH 5 fRREIZ 15 um FREE Th 5.

R OB TR & L — ORI & DRI AE 0, 725N L—F—HDRIH
ERIET- DRI H I E DI TARE 6, #EZ N HIE Lz, AEIXL—F— Yotz
FEMEICIFEHRI Y Z1E A & L7, Fig. 3-1 Tl, EAR=I)VEE T, 6,78 45°, 6,13 90° D
BEFIRLUIZ. 728, Fig. 3-1 1I2BWTC, Lb—F—¢DREHIL y #i LT TTh 5.

HWETIE, 6E2EZx 2556, L ——JtofFtHE% Fig.3-1 © y filllz s L CHATH MICE
E L, R OWE R % y ok U CEATHRI0:=00)0° 5 x 8% L T¥EAT 7 10(0:=90°)
222> C, WtV I8 bS8, 20L& &, A TFOmE I, BER=2VEEOF FMHR
FrL7-.

O B EZDEEE, L—Y— N HE % Fig. 3-1 @ y 8zt L CEATHANCEE L, 6,
EEELEEE, BT ylililcxt U COETH M GRFFHEID ([0l S w7,

42



Raman scattering
s Z ~

/x La_ger 0 Flow direct;
T },<' o ow direction

/ - « »Analyzer

A

Polarization plane [ ] Specimen

Fig. 3-1 Geometry of Laser Raman spectroscopy.
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Fig. 3-2 Measurement part of polarized Raman mapping.
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Fig. 3-3 Raman spectra obtained from polystyrene injection moldings in a crossed Nicols

configuration.
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Fig. 3-4 Observation of strain in (a):injection molded and (b):hot-pressed specimen.
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Fig. 3-5 Effect of the angle 8, between the flow direction and laser polarization on /1000/l620 in a

crossed Nicols configuration.
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T1000/ 1620, pa=a52 70> D FRBEIE ST HETE T ZX D 0MRRET D729, 3.3.5 HIZFEHEH O LM ChliERBR %2
1TV B, BB RO in-situ 7~ U BIEIZ LY oo/, a=aseZ PNE LT, 7233, 3.3.5H
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Fig. 3-6 The changes in tensile stress and /1000/620, ga=45° during tensile test.
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Fig. 3-7 The relationship between tensile stress and /1000//620, 6a=45° during tensile test.
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Fig. 3-8 Depth profile of the Raman peak intensity ratio (/1000//620, sa=4s°) inside injection moldings in

a crossed Nicols configuration. 6, is set at 45°.
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Fig. 3-9 Variation of the Raman peak intensity ratio (/1000//620) With the angle 6. between the flow

direction and laser polarization inside injection moldings, in a crossed Nicols configuration.
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Fig. 3-10 Maximum Raman peak intensity ratio inside injection moldings with changing 6, in a

crossed Nicols configuration.
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Fig. 3-11 Observations of strain inside injection moldings.
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p (a) Injection molded specimen
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(b) Hot-pressed specimen
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Fig. 3-12 Variation of the Raman peak intensity ratio (/1000//620, 6a=45°) With the angle &, between the

analyzer and laser polarization. (a):Injection molded specimen, (b):hot-pressed specimen.
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Fig. 3-13. Dependence of the Raman peak intensity ratio (Zi000//620, 6a=45°) on 8 inside injection

moldings. 6, is set at 45°.
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Fig. 3-14 Variation of the Raman peak intensity ratio (/1000//620) with the angle 6, between the

analyzer and laser polarization.
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Fig. 3-15 Molecular orientation inside the injection moldings after heat treatment. The Raman peak

intensity ratio (11000//620, a=45°) Was measured in a crossed Nicols configuration with 6, set at 45°.
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Fig. 3-16 Variation of the Raman peak intensity ratio (Zi1000//s20) with the angle 6, between the flow

direction and laser polarization in the 80 °C heat-treated specimen in a crossed Nicols configuration.
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Fig. 3-17 Maximum Raman peak intensity ratio inside the 80 °C heat-treated specimen with

changing 6, in a crossed Nicols configuration.
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B3 ETIE, RY AF L UEHERIE S O Physical aging (235 1) 5 4y FECFREE DAL % 3
BT DITHIo-T, Gy FELAIRAEES A IS K OB 7 [0) DT FIE A et L7z,

ERZ=aVEEICT, RBRA IR T BN Tm E L— Ot & DR T HE 6, &
45°L L7= &£ & ™D 1000 cm! 35 L TN 620 ecm! D B — 7 BREE L Tooo/Isao, a=a5ol SN T, FEFTER
DEZGHURH TE 2T &N D, Looo/lswo, ta-ase ZELRED HZE & LTz,

FT72, 0D 45012 BN T L — Y= ORIEHICK T DN DAL 6 2T L&D,
T1000/I620, 0a=25° D ZEAL D ZFEEN N B, BLIAI T R DSBS AN 5 L CEATH A T o 2 EAR S\ T
B DHMEHE LT,

FHHEIE S OPNEIZ DWW T FEAMRIEZ fi#T L 7o & 2 A, BMEIXRE D5 200 um £
PIZBW TR b E<, 400um DURIZZN LY HIWZ ERH LN E e o7, FHHEIE S O
WEBIZIB W CIE, RIS E S B L CWd o0, READ 800 um L E T
RO OB K> CTERMGNER D Z LRI 7.

T LU T CEULER LT & 2 DO FRLAIREED A ARt L2 & 2 A, Kifi»H 400 pm LA
OOy FELIAPRREN T 5 Z EMW LN oz, FTz, T LA TN COELER TR 7 A4
{BITXRGNT, BRI T OAPHERI . LIz > T, T LA T CORSLEEIZ X D EHN
KRR & FRAT T DI 872 5T, Looo/Is2o, oa=ase DI FIZ TREFRIDMEATH AT CE H T L EE XD
no.

KRETIE, TNETCHECTHS=RY RF L UICBIT AE MO 2175 = & T, 2
VN X DECHERERI O TiEZ2 R Uiz, 72, SIERBRICEIT S in-situ 7~ U EEOR
Re, TUFTOBBECIIEL R FFICER RO o72 2 £ D, Fooo/le, eamase DI
TOLEBISORTERHETEX 22 LRBI N, Lo T, BT TGS
TWDIREIG ) & THEBPEDBIRIZOWT S, KRETRHRLEFEZHND Z L THIETE 5
LEZILND.
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We investigated the effect of the heat treatment temperature on the molecule orientation, and we
clarified that the molecular orientation at depth 400 um or more from the surface relax due to the heat
treatment below 7,. When we calculated the apparent activation energy regarding the relaxation of the
molecular orientation in the core layer, the molecules in the core layer were considered to be oriented
with the deformation of the polymer main chains. The oriented molecules in the skin layer could
considered to be oriented during the filling stage and be elongated owing to the high strain rate. On
the other hand, the molecules in the core layer could be oriented during the holding stage and might
not be elongated owing to the slow strain rate.

In the untreated specimen, the molecular orientation in the core layer relaxed around 60 °C during
the heating process. Because tand also increased around 60 °C during the heating process in the
untreated specimen, it was suggested that the increase in tand around 60 °C occurred with the
molecular motion due to the relaxation of the molecular orientation. In the heat-treated specimen,
because the residual molecular orientation in the core layer had relaxed in advance, the relaxation of
molecular orientation around 60 °C did not occur during the subsequent heating process and the
increase in tand around 60 °C did not occur. Therefore, the increase in HDT due to the heat treatment
was considered to be caused by the relaxation of the residual molecular orientation in the core layer.

We found that increasing the mold temperature was effective as a method for increasing the HDT by
controlling the amorphous structure other than the heat treatment. Although the excessive enthalpy did
not change as the mold temperature increased, the residual molecular orientation in the core layer
decreased with the increase in the mold temperature. Meanwhile, it was considered that the increase
in HDT due to the heat treatment is a combined effect of the relaxation of molecular orientation and

the enthalpy relaxation.

42 W#E

B2 FIZBWT, TULFTORMHIC X5 HDT L51% Physical aging Th 5 Z & 25
M LTz, Fio, =2 E—EMPSMT S HDT LA OER & 7 2 HEZEEBAE LTS
AlREME AR Lz, JeATAIE & Dk 6, BVLPRIZ X 2 5IC /1O T 728 HDT EA-%2 H 72
5L TWDAMREMENE 2 LT,

FHURTE S Tl < OHE 0 FERLAIDERE L TE Y Y, @o M EHZ B W TR 135%
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Byl & BfRT 5 2. 2 2 CTAIZE T, HDT EHOERN L 7 2HE AL 2 52T
TRIHIe-T, RS FRAOEIICER L.

B3 ETIE, NYARAFLUUNHBIEGLE T, DL N CTEWLEE T 2 &, B A I 2 kiAo
NP, BEEOHRMETTEZ LWL LE. BER=a/VREICT, HEihme L—3
— DRI & DIRTALE 6, % 45°L L= L Z D, 1000 cm! 33 L 620 emr! D & — 7 5RFE
FE Tooo/I620, pa=ase D ZAL CREIFIEEFI OEIT 2 fifMT C&x D Z L &R LT-.

%4 WTIX, 53 BEORLUEEMEMOMTFiEZ AWT, PSR SNSRI
VT B B AR D OO ZAKLER IR AR A7 A R A L7

FEE 2T, TUTOBEIZLY tand MK LD ZIREOEEY 7 P,
ZOMRET7 A HDT EFLERTHZ AR LIz, £2C, FEBRRIZEIT 550 FEH
DFEMZFE 2 A L, BIRPRRME L O AIT o7, £72, T, LU N COBLEITI T 2Bl
JEDRRFEE(LZRE L, tand 3 X OVHDT ORI L & b2 Z & T, BiikEsn & mizk
ORRIZOWTilam L=, N T, BB ORI 21TV, S ICR T 55%
5y OBLFEREIZ DU Cafeam L 72

F 72, BULERLISN O LT OmMBWER EA BRI, sIEBIEORIENC X 578 55 1Bl m
IR L ONMHEME D\ EE R L7Z. 2 LT, BVLELOEA L O ATV, 1B A O
Fzs®) & it B o BRI DWW Cilam L 72

43 EER
431 ##

FHHRRE AR OEHER Z2LHAAR Y AF L& LT HFIT [PS Vv S ®ORLT % 7 F v 7
RYAF L, AL h<wAT7a—L— k=75 g 10 min"! (200 °C, 5kgf), My=240,000 g-mol,
My/My=2.531% =,

432 SRR

S HH RS TR [ BREAR AR 4 B () B Si-80IVIIZ L 0, o U > & —JRJE 210 °C, &RIEFE 40 °C,
WHIEM 10s, HHHE 104 cm?-s!, {R[F 30 MPa, {REKHH 20s DM, £ 80 mm, fF
10 mm, JEX 4 mm OB ZHHERIE Lz, 728, BRIERNCEVR G2 o T ek &
80 °C T 2 IRz S Wz,

43.3 BANIE(T, LLF)

B LT3R 12D\, E IR R 2R RV L 2R (PR 8 EYELANDO-450N]% FH
TR AT - 7. BB B EAL BT O SRIRE S FTE O CRE LT Z & 2 idtk, &
IR AR SN IR 2 A, e ORFfifRE & IC B A 20 L, iR THlm L.
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434 ELIE(T,LAL)

433 HHIZ/R LI AIETR0°C 12T 7 VAR L 723k i 2, £ 80mm, 1R 10mm, =
E 4 mm DXy ET 4 ZHTIEMRIEASEIC AR, ()L R T 3R 37t JEME R
ZRWT, &BAEMEL7-. &THEFE 110°C & L < 1% 170 °C (28K, &RLEEEN 40 °C
27225 F TR LT,

435 L—H—FTUnHEICKDRATTUHE
L= — T < oo T R (R i S UAERTRL LabRAM HR Evolution] 2 IV 7=, SEIRIC
X7 ) = L= —GR2 m)EHAL, L KT 10 5, BEERIT 1 RE L. L—
PR MR 10 5L > K& O CTHEES 10 pm FEITK D A A THIEZ1T - 72,
B2 =2 VEEICT, RBRA OB 16 & L —F—IeDRIGH & D724 6, (Fig. 3-1 &
Y& 45°L L7z & X, 1000 cm! 38 X TN 620 em! O ' — 7 B8 Lk Looo/Is20, amase DA T 2 BL
mFEFMOBZ E Lz,

436 ABRAMEORAEITUIVEVTBIE

4.3.5 TR L7281 C, RS H PN AT H MO UIHIH (Fig. 4-1 ORI DN T,
WT~r~y B TBEZ T 7.

Fio, BB oYy HLIE, #FEOKEHWEZEXGENCZ VT, B, ~v BT
2B B EH T O E SEIRRIZ 10 pm & L7z,

30 mm 20 mm, 30 mm
b — L e— . s—

Fig. 4-1 Measurement part of polarized Raman mapping.

4.3.7 ENHIMGEIERIE

(BF)=— & —= A% Reogel E4000FZ % F\C, BhFPRESME(IRME R £, JRMER E7,
BERIER: tand) 2 JE L7z, FiROKEHWCRAGIENC LV, ABA %2 & S 5 Ml 20
mm, WBHFEICAW7ImmEYEEL, £EZ40mm, E3mm , EI 4 mm OHIEHRRA
(Fig. 4-2) & B U7z, #hiFe— K, S5 REHEE 30 mm OZfET, 2°C-min'! O E THIEL,
WEJEWEL | Hz OF — ¥ Z HBfS L.
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23 mm

4>
40 mm

Fig. 4-2 Specimen for dynamic viscoelasticity measurement.

438 fEHHREHDTDAE

(B~ A XKL No.520-PC Z VT, 77 v hUA X¥ETHDT ZHIE L7, 3R
HEiX 1.8 MPa & L, SCRFEEEE 64 mm, FIEEE 2 °C-min'! OFEMTITo72. BRBRIL JIS
K7191-2 #ZZ|\Z LTz, BARHK TIX, 72bAED 0.33mm (Z8E L & & ORED HDT
s ARBRTIE, 3EAEIC L5 FH)EEA HDT 7 —4% & L TORLTZ.

439 IVAILE—RBNENEH

KB OB & R FEEA BV E FHDSC)(NETZSCH H DSC214 polyma) % VT, )
FHREE 2°C-min'! D&M T, BREWHKA T TIro7z. oL x, @By — b EX
FIANZ 40 mm, BEJFEINC Smm OALEIZBWT, FiROKEHW-EROENIC L0, 3B
DEIHENZaem, £ HFMIZ 1 mm, HEARIZ2mm &5 X580 L, 10 H L2
BT V= ANICED THIEICHW . U7 7 LU AL LT, ZOT VIS %ff
ML, WEZERE— R, ZEH 60s, ZFRIRNE 0.5°C DZMHTH B2 DSC #I#RO AR r ik
AT IBNT, T fHTIZAECDWE Y — 7 RN DA L Bm 2 = o 2 L e — &
(Enthalpy relaxation (AH)) & L7z 3. =2 ¥ )L E—EROETICHE > THREAE — 27 N KT 5
foh, TNV E—EEE SRR T 5 2 & T, lIBABRA T Rl H e
—DREMOWETZ I TE 53, 3EEEIC L D PHEAEIET —% & L ORLT.

44 FEREBE
441 BEBSFERICRIZTHNEDSE

HI3ET, KU AF L UFHRIEMZ 80°C TRVLHET 2 &, BB NENIC I T B AL E
IME TS5 Z & 23 52\ 72 - 7= (Fig. 3-15, Fig. 3-16). SRS ORI & NER T,
FRIZIREIZ 51T 2 BHIR O Tt EE N R & < $7p B 706, SR SN O fidm 1T —4k T
X249 ZD 72, 80°C TOEVLERIZ 1T HELFARADOZAENZ, RKIG & N TIEWV A
bhicEBZEx 5.

Z Z2C, RBA ISR DELAIEFI OB OV T S GIZFEEMICHAE T 57280, ka7
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IR CMBVLEE L 7B A 2D\ T, RN OEL S MO FOLEIZANT T, Fig. 4-1 1R L
TeBR A IS B DRI T ~ v~ vy B THEER T o T2, fiR% Fig. 4-3 ITR7. 7o,
Fig. 4-3 TIX, 3 [FEHIEIZ X D Looo/lea, gamase D FEEMEAEPNET — 4 & L TR LT

Fig. 43 L0, T, FThD 70 °C~90 °C TOBLIETIE, FIBH>5 400 um LIED /T
BLmAME T L, BVUEIRE N ESVIE ERMBET T2 2 bR o, — 5T, K&
D5 Bl T LA E (110°C, 170°C) THREFIT 5 Z E NI B E o7z, L72h3-> T,
Physical aging 7% Te AT CAHEUDBIRTHDH Z L %E 2% &, Physical aging TIEEEN D
400 pm LLE T O FELRERMAE L TWND EEZE 2 bbb,

, (70°C-90°C L @ 110°Cor170°C
o Untreated
| o Untreated
. 16 * 70 °C 16 o
14 2 80 °C wld | +ete
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2 S10 |
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Fig. 4-3 Molecular orientation inside (a) an untreated moldings and those heated at 70 °C -90 °C and

(b) an untreated moldings and those heated at 110 °C or 170 °C.

442 RBBRERICETAERB S FEMOZEMES LB EDRER

52 BT, T LA T ORI COEBAPREMEIZ W T, BYLE O A CHIEN R S 7.
FALVHEER T ClE 60 °C fHI2v5 EVEB L O tand 2385 K L, 60 °C FHE0s B A & D4y 1-if
AT 5D 2 & DIRME S V72 (Fig. 2-12).

Z 2T, FHREBRRICBIT D T, LLF ORI T o4y 1Rl A O 2L % BVLERA 8 CfifhT L7z,
FIREBRRICB T B ML E ) TV H A A TEBT 5720, K EICMBAR T — U & A
AT, EFPREBEPERIE S HDT JE & [FERIZ 2 °Crmin”! THRIE L2235, in-situ 7~ #1£2
ZiT-o7=. 7238, Fig. 4-3(a)L V), T, LA F TOEGLEECIIaRER N4 TBLm 23 FER L 7=
ZEMB, REND 1000 um (231 D 53 FRLA O IR b2 JE L.

FER % Fig 4-4 |29, ARWHERBR A TiE, 60°C T £ TIIEMFEAAE U, 60°C fF
WM DEMULIED D Z EMHLMNE o7, — 5T, BV CIXFIRBRRICE T D&
DNEL 7Y, E<IT80°C BLTUN90°C TEVLEE L 7-3 Bk iy CIIALmfEfidig L A RS
Ao T, BULERLIZ L0 T OIS FRUADE L TWA T2, £ O% O F R Tl
FFEFINAE Cleinolo B2 b,

Fig. 4-512, FHRIEFRIZIST HEAPREEMED BB 2 7R3 (Fig. 2-12 L [Al—7 —%) . RO
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AR A T 60 °C 1D E”B X WM tand DI RBAE L TEBY, S FRFFEMAAE L HIRE
& tand DHFRPE L DIENRRE THSH. F72, 80°C LTV 90°C THULEE L 7-ikBR A
TIX 60 °C fHENDH D tand DEERPBE Uo7, LEeRn-T, RUBERER TR LN
60 °C 137> 5 O tand DKL, FHEEFRIZISIT D0 FREMBEFIIAE O 75 FiEE 2% LT
HEBEZBND. BULEEER A CIE, BULEIC XV RS PR H B0 U ORI L= 729,
Z O% O FIRSFE TIHRAFEFA A T, 60°C 52260 tand DR HAE U727 L
ZIn5s.

SEATAFZEIZF VT, Ramarkrishnan & 1XA8N U 7 —Rx— M HABIESIZ T, EH8BICEBT
% tand DMK LIGD DIRFEN T, AT TOBMBT LR TH5Z L2 MELTND 0. A h=
AL UCERBIS T OREFMDBBEMRT 5 LHEH L T2y, BERRT —ZiTmSh T
Nz,

SRR it O NEBIZ 5 N CURRL A EEROBL A 7 [ 23 —BR Tl 2Ry, 20 2 L8, JHHRIE &
IZB T 2SN B LOEDOEDOEEN T2 H L < T —-KRThs. HIET, &Y
AF L GRS NN 36 T 2 Bl m EE PR A 7 M D 3 A R0, Z 4L b OBVLEI L 5 21t
ZAEICEAT 5 2 & T, BMLERIZ KD Looo/l62, pa=ase DR T 2> HERRE IS ST DR T 2 #EE T X
% EBEZ bivlc. Fig. 43@ICRT K 91T, Ty B F TOBSLER TR R WERD Looo/Ie20, pamase
EKFLTWDZEnh, MBANBOBREISNBIETL TS EEZOND. LIRS T,
ESLERIZ L D Looo/Isao, a=ase DAK T3, 60 °C 11005 @ tand HEROIH LR T 5 B2 D
NIeZ LX, FATMRO EREZE T 2 ERERTH 5.

14
O Untreated
| ® 70 °C
t A 80 °C
Il o
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€ 10 Cop o o coooooCO Xy, O
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Fig. 4-4 Relaxation of the molecular orientation during heating.
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Fig. 4-5 Changes in dynamic viscoelasticity parameters following the heat treatment. (a):£” and £,
(b):tano.

443 BT & DN FE MR OFRFE L LTHE DB

%2 FIZEBWTC, 70 °C TORVLERIZEKIT 5= v & )L E—fEfE L OV HDT OfRREZ(L %
HELIZEZA, ZUANAVE—REMOETNIZEAER N> 7 2 FEELIN O ZVILEE
Th, HDT X K& < EFHT 25 Z L0 L L 22 - 7=(Fig. 2-16, Fig.2-17). %72, 70°C TD
BULIRIZ 31T B BIHORE M ORI E L ZFAE L2 & 2 A, 2 BEREILINOEVLEEC tand 738
j(bﬁé&)émf;éﬁ(ﬂé’ < @iRMNZ > 7~ L7z (Fig. 2-19).

Fig. 4-4 3 X (' Fig. 4-5 X 0, tand 234K Lﬁé@é?ﬁfﬁ@%?ﬁ“/? MMZFRE 53 F-BL i DOk
FNRBER L TWD Z EDVRIBSI LTz, £ 2T, 70°C TOEVLELIZ X %5 FE M ORREREZAL,
A L. fER % Fig. 4-6 IZ/” T, Fig. 4-6 TlX, FEJE2>5 2000 pm (281 5 5 FHEE O
AL RE L.

Fig. 4-6 27”9 X 512, 2 W LA OBVVER CRCAFEFNEEIT L7, BVLBRIC BT 5501
Bl OFRREZAL DY, BYFPREHRMES> HDT @%XH%%WB&: FERDOZEEZ R L2 &5 (Fig. 2-
17, Fig.2-19, Fig. 4-6), 2 RELINOBERIZ 51T 2 HDT ESF-ZI357 7Bl m OFEFn A3 B4R
LTWD EHEEIND.

FATAFFEIZ BT, ROE 513K U AF L > Physical aging (2 L 2 WMEELN = Z L
— RN TR T & 2 2 & 2 F9E LT D 7. Physical aging (2 X A i a) EIZB L
THREBEICT o Z L E—fE 720 CIERA 232229 (Fig. 2-16~Fig. 2-19), Az T O FEBREE

SFEAOEFNZONTHEBET HDMENH D Z L PREBINT.

66



10

Il 000/1620,3.1:45'J

0 1 2 3 4 5 6 7
Heat treatment time /h

Fig. 4-6 Time variation of the molecular orientation during the heat treatment at 70 °C.

444 T,UTTORLIRIZETLHEE 57 FERADRINEEDBET

Physical aging I3ZIE CTHAE L DB TH LD, BAICIEFICEVEAZET S Y. 207

W, TEMNTITMBYLERIC X VB ZRHE L 9, aging FEE 2 #E9 5.
FTo, MBI L VEFPMBE SN D720, BIERGS 2 @IRREE T CEM 213 RE L%
, Physical aging D#E[R & 72 2 I ftE & D ZEAL DR~ H ORI A 77—V THEL S
AREMERZ 2 HD. Tebb, BRSO A F 2 I RE P ICIEREEN AL, "o
ﬁ>ﬁm¢67 PENEZ HND. A TIIBERLOESFHNRDOND Z 0D,
BRI T 2 MEZLOEM TR EITHOLERSH S, DX 5 e mi D, Physical
a@gi%ﬁf %I/&wt DFEFNIRLZ U O B X O PHEORIFZ(IZEE L T,
TR L 2 FEak 9~ B3 FE DN E v T B 101112),

Z 2T, FRAOEFNIONT S, RFELOFEZHET 5 2 &2 B, BULIR
ERB IO ZZE 22 &SR OEbZ it L.

Fig. 4-71Z, 70 °C, 80 °C, 90 °C TOAMLEUZIT L FRlM ORI 2L 2 "4 . 723,
Fig. 4-8 |74 L 912, EFEFEOBUWLELICZBW TS, RBRANEHIZR W TO RS FELIH O
TN R SN2 LD, Fig. 4-7 TIEERED S 2000 pm (281 553 FEA O ZE L &7~ Lz,

Fig. 4-7 2" T L 91T, FEFIIFREM ORI & & IR~ ITHEIT L, BVUEIRE R ST E
HWFRMT D Z EBNHL N E RS T
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=
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(b) 0-336h
10

9 9 J} 270 °C
o
8 8 480°C
" P
E 7 § 7
=
=6 S6
~
e z
3 5 ~ 5
= =
= =
Nl R
~
3 070°C 5|
O
2 4 80°C 5
090 °C
1 1
0 0 n L L L " " " n n
0 1 2 3 4 5 6 7 0 30 60 90 120 150 180 210 240 270 300 330 360
Heat treatment time /h Heat treatment time /h

Fig. 4-7 Time variation of the molecular orientation during heat treatment below 7. (a):0-7h, (b):0-
336h.
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Fig. 4-8 The changes in the molecular orientation inside the injection moldings due to the heat

treatment.

RIZ, Fig. 4-7 DFERIZHOWT, BB OfET 2175+ L7=. Physical aging (Z35(F 2 #&F0
BRTH LT 2NV E—EMICEBWT, @B ORI MmN & 5720, £ 0k
PSR TILRFE R OFEFNBEEUINE O T L BRERIZH O TWD B, 22T, rFidn
DFEFNZ BN T S ILREE OFEAEEIHE S L 0E L, Taeal@-1)%Z AW TREFMEE O
ik A kAT

bl

R, = Ryexp [—(t/f)ﬁ] +C
(4-1)
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K@E-DIZBNT, RlE ¢ ReEBVLEE O & — 27 SREELE Looo/leo, sa-ase, 7 1EFZERT OB
REC 31T 2 BT ORI Ch 5. BIRIEIRIEHUSZ A =42 Th v, FREBEE O & B
%9 %, TAIIRBINEANINTZT 4 v T 4 YT IRT XA =2 Th DN, FERRFHE O340 &
BIfRT 5 LB T0A Y. F£72, Fig. -7 L2k 918, BULBREIC L - TidBdm
DSFEFN L7220 LT BEHRIREE & 72 o 72, 2 OSEHRIREEDE Sy bRtk 3~ 5 72iz, R
DFHRRRED ©— 7 L C 2 (@-1)TITEA L. 728, RolIe— 7 BE Lo gHfE &
BRI 2 TH 5.

Fig. 4-7 1ZBIF 5 FEMRIZE, K@-DIZED7 4 v T4 7l ThH L. £/, Tabled-1127
ST A TRERERT.

Fig. 4-7 12k X 912, @-1)B LV Table4-1 DT A —2 % TN I3 EBRAE R 2 B
FIZHELTED, 70°C~90°C &\ > 7o @SRRI FC, B — 7 B8R LL Looo/leao, ta=sse > 8> D
EIZHEFIS 2 £ TORRZ PRI L2 WA NS 2 E N TEX 5. BIAZE(LO R8T
FRE L BT, THMNCIFEHTHL EEZLND. LM LN D, Tabled-1 IR L7z X
N, BHHREIZ L > TR REL BARDERE o7, TOHB L LT, IEMH b=
X—NER DM PREL, B—0EfMET— R TIdhWnZ Enaferks LTEFons. K
@-DITBELAFEF OBGRTIER <, BR L7252 I2H < ETHRBRAUTT /0.

BULERIEIZ L > T pBAKRE L EA D728, Table 4-1 K 0 AEFIRER] ¢ 2418 CHX
952 ERREETHS. T ZTRIC, R@-DZEAWT, FEVLHEEEICBW T B — 7 iiE
FE Looo/Isao, ga=ase?)S 5.5 (2T 2 F TOBLEERRH Z 8 fEf (& L TRIH L. ZL T,
Z OFEFIF (0% VY, Fig. 49 R LT L= 27 ay IV, EEFEMICBIT 5 /o
FOEM L= R F—2 R L. TOREE, AT oiEM b= %/ ¥ —1% 256 k] -mol! T
HY, AT THRE STV D, afBFIC BT 2TEH L= R F— X0 SN oo,
RIS OEENZ G AT pAERE D B REVETH 72 W, F72, Fig 44 12BWT, 1hAlm
IXF-IRIEFE T 60 °C (N BHEM L TRY, ZOEREITIITHFIE TRE S TWD g-FEF
WAECDHIRELD HEW Y. Lo T, FHHRERBA ONTICB W UIEHOE %
o TERIMMBAEM L TWVD EEZBND.
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Table 4-1 Parameters of equation (4-1) obtained by fitting with the results in Fig. 4-7.

Heat treatment temperature /°C 70 80 90
Ry 1.5 2.6 5.2
0-7h t/h 0.89 0.19 1.10
(Fig. 4-7(a)) p 098 044 0.17
C 7.3 6.0 3.5
Ro 3.7 8.3 7.3
0-336h t/h 20 150 3.0
(Fig. 4-7(b)) p 0.8 029 035
C 5.5 0.85 1.9
6
5t =
4 |
3t o
= g
)
=
1 |
-1
2 . .
2.70 275 2.80 2.85 2.90 2.95
100071 /KL

Fig. 4-9 Relationship between the relaxation time and the heat treatment temperature.

445 BENFERIZRIZTRAEEEDEZE

Fig.d-3 (TR L2 L 918, HHEIEMICEIT 58 0 TR R 2 KT 51201, S HAE#
MBVLER &5 RN 24T 9 MRS 5.

FHURTE SIS BT D4y TECAREBIE, STHEE 72 EORIBEEIFIC L > TRELS AT S
ZEDHBNTWD B, Z2Z2C, BB AZITS Z Ll BEEHEEZS5Z LT, i
) DFERE DY T2 I L 2 B C X 72V Rt Lz, e ARG T, BBV A 7 VRS
HRLZRWHEIFANT, 4.3.2 HITR LIEIBRIIC W CTRANREE & STHERE, REZZE X
T, FEIARIEIC KIT T B OV TIA L7z,

Fig.4-10 12, 5THEE 22 2 CER L 72/ HAIERBR A OWrE ic BT o fRE7T ~v o~ v v
v T REOREREZRT. 2P, ARNEREIT 40 °C, fREIX 30 MPa & L7z, SHHSEEAZZ 2
% &, RIEDD 400 um ORNZIT D0 FELANZZE LN R bz, Z2D—F T, KEND 400
um LARIZ I 5 43 TELANS DD TS R 2 28 2 CH R E TR ooz,
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Fig. 4-10 Changes in the molecular orientation with changing the injection rate.

Fig. 4-3 2R L7z K 912, SN 104 ecm?-s' OFRER T TlE, @25 400um ORI
F 50 FELAICE W TE T, L CORERMB A b hhole. £ 2T, FHHEEAZEZ TR
B Lol R % T, LU F T 5 80°C 1T T 7 RIBVLER 21T o 7=, £ DFER, 80°C TOEAL
BLCRER L7y FRLAE DIE AT, S O RICHEVELS 702 Z L3 B E 2o
7= (Fig. 4-11).

® 104 com?-s! (As molded)
©104 cm?-s1 (80°Cx7h)

12 H194.4 cm’+s? (As molded)
g 01944 cms! (80°Cx7h)

1 1000/ 1 620, fa=45"

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance fron the surface /um
Fig. 4-11 Effect of the heat treatment at 80 °C on the molecular orientation.
I, RIEA 30 MPa b 15 MPa il X 7= L & D FRMOZ(EFHAE L. 2%, &

TR X 40°C, HHEFRIT 104cm¥s! & Lz, TOREE, RERA NEICBIT 5 4Bl
JEIZ KXo TENT D ENBH L L7257 (Fig 4-12).
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Fig. 4-12 Changes in the molecular orientation with changing the holding pressure.

Fig. 4-11 £V, T, BLF TIZRERM LRWELRJE DIEL S HEREIC L > TR L2 & h
5, Z OELAIXFHH IR O SRR ICB W TR L2 TR THH EEZxbND. T
DH, FERHIAHINBDBOME L2 SIS EAMISINER &> TELTND
EEZLND. ATAFFETYH, FBHBR TO®AWIENC X DB OE S, SHHED
WRIENVES 2D Z N MESNTEY, AR THRROBARNELCTNDEEZD
o0 20—57T, REANEICET 20 FEUAIEREIC X - TEb Lz, SRRSO
WNEBIZR W TIE, FHHRIE 7 22 228 2 EEEEIZ L 2 0T HEOTHLEENRD
EBZONDN, B 3 B TR LIz K D ISH A& O NERIX R ARAC TR B A 2Bl LT
WHZ &, %IRRT D L OB RISV TINBNHE OB R o7z 2 LD, RE
TR T D 2RI E 35k A N EL IS Té\%mm%&®£ﬁgl1%53%ﬁéhé.
Fig. 4-3 /R L2 X912, KIgEWH T 80 °C TORMLIRIZ IS 1T DFEFIFENIE AL
BN LD, BLEIEREN B> TN EHER I NS, B‘Eiﬁajz BT D IEN TR
IZBIT 2B LD 20N EEZ B 1D, BRI OICKEITEE O &5 18
iﬁ%ﬁﬁ WEIEMIEEINTHEL TS EHEZERIND. 20720, FERICKE 2B RV
F—NUELRD, T,UUFTIHEM L ehoTo B2 b5, TO—FT, BN 5y
FEAIIREBEETELTWD LB 2N, BOEREEDOZDIMELTELT, &o1
BHOT o X LaA VORI L D BFENRETTWNDIZE EE o TN EHRINS.
KRREE LC, {B=CuElick v, %Eﬁl%ﬁﬁﬁﬁllmmﬂbﬁk L, EZ& 1mm DR
(FRJE~1 mm (2B 2N ZER L 72, [FERIC WEHFENZ ITmm IV L3 2 LT,
JEZ 1 mm OEH(FKE2H 1 mm~2mm |2 fé%ﬁ)%fﬁib FHRAIZOWT 110°C T
7 R RIEVLER R 00, JRENT SIS T DUNHER 2 JHIE L 7= (Table 2). £ D#EHE, FhE~1mm Il
B HER OIGHERIL, ITmm~2mm (2T HEHF OIGHER LY F L KE o7z, L
Mo T, REMEOHTHENTICBIT 20 THTIEMEEAVWARE I R s g
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no.

Table 2 Dimensional change during heating at 110 °C.

Distance from the surfase /mm Heat shrinkage /%

0-1 17
1-2 1

Wi, RURRE LRy R & ORRICOWTIHAE L7z, #iR% Fig 4-13 IRT. 4
BHRE D EFIZfE, BB OWNEICE T 20 FERMPE(T 52 LRI oT. ¥
— 7 BEHIIETLTRY, @MREZE< 52 LT, RO FEROD I WEIE M Z B
B T& % ARetEn RE X7z,

% 30 MPa 225 15 MPa IZ2 2 5 Z & THRBRA NEIZE T 55 FREAAIEK T L2
(Fig. 4-12), RMEICE FBAONERE T 5 HEONIEMEHED Z L HRREETH 7. £D
7o, EWETENREIZ XD RIEN, B TR OV IO & RIET 5 FBE L THR)
ThdEEZLIND.

B, TP, Ty AT COBULEECRERN AL IEMNEIC BT 2EMES 27
JE, DR ORI Te B MR OB IE 2 A X g & EERIITES.

11000/1620, fa=45°

0 200 400 600 00 1000 1200 1400 1600 1800 2000
Distance from the surface /um

Fig. 4-13 Changes in the molecular orientation with the change in the mold temperature.
446 THEMECRIFTIEREEOEZE

SANREE D EFIC X DIREVER R A RGET 572, SRNREE A28 2 TR L 72k
A2 T, HDT # & L 7= (Fig. 4-14(a)). [FIERIZ, $THIHEZZE 2 THdE L7 B Aico
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W B IE 24T o 72 (Fig. 4-14(b)). Fig. 4-14)IZx Lz X 912, &RURE O EHIZHEW, HDT
NDEATDZERHLNE ST, ZO—T, FHHEEE 22 2 72388 CiX HDT (33
NORBRAITB W THRIFEE THh - 7= (Fig. 4-14(b)). L7=MR-> T, RUAF L U HHAIEM
\ZBWTIE, Fig 4-11 IR LEEREOZELTHNE, AX UV BEAZOE(LIT HDT IZK& 7
WBE RITS 2N EHREND.

. (a) Mold temperature " (b) Injection rate
s2 | ¢ 83
SLU-. g 82 L
= 81 |
E @ 81

8o |

80 |
79 | + + o | )
78 * - - ' 78 §§.
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Mold Temperature /°C Injection rate/(cm-s?)

Fig. 4-14 Change in HDT with changing the molding conditions. (a):Mold temperature. (b):Injection

rate.

447 BEITAIIE—IZRIZFTEREEDSE

FERMERBIE TH DR Y ZAF L DB HRFICB T, &R S ZBICBHE IR
RLRHED D AKB SN D T2, BIFIET o Z L B —IIC R E IR EET BT R4 % (Fig.
2-10). &ANEFE O _ERIZHEW, BEBEENELS 720, @ X L =N 5 2 & T,
HDT 8 EH L7z mlfEE b B 2 b b, £ 2 C, &RNEE 22 2 THIE L= BRI\,
T XV E—REFI R A E U7 (Fig. 4-15). F7=, SHHEHE 22 2 TP L7-akBR iz >0
THT o XV —fEMEEIE L= (Fig. 4-16). TORER, @MEE2E2 T ZLE
—REAEIZZLIT A S /e > 7= (Fig. 4-16). L7273 > T, Fig. 4-14(a) CH. 54172 HDT ® |
A, aTRBICBT L0 FRACIK TR ERER THDLH EEZXLND. U LEORKEENS, #
oo 2V Ee—'ENFERETH->Th, KO FEMOBREIZL > THEWENZLT 5 2
LRI E T
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(a) Non-reversing heat flow 20 (b) Enthalpy relaxation(4H)
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Fig. 4-15 Change in the excess enthalpy with changing the mold temperatute. (a):Non-reversing heat

flow of each specimen, (b):Enthalpy relaxation (4H) of each specimen.

(a) Non-reversing heat flow 2o (b) Enthalpy relaxation(4H)
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Fig. 4-16 Change in the excess enthalpy with the change in the injection rate. (a):Non-reversing heat

flow of each specimen, (b):Enthalpy relaxation (4H) of each specimen.

448 HBAFREAOENEZHREIIEHEEDEE

WIZ, GRNREZ &< T5 2 L TEES TEAOERFREIZBW T ED X 5 8% &
ETREET D720, B TEIRO T, BLFICEB iM% %2, SRIRENRZR 256
IZDOWTER L7, 7238, Fig. 4-17 29 L 218, @BUEED 80 °C OHFHITB N TH,
80 °C CTOBNLHLCIIRBR T NEE O/ TR DSBS 5 Z ERH LN E otz 22T, £
J& 725 2000 pm 121 D0 FELAIC DWW T, SFHRFEA 40 °C & 80 °C DA T, 80°C T
DML 1T 2 fEfn5sd) 2 Lo U 7= (Fig. 4-18).

B COBLIRIZINT, @FIREZ R T5 2 LT, Loo/loo, oamass DRI 725
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TR, HREREREFRR D 23 Lz & B 2 b b (Fig. 4-18(a)). F7z, EWRFCoOBULELZ
BT, SRR 40 °C OLA IR ORRGE & & HITERMAEIT Li-olckt L, 480R
23 80°C DIGEIE 72 BRI LA B W CIIFE R OHES T2 /L 5 722 2y - 7= (Fig. 4-18(b)). L7243
ST, GAREZELTHZ LT, BRRFEMES DD LI2EE X505, Looo/lso, paase
DOHERMEIZIS T DIEFIEICOWT, SALRFEA 40°C & 80 °C OIGA THEET 5 &, 6 FFH
VN OBULEIZ B\ TIEZE OFMEICKE 2T R ONT, BREMOBIEIZEWTRE
IRFEM L BT (Fig. 4-18). L7223 - C, &BNRE EFIZ XD Looo/lsro, oaase DAL FITIX, FIRF
REFNAL Sy DA K DB P REVWELHERIND.

Fak L7z £ 90, BROISHEL= R L X =00, a7 BB U EHOLER % 1L > ThL
MLTWDEEZOND. ERFFBERMKRDIZZOERORENRKRI WS- THLEEZD
, BRURENEL 725 2 & CRITBRIZE T 2 AMIE NS 720, REEREFK Y
B LT-EEZHND.

728, SRR 80°C IZH51F 5 Oh & HNREEDS 40°C IC8IT 5 2h Z ik 4 2 &, [FfE
FED Looo/Is20,0a=a52 T > T HZE DHZDOFEFIFEENIR X < B2, &BRUREN 80°C I2BIT 5
Oh DD, HEIFMFEFR DN L EE L TWND LB 6D, ZiUE, Looolso,oa-ase D3RR
ETH-TH, BELTOHEAEENRLRD ZEE2RELTND.

® Untreated

O 80°C X% Th

Iyo00/1 620, Pa=45°

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance from the surface /um

Fig. 4-17 Effect of the heat treatment at 80 °C on the molecular orientation.
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(b) 0-336h
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Fig. 4-18 Time variation of the molecular orientation during the heat treatment. (a):0-6h, (b):0-336h.

449 T, T CTORUNEIZLLHTEE » FERADRIMEE LMt 2D RER

INETOMRFEY, a7 BB 2SRRI O T AMHENEI B2 KFT L&
b, T, aTRBICBIT D Loolso, s-sseZ HDT EH-OFRGEHEEE L THEHTE %
IMRFET D729, Looo/ls2, pa-ase & HDT DOBURIZOWTER L=, 7272 L, BVLELIZHB Wi
B & XV E—ERIRRIFICA TS bH Y, X E—fEME Y 5T
MHEE & DBMRZ BEH S 5720, D FEAIOK FTORNEL TWHREBRAICER L

SRR EEDY 40 °C D6, 70 °C T 2 REELINOBVLEL TlI = # )V B —FEAE Cleh
- 7-(Fig.2-16). & ZC, BVLEREEN 70°C 12C, ARAEE, 30 /yEVLEE, 1 FRROEVLEE, 2
R EVLEE L 7c & 2 o, BB R 5 2000 um (Z331F 5 Looo/le20, 0a=as° & HDT D BELR % Fig.
4-19\2F L 7. Figd-19 128\ T, FHINAN O RFE X BGLER R 2 7~ 9.

Fiz, STREA 40°C 225 80°C IZE X eHhf b, Ty XNV E—EfMEICZ IR b
9 HDT 23 L5 U 7= (Fig. 4-14, Fig. 4-15). % ZC, &ALEEN 80 °C D4 (Fig. 4-19 Tix MT
80°C & REL)DARMIEHABR 12>\ T H [REBRIZ, BB E MDD 2000 um (Z31F % Tooo/ s,
pa=sse & HDT DB % Fig. 4-19 12 F L 7.

Fig. 4-19 \ZR"T L 912, BMLERREEN 70 °C (2 TEMLERRFR] 2 2 2 72356, Tooo/I62, oa=sse
& HDT BRI L=, — T, AR 80 °C (2B W TIL, Looo/ls, tazasstZ kT 5
HDT OfEAM & 1T K& < #ipodz. STUREEN 40 °C THUE L7 ERT % 70 °C T 1 Kt
BB LU 7= & S OfER L b L, SRS 80°C D5 DS Looo/ls, ga—ase S 2 FREE/NE WM
b 59, HDT 2ME- 7=,
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Fig. 4-19 Relationship between /1000/1620, ga=45° and HDT.

Fig. 4-4 \ZR L7z L 91T, RIFERER A TIE, Looo/Ie2o, a=asol L FA-IRIEFE T 90 °C IZFBNT,
8 BEIEE THEML TV 5. Fig. 4-7 L DN G, R FRLMIZIS T 2 ERF IR 7y D A3
ERLCWD EHEEINnD.

Fig. 4-20 12, RUHRBRF Z T, LA EETHIE LZ L &0, BB ERmI S 2000 um (235
F 5 Looo/Isxo, pa=ase®, FHREIBFRIZIIT HEAEZRT. TV 105 °C 1 FE Tidtr 2 IZRL
25 L, 105 °C A1 b R&E K425 Z LA B L7 o7z (Fig. 4-20).

T, LA F T 5 80 °C THULEL L 74554, EWKREHZ DT HUE Looo/Iezo, oa=aseld 3.5 FRE E T
FEFIT 2 D3 (Fig. 4-7), AKLEFER T O FHIEIEFEIZ BT 105 °C T TOD oo/ Is2, pa=sselE 6.5
FLEE T & o 72 (Fig. 4-20). 105 °C i E TITARFIRFR 23 LLEBIRL Vi Ay 258 F L, 105 °C £+
W CIEER BRI 2R LT D729, ool eamas DX FIX 6.5 FREE Tl L EE o
7o & HEZL S % (Fig. 4-20).

LED X 91z, FRERRIZBWT Ty LUF CIXERFREFEFIR Y FEFI T2 Z & 2RI &
o2 DD, B TR IS T 2 BRFREIRE AR Sy O R =S HDT LBk T2 & B2 b
5.
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Fig. 4-20 Changes in the peak intensity ratio at the core layer during the heating process.

Fig. 4-18 Tifgam L= & 912, AAUREA 80 °C DE1E, AR A 40 °C TEVLEE L 7=
B LR U, Tooo/Ieao, a=ase DA RIFRE T HBLIAIIZREN B D B 2 bbb, £ 2T, %¥
R 3 B IR R REFn Rk 7y DF% B B C, HDT & O ZH O 7= T L=,

Fig. 4-21 \Z/R T X 912, 70°C T 6 R LANOEVGLERIZ 35U NT, BVILERRT D 1000/ 620, ga=a5°
% Lo, BALERRHAG 6 FEITZ O Looo/l620, pa=sse % T, ta RFIRIEMILER TS D Looo/ 620, 0a=a50% I & T 5.
Z 2 TIE, 70°C T 6 IRl COEVLEL TRERIT 2 43 B nl 2 R ek oy & EFR L, 2L
PR EEDS 70°C 12°C, 3047, 1R, 2 RpEEVLER L 735k fr 2 3617 2 Bk RR Fu ik oy D 5%
BiEx, L Le & Uiz, ABUEEEN 40 °C H L < 13 80 °C TORMEEFER F 125 1) 5 e
Ry DI RIL, Lslo THDT2D, I L L7825, @RURED 40 °C H L <X 80 °C T
BIE L7=ilBR i &, 70°C TEMLEE L7z & X D Looo/le, pa=sse D FEHME % Fig. 4-22 1271 » b
T, TOFEIEEZREG- )WLV T 4 v T 4 T LERR(T 4 v T 4 > 7 k)% Fig. 4-22 12
TR TR LT,

BBV I0T D I, Te, Lo % Fig 422 1283574 v T 4 o ZHifR L 0 EIHL, #
IMBRDTE L I &, FEMLERIFENICE1T 5 HDT % Fig. 423 127 1 v k L7z, ZORESR,
Fig. 4-23 12”9 X 918, LaIe & HDT 2N BAFIZARBI L 7=,
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Fig. 4-21 Schematic of the change in the peak intensity ratio during the heat treatment.
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Fig. 4-22 Time variation of the molecular orientation during the heat treatment at 70 °C.
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Fig. 4-23 Relationship between lia— fis and HDT.

PLED X 51T, Looollsx, ga=ase £V b, La— L & HDT 28 BAFIZFABA L7= 2 & > 5 (Fig. 4-19,
Fig. 4-23), ZMFEFERIR > O &N HDT LRI 5 B 2 55, Fig 4-20 CTikam L7-
XD, FEREREREFNAR Y OFRE A, FIRMMEEC T Ty LT CEFAEFAAE LD ERN E 72D &
EzoNb7ed, Lilek HDT NFHBIL 722 E 2 6 5.

%3 ED Fig. 3-7 £V, Looo/lea, oa=ase DEALIN DIREIC IO B ZHEETE D LB 2 B
7o FATHFRIZ B W TERRE IS 1 S BRI N B 190 FELEFR I 1T 2 tand® & BAMR 45 2 &
DRE STV D . BULEETIE Looo/I620, 0a=as DR T & & BT e e BIE T 2 728 (Fig. 4-21,
Fig. 4-22), BVULELIZ X % HDT O _EFAZ DT Tooo/ 20, a=ase DR T TR T X % (Fig. 4-19).
L2 L7y B, &BIEEED 80 °C O, AR 40 °C TOEVLELEER F 12 b, Looo/ I,
pa=ase DN/ NS UM 3o 59 HDT 2MEA - 7= (Fig. 4-19). L7=23»> T, BVLERIZ KX % HDT
FERICBE LT, BRISAOE TIZ HDT EFOAREN2BERN T <, AL FEIAICR T
2 BRI DIREAAE ThHh D L EZ HLD.

7E, HERFREEERIRR Sy OB E L L CER LT L I &, HDT VAOMBIRERIZH S =
&M D (Fig. 4-23), =2 XNV E—REFNAE U2 WA L I 7> 5 HDT % Fitki(4-2)2 v
TTHTEZDEEZEZILND.

HDT = —5.87 X (I — Its) + 86.8
(4-2)

I, Fig. 4-3@ITm Lz X 912, BVLETEE A 90°C D573 80°C LV b a7 Jgn 1
BLral SRR LTV AIZ BB 53, HDT 1L 80°C D7 @ 7= Z EIZHOWTEET 5 (Fig.
2-7). Fig. 44 (TR L2 X D12, BMLBREEE 90 °C £ L<IL 80 °C D ELLDIGETY,
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2°C -min! TOFIRIBFRRIZB WO THFEM OFEMILE TR, ZD7-9, Fig. 4-3(a)? 90°C
& 80 °C DAy FREM D 7T, FIRMFRIZI T D tand DRI DA EDEAITHEZ KIT
X9, 80°C DJFA 90 °C KV Hiaf—= X L —03MEf L T 5 72 O (Fig. 2-10), 80 °C ™
FWHDT BREm-olzbBEZ oD, Lieho>T, FEAOEMIZT TR, =20y
—itEfd HDT EFCHFE5T 5 LD,

FHRIBFEIT IS T 105 °C I TD Tooo/ o, oa=dsl 6.5 FEEE T d U (Fig. 4-20), 80°C T 7 Ikf
IV TIE I T D Looo/lszo, ta=assl LZALE D /NS LTed > T, FHRIBFEIC T T, LA
T CRERNT D B MIRR A 7 25, 80 °C TOEMLEEFIZBEICAEFI L T\ D LRI D. £
D7=%, Fig.4-4 (TR L=k 512, 80°C T 7 HRMBVLER L 738k i CI1%, FiRBRICBIT 5
B ZINN I NCY ARSI e S (8

Fig. 4-7 \OR L2 K 918, RO O 27 BIZB W TE Ty £ 0 HARVREIZ & 20
boT, B TEHOSFEENAEL, BESEMLIZZ ENG, a7 BBV TIEAEY T
FHOB T A2 MEEINE LT RTINS EEZLND. aT Oy, $HHAK
B7rt 2B T, WRREICB T 2@maF#HO T F L af VORENREICE - T
FOFEFFHFELILIREETHDL EEZOND. LT - T, FUyXhaf DR EE LI,
DFIPCIN2 ZER B HFAE L TV D EHELRE T 5. T ORER, o 1RNICBIT 587 A NEH)
OWHFEMENMET L, Ty L0 HIEWVIEEIR TH D IZH 0 0b 5T, @O o iEsh )34
LBz,
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45 FAEHEE

ARETITET, RN LIETEBVLERE ORI OV T Lz, T, UL FCIEEE)
5 400 um LUED 3 FERA2ME T L, BVLEREEE 2SSV IE RS ET T2 Z LBl 6k
Role. FDO—1T, RIEFEOHGFELANT T, LT TR LN EBH LN E o7z,
Physical aging 7% T, AT CAEUDBIRTHDH Z L %E 2% &, Physical aging TIEEEN D
400 um LR T O FEAFEMNBAETL TWNWD LB X B,

KIGMITIZIHIT D Ty LLF TRER L2 W LA (A & @) D IR A TS R IR FE L2 2
ED, BREBETELTWDEEEZLND. ZO—F5FT, WNERO B RIXBL A D RTE
WK LT 2 & h, RIEBEETAEL TS B2 bND. T, LT TS 28R N
(ZT DS FELAIZ DUV T, FEFNEFROMEETRHIIT 21TV, BERIZ IS D [T &M
LR X —ZHHLIZEZ A, a7 BIZBWTEEHOERE - TR LTS Z L
DR ST, IMBAE D ZRE S, A X UEOESFHITMEL TV D RIS, £
D—HT, ar@oEafHIIMELTELT, GO X Lhaf VORFEIZEID A
FHERETCTNDHIZE EEoTND EHfEEEIND.

SRR 20 FRE OB LA LIz 25, EIRFRFERARY Y Ty LLF O B
(60-70 °C)THEFNIT D Z ENABL N E o oT-. F12, REUFRBRFICBWNT, SR A
LIRS DIRE &, tand 23R LR 2 IREEN[FIRRE Th o 72, BVLELIC L - CTRERFFFEF
R SRR L 73 BR i ClE, £ 0% O FIERFEIZEB T D 60 °C () B OBELEFEFIA L 5
Rhode. LIENR-T, H2 BICTRLHERBR A TOAR LI 60 °C (2225 D tand D
HRIE, o FEAGER R ) ORISR T 20 TEE 2 £ L T\ D L s s, #
RVERERER O, IR REFN RSy A BB F I CRR RN L 72720, T OB OFIERFEICBIT D T,
LLF CORAFEFIR 60 °C (T2 5 O tand DI RKAE U HDT N LR LIZE&E26N5.

e AEERENC X 5 HDT EFICRT 2 BAELIS O ik s LT, &@RNRED EFRNEL)
ThHrZ a2 L. &BEED EFIZHEW, mEl= 2 2 Ve — 22T R o o7
N, AT IR A0 TEAME T2 2 ERHALNERo7. 12120, @RURED EAHT
X, EEFREERIAR D SR E RRL, a7 EIZEIT 5 ¥ — 27 58I Looo/Isa0, a=ase DS [FIEREE D
BVLFEER & bl U CRIRFREIREFIAy DFRBE BN LN 2 E PR I Tz, ZD78, Bl
BB LR L, Looo/l620, amasel K32 HDT OAEMEK N> 7.

T X NVE—REE D b TR O G BT REL, = XL E— R A Ll
Ref A & — VT, B 5 TR 38T 2 SRERREFN Aoy DR A L U CERR LT2 e Le D
5 HDT Z PHITE 2 Z LRI, F£iz, @z 2 e —c28idznl, EEN T
B DA EALD L bz, @RREZ &< LIEGAIZB W T, L Le2>H HDT % Tl
T&7.

FD—J5T, BRI IS T 2 R EREF A DSBS T RN L, £ D% O H- R
FRIZT T, LU T CORLAFEFN AN U722 WEMLEL SR (RF[#]) TIX, HDT (F— > Z L B —f&Ff oD
HEATIRIFT D 2 E PR S LTz,
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In this paper, we investigated the relationship between the amorphous structural change associated
with the enthalpy relaxation and HDT in the polystyrene injection moldings. It was clarified that the
enthalpy relaxation progressed with the increase in the heat treatment time. An extrapolation glass
transition temperature (7ig) increased with the progress of the enthalpy relaxation. Also, the high-
temperature shift of the temperature which the storage modulus (£°) decrease near T occurred due to
the progress of the enthalpy relaxation. Therefore, we considered that the segment motion of polymer
chains near 7y was suppressed as the enthalpy relaxation progressed.

At long-term heat treatment, the enthalpy relaxation and the HDT were correlated. Furthermore,
density increased by the heat treatment, and the increase in the density also correlated with the progress
of the enthalpy relaxation. Therefore, we considered that the polymer chains densely packed along
with the enthalpy relaxation. As the results of polymer chains being densely packed, the segment
motion of polymer chains neat 7, can be suppressed and the HDT increases.

Since the increase in HDT due to the heat treatment was related to both the relaxation of the molecular
orientation and the enthalpy relaxation, we assumed that the time variation of HDT can be described
by an extended exponential relaxation function. And then, we derived a rate equation for the increase
in HDT during the heat treatment. Furthermore, using the polystyrene with different 7, we
investigated the heat treatment temperature dependence of the enthalpy relaxation, and it was
suggested that the optimum heat treatment temperature for the increase in HDT depends on the

temperature difference from 7.

52 &S

¥4 EICT, FIRBRICBT D T, LU F COL R OFEFEENICEZN R S5 2 WiEE,
HDT EFHE= o ZAE—RMOMEITEBRT H 2 ENRB SN, L LR, H2 5
~FAEICBWT, XL E—ERIC LY HDT 28 R 2 BHITH 5272 > T
St X T, ABIZTZ U X )VE—FEMA HDT ERICEELE RITT A B =X LIZONT
A ZIT o7,

FTATHIFE T, U XV E—FEFNCED T, O EFICBE LT, RY A X7 UERAF LD,
FEAMER U I DR Y =T VALK N THRESNTWD., I TRETITET, 2
WPk L OB BME IS R T = X L E— RO EIZOWTIHA L, HDT kA OZR
L7 DI ONW T LT T 5 2 & ARl A T,

Fio, TUANEFREICE T AMEEEILE LT, KU AZ 7 U AERATF AR B—R
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F— F TOEEDHKR 49, RY ZAF L TOERBREM ONNETICRESA TS, £
72, MY AR T YAFEAFLRRY AF LD XL E—ERICBWTIE, AU ~—HD
Ry XU TR LT, BIFERSHEKT S 2 ERAREINTND 789 = ¥ L e —fEf
W29 BHREEOZ(LIZOW Tt SN TEY, KUY W—FRxr— O ¥V E—fFF
IZBWTIT A R ZEROFSGO A AR T2 Z ERWE I Tng 1011 2o &
I, TNV E—FERICBWT, RN ~—#HOMERENZT 52 ERMb TN D.
Z ZCARRETIE, BERNTE L X OB EHREMRERRE 21TV, =2 2L E—FEFIZE D
IAEE OEALZ T L, HDT & BRI 2 I abAi i O i 2 5k 2 7.

5.3 EE&
531 ##

SRR RO Z2LHAAR Y ZF L& LT HF7 [PS Py S (BT % 7 F 7
RYZF L, AN RvwAT7a—L— =75 g 10 min"! (200 °C, 5kgf), My=240,000 g-mol",
My /M=2.531% H 7=

F7o, ZUAVE—FERB L O HDT ESFICI T 5 i 22 BULER E ORR IZH T - C,
SRR OPAAR Y AF LT, HF77 L0 b Ty 2MEW 679 [PS Vv /o ()T % 7
Fov I RYZAF LY, AN RvAT7E—L— F=18g-10min" (200 °C, 5kgf), Mw=237,000 g
mol™!, My/M,=3.49]% H\ /-,

5.3.2 STHpLH

S HH RS TR [ BREAR AR 4 8 () B Si-80TVIIZ L 0, U > & —JRJE 210 °C, &RUEFE 40 °C,
HHIFER] 10s, HHHIER 104 cm3-s!, {RE 30 MPa, {RIERRE] 20s O5M4TC, £ & 80 mm, 1E
10 mm, JEX 4 mm OB ZHHERE L. 728, BRIERNCEVR G2 T e 2
80°C T2 Mzt 7. AR A IZE T, BAREHRMERIE, HDT JlE, % EREICH
Ay

72, WBEFHBEGEmEEREE RIS, S RIERR R ES B )R Si-15VIic kY, v
U X —IREE 210°C, ©HRIREL 40°C, MAIRFHE 10s, HHHE 104 cm’-s!, {RIE 30 MPa, &
JEBRE 20s OFAET, B 50mm, 1R S0 mm, 5 X 2 mm OYEHGERER A 2 5 HIEE L=,

5.3.3 EALIE

B LT3R 12D\, E IR R 2R RV L 2R (PR 8 EYELANDO-450N]% FH
TR AT - 7. SRR B EAL BT O SRIRE S FTE O CRE LT 2 & 2 idtk, &
IR AR IR SN IR 2 A, e ORFffRE % IR B A 20 L, iR THlm L.

5.3.4 BT
KikBa Fr OB & R FEE AR FH(DSC)(NETZSCH H DSC214 polyma) % VT, )
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FUREE 2°C-min'! D&M T, BREWK T TITo7z. oL, @By — b RS
FENZ 40 mm, BEHMIZ Smm OALEIZIBWT, FHIEOKEAWZEROEIIC LY, R A
DOESFANC AR, ESHFMIZ T mm, EHFFIZ2mm 725 X580HL, 10 H LR
R a7 NV =g AXAZED THEICHW 2. V77 L RAE LT, ZEOT VI N &l
ML, REEHRE— R, ZEH 60s, ZFIRIE 0.5°C O TH B2 DSC #I#RO AR w]if
FATIZEBNT, T AEICAECD2WMEE — 7 HEPOHME LI AEZ = 2 L — &
(Enthalpy relaxation (4H) & U7z, F7z, H T AEBIRE (T L ORSNT 7 A BAMGIREE
(Ti)%, DCS ERD ATWRE/ICH T, JIS K721 IZREfHORO FIc L v R L. b,
TR NE R, T, T & HIZ3EHIEICL 2 EHELZET —# & L TRLT.

5.3.5 BIRALGETEAIE

(Bf)=— &' —= 4% Reogel E 4000FZ % F\ N C, BRSSP E it R £, HAHIER E”,
R IERE tand) 2 HIE L7z, WIROKEZRWZEXEENC LY, REBRA 2 E S Hhi s 20
mm, PEFFEICHE 7TmmUID%EE L, £ 40mm, BE3mm , I 4 mm OMNEHRER R
(Fig. 5-D)ZER U7, #hiFE— N, SCRIFEEBE 30 mm D44, 2°C min! OEE THIRL,
BE R E 1 Hz OF — X Z B L7z,

23 mm

4>
40 mm

Fig. 5-1 Specimen for dynamic viscoelasticity measurement.

536 EHAHREHDT)DAIE

(BR)~ A R No.520-PC Z VT, 77 v MU A XETHDT Z2JIE Liz. B
HEIX 1.8 MPa & L, SCRHEEEE 64 mm, FIEHE 2 °C-min'! OFMTITo 7. #BRIL JIS
K71912 ZBE(2 Liz. 7BABE I, 72bA &) 0.33mm ([ZH]EE L7 & & OMEE HDT
L b ARBRTIE, 3EHEIC LD FHfEE HDT 07 —# &L L ORLT.

5.3.7 ZEAIE
(FR)SERYERRL Y 2 By 7 1330 BEFEZMEH L, ~U v A0 2% AnizinHEic
Yo, B OBELIE L. JEREIZ20°C & L. 728, 10 [BEIC X 535
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ZHET—% & L TRLE.

5.3.8 [5E T Him 3 anbrfE(PALS)RIE

FWIROKERWZEEHENCE Y, BEE20mm, 5 20mm, EX 2mm OB 2 /ER L
oo WIZ, BT R T 4V ANTEBASNZ 2NaC(BART A Y N—T7 )&, Toh 7
K7 4 N AOIMAlE & B EFRYIEIIN T ORBR A 2 KCTiAA T, HERAOREE
L7z, SR FTRIEZITY, 2Na BN HEE T & FRFCKH S D 1.28MeV O y #1E %
H U7 R % BB S BHC AST L72REA & L, S11keV O y #RA& FH U 7o R4 %[5 3E 1 03
VIR UT=REZ & U, fast-fast [RIFFEHECIETE CREZZMIE L7, 2 a7 LV ADE ST H#H
L7, i FHam it 21572, 15 b Lo G 1-FF e i, JEME i) — 3 (Ll (PALSTit)
Ik o THIT L, B DFEMD 5 b EFHMQRERL ()3 L OF OFRIRE L)% k7= 1. 7
B, SR TOREL 3 FEHIEIC L 5 FEHE R L.

539 L—H =3I N HEICKARBAETI TV HE
L —H— T < o3 AT B [ (1) i 5 B E T LabRAM HR Evolution] % V72, JEJFIC
X7 ) = L= —GR2 m)EHA L, dL XX 10 5, BRI 1 e L. L—
PRy MRIIX) 10 15 L > X% O THER 10 um F2EICR D IAA THIEZIT> 7.
EAA= 2 VEEICC, B OFE T & L —Y kDR & D73 HEE 0, (Fig. 3-1 &
YA 45°L L7z & X, 1000 em! 38 X TN 620 em! @ B — 7 B8 Lk Looo/Ie20, amase DA T 2 HL
RO TO B % & L.

53.10 HERAMEORALSI T T VELTAIE

5.3.9 I L7 5:EC, & S HFMISEATH M OYIEIH (Fig. 5-2 ORI ONT,
Wt7~r~y ey 78ssiTo72.

T/, R oYY H UL, FIROKERWERAGENICE VITo7. B, v~ v BT
BT D EHTF R ORE S FFRIE 10 um & L7z,

Fig. 5-2 Measurement part of polarized Raman mapping.
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54 FERLEER
541 EBMIBIZEDZIURIE—BHEUH)DEREL

iyaw5~%ﬁ®@/ X 2B~ DORBEHRTHICHTeoT, T TL,UFT
OB T D XN E— R MEUH) DORRE L Z A L., FBUEIREIZBIT S
TUHANE *fi%ﬂg@@ﬁwﬂﬁ% Fig. 5-3 |Z/~" 7.

T U ANV E RN TR OR(S-DIZRT KWW OB Gl 2 fiffr c&x 5 2 &
DESNTHD W, KG-D)IZBWT, 4H T ¢ FERPVLE% O o X Ve —fgfngE, 4H.,
IXPERRRED = > X )V B — RN, o IIEFEEETTH D, £, B IFIEEEEK T A —X
T, TXIERBRINCEANSNTZT 4 v T 4 VI RT A= TH DN, B O35 & BIR
THEEZLNTWS., = XLV E—EMEDOKIEELO ERIEIZOWT, XG-NIZ LD 7
4T AT EAT ST RER % Fig. 5-30)ICAMTrRT. o, B L72%&/37 A —& % Table
5-1 W, AHLE, T AWBEIROBE &R AC, &, T, & BVUENRE T, OIRE (T T)
EDREUAC, (Te-T) | CIHEPNCHEE TE A2 Z EMABLNTWAS W, 2O HETHEM LT 4H,
1, BVLEREEE 70 °C OBA1X 10.61-g1, 80°C DEAIL7.01-g!, 90°C DAL 33T
g TH Y, Table5-1 D & K& BT b DO TIEARD > 72, 7272 L, Table 5-1 127~ L7= 70°C
BELUBCIZHITD t & AHAZFAL T, EROBULHE K2 b NICERTH LN #
N —FRREUH) LD HITDDICKREVETH D Z LD, Fig. 5-3 (b)) H S B (ZEMLERRF
MZIEEL, 74 VT 42 TEROZYL L% TET 2 BEN D D.
ngumi@ WTHILOIREEIZIB W TS, 7 RNV TER(S-1) O IRaEfR B %

BUAHNH ENRYDERETHY, & <IT70°C TOEULE CIX 7 FERLINIZREFIC T %
%)Jﬂ;%)ExIS ECHDLZEBHLMNERoTZ.

7, BULFRBRAYIM OB TIE, 90°C TOREMLIE Tl b = ¥ )L B —FER AT T L C
V72 (Fig. 5-3(a)). PVULBRIFAE <725 &, 80°C D390 °C LV = X L v —fkflE
DRE L, 336 FFfHl#E TlEE DZEIL X 0 B3 THh - 7= (Fig. 5-3(b)).
RIVAFVLURRIAFNAX T Y L— DT L E—FERICB T, FEROYHT
ITARFORE R DS EVUEE FE (2R3 2 2%, FRRIOSHETT 2 CARFIRE RIS & BRI 1) 2 Bl i
T R E—IKFET DI ERRE S TWDS 5, BULEIRER —E DA, B0

iﬁmﬁﬁmxikmkmwbwi,ﬁﬂM>ayk@ﬁ~4ﬁmﬁWMﬂWmﬂ%mﬁélﬁ:z/
ko B — OB BT D SRR OB K E b bt EEX LTS, £, 20D
FEFOIRERE OB &mlmcﬁﬁ B D T DRI — 7 O & — 7 IR (Tinax) 53 e A
W27 T B Y, ek, SOOI, WA — 7 1 HEEANC Y T R A S E RN ST
1/\5 15).

Fig. 5-4 |2, 80°C TEULHEMFA A X 7= & & D DSC BT 22L& BT 5. Bl
PRIRFFAIAY 7 HER]CIER B B — 27 R (Tra) DMRIRANC 7 B L, 72 REEI 28 2 5 & miifilie
DN N
Fig. 5-5 12, FEVLIREEIZIS 1T 5 WAL — 7 B (Tha) DRI L 2 7R 3. WT OB
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HIEEICBWTY, 7R TIEREA Y — 7 1B (Tha) O BRI R S0, 7 REREIZEEF O )3
DEPETH D LHELE S LD, FERI ORI D BB ClIfm FiR ] I X BV BRIR K7 5 7o
BRI R N VEA 1 90 °C IS TR b T XL E—BMEUH) D REN-T2EEZ BN
% (Fig. 5-3 (a)).

90 °C TOELFE CTIIWEA L — 7 JBE (Thax) DEE Y 7 B2 163 BRI TIX A ST,
90 °C |[ZE W TITELELRHAR 163 HEf] T CIZEHRIRBICZE L T\ D &R S5 (Fig. 5-
5). —J5C, 70 °C Tl 336 FFHICBWT Y, WAV — 7 IR DS RALERER i & [FIREE T
B, RO OB TH 5 (Fig. 5-5). FEHRRRED = 0 # L ©—FE S (A H) I X LR
DIEWVFEERZNEB X HNDH, BMLBIE 2 @ IE EPHRRREICE T DRI < 72
% (Fig. 5-5). L7=->C, 336 B OBULELIZ BV TIE, FEAHE &S E#nRRElIc BT 5 =
BV —FEFIRUH)D/NT o A G, 80°C I Ty )V —fEMEUH) ) R KE R LT &
Ezbhb.

(a) 0-7h (b) 0-336h
~ 6 . 6
Ly ®70°C =
=5 =5 _.—A
) 480°C ) -
x ~
E 4 | o9ec T 4 s
& = ————
g 3 g 3 g
= A =
=51 £, ®70°C
O 0 N
E A Z T E A80°C
21 Ao ° 21 090 °C
0 . 0 —_—
0 1 2 3 4 5 6 7 0 30 60 90 120150180210 240270300330360
Heat treatment time /h Heat treatment time /h

Fig. 5-3 Enthalpy relaxation as a function of the heat treatment temperature and time. (a): 0-7h, (b):
0-336h.

AH, = AH,, {1 — exp [—(t/f)ﬁ]}

(5-1)
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Table 5-1 KWW Parameters at each heat treatment temperature.

Heat treatme nt te mpe rature /°C 70 80 90
7 /h 7804 1406 13
p 0.29 0.23 0.59
AH 1) = g 1037  9.76  4.04

R
E —Untreated
—t —7h
|
3| Siem
=
=
I 0.01 mW-mg!

L i L

60 70 80 90 100 110
Temperature /K

Fig. 5-4 The time variation of non-reversing heat flow of DSC curves during heat treatment at 80 °C.
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95 I+ ° ®70°C
A80°C

® 090 °C

0 30 60 90 120150180210240270300330360
Heat treatment time /h

Fig. 5-5. Tmax as a function of the heat treatment temperature and time.
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HE TR L9, U AE—ERICBWTIE, RY v—#HOMBIRENELT 5 2

EMIRL BN TWD., REFFEOR Y ZAF L R MICBIT S, = 2L

O IEEEZLZ A SN T 5720, BUWBEIC XD BEDOZ (b TE LT,

—FRFN

% Fig. 5-6 (O~ T. WTFNOREIZBWNTY, BUWLPLC I W EEN K L. £77,
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7 B AN OBGLEE CIIIRE N EWIE EEENE <, ERFMOBULELIZIHB W TIE 80°C D FF
2R90°C LV HEENEL R, = UV E—EME L EHEICH 722 LD, BEOH
RKE LI U XV —FRPEIT L EHEEINS.

(a) 0-7h (b) 0-336h
0 1.0430
o425 | o= 70°C rod2s |

- —a -80°C —~

o 1.0420 O 90°C E 1.0420 | d—— __Fé

I Lo = 1w | A~ ?’ ‘
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g Loaoo | K - S Lm0 o 70°C
1.0395 = é -4 = 10395 F —a -80°C
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Fig. 5-6 Changes in the dencity following the heat treatment. (a):0-7h, (b):0-336h.

T, R THMEHC I D B HZERR(E ST SHIEI BRSO B AR OfFATIC, BRI IR
MOPENHANLND 19, BEIC AR SNEZBEFIEBEREA TR0, 44U bK
FENLTL, WHETOZERICHE STV, @B & OMegikdh TIx, BB
BrERY br=U LAEBALIE, ZREBEEROE T L ERT 5. AY hr =0 AOHEIK
DIL, GEFLEEBTFOAEDAEWVICATRA /N FARY b r =17 Ah(o-Ps)2, JEAFHDET
RGFICHE SN TV DAL DEFEHBT D22y 7 A T7HREMES. By
F7WHBIZEY, @ TR D 0-Ps OFFfniT i ns £ T 725 19, 0-Ps D) F A
ITZEBR O R E SIS U TEIET 5720, o-Ps DY HEMENET D Z LT, &oFHEoA
HATE A fRHT CX 5. 0-Ps O L {HBIRE 1L, 5.3.8 H TR~/ RHEMIERH(n)FB LW
Z O BELNC LV RNTT 5. 7038, oldHBEEZEROKRE ST, LIiTEBHEEZERO
BEICEEL TS EEZLNLTND 19,

S THLRRZL IS, RYI—RR—MIBWT, = XL E—EMOEITICE->TH
HEEZEROEIGO A AN T 5 2 LRt shTng 101L1D, 22C, =2y
— RN B HELT L 72 80 °C TOEMLER . OB T IC D\ T, B5E T-THEE MR ORI E %
1Tolz. RIS OREGARR R & i L7/ R % Fig5-7 1077 . B XL &bz, B
BIZL DA RE BT A OGN -T2, F, WIEREAZEZ CHE L E Z A, BULEA
HIZRED LT o TR ERENFEWIEERLS RAMHMICH -7 (Fig. 5-8). FHRIZMES BHAE
HOWRKAABPE CHRTETNDHOD, BBEEHETRE RETR LN o7, 0-Ps
WZEVBRHT 22T A X132 0.02~02 nm* FRE L EBEX 5N TEY 1, oBLOLHEETO
FRHHEFH &3V A XA — VR B B 78R3, BVLEECAL L TW D ATREMER B 2 B b.
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Fig. 5-7 0-Ps lifetime, 73, and inenstity, /3 as a function of the heat treatment time.

® Untreated
22 | 080 °C X 336h oﬂ
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Fig. 5-8 The measurement temperature dependence of o-Ps lifetime, 73,

54.3 EALIEIZ L HEMIEDEREL

DBNT, T B IO T, OFBRERIR E TORIFZ L % Fig. 5-9 33 X O Fig. 5-10 (27”7,
BLBEHEE DA & & HIT Ty 23 L F-3 22 & Y (Fig. 5-9(b)), & < (2 EVLBLIEEIAS 72 i
LA Bz T, SEVLILREICINT, 72 FFRHIRIGIC IR T Ty M@Eh o7z, TBL
T, Fig. 5-10(b) TIZBVLEEFH] 2 K < 2 D12 » TEATDMHmA R Sz b DD, Fig.
5-10(2) & Fig. 5-1000) DB T, T o K& 78 EFIZR B, Ty 12 RIETHULEL O 248
DFHIN Ty ~DEBEL Y b RENWEEZBND.

F7-, 336 BEEIBVLERL D T ld, =2 Z/LE—FBM & RERIC, BVLELEEAS 80 °C D &
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Xk b@ENoT. LEN- T, BVLHIZ LD Ty O ERITT U Z L E—EFOHETT & BAfR
THEBEZOND., TUXNE—REMOEITE L HIZ, T AEBIZBITARY AF L&
o7 Ay NEEDECICSSRY, T B ER L EHEIND., = XL E—FERIZ
o TEDTFHENDBIC Ry X 7 T52 LT, 7 AV MEBIAMHISNZEEZLND.

a) 0-7h b) 0-336h
102 ( ) 102 ( )
®70°C
100 | 48§0°C 100 |
090 °C &) A
O 98 S 98 i & 2
\at = [ }
=96 =~ 9% g U +
94 EP 'wl:' 94 ™ e70°C
m} A i ¥ [E. 480°C
92 | é ® ° 92 f 090 °C
90 920 . . .
0 1 2 3 4 5 6 7 0 30 60 90 120150180210240270300330360
Heat treatment time /h Heat treatment time /h

Fig. 5-9. Tig as a function of the heat treatment temperature and time. (a):0-7h, (b):0-336h.

a) 0-7h b) 0-336h
2 ( ) 102 ( )
100 100
@) n o Q [; é
o 98 | = s R g 98 L g + P
st ®
&~ 96 l N 96 [E °
9 |} ®70°C 94 } ®70°C
A80°C A80°C
92 090 °C 2 I 0190 °C
90 1 I L L i 1 90 I L L L I 5 L 1 I " I
0 1 2 3 4 5 6 7 0 30 60 90 120150180210240270300330360
Heat treatment time /h Heat treatment time /h

Fig. 5-10. T, as a function of the heat treatment temperature and time. (a):0-7h, (b):0-336h.

5.4.4 EAMIRIC K DENRIREEEDRRREIL

B2 EIZBWTC, BVLELIZ X% 60 °C~90 °C |[ZF81T 5 tand DK F723 HDT L5 L BfR 5
ZERHBLMNETR ST, 70 °C T 7 REREILINOEVLEETIX, 60 °C~90 °C |ZF51F 5 tand IZ
AN AL 5 U(Fig.2-18), HDT 23 E5H-L7= 6 DD (Fig. 2-17), =2 X /L E—FEFEIZHB W T
FEAEBER R N0 > 7=(Fig. 5-3). FH 4TIV, 70 °C T 7 R LINOBVILEE 255 1)
% tand 3 L OYHDT OZALIX 5 FBLmfEF OHEST & IR T 5 Z & 23 RIE S 4172 (Fig. 4-6).
Fig. 5-3 OfENT LV, BULELREEAS 70 °CI2B1T 25 7 KEERILINIE, = Z e —fEficis
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T CH L Z ENR DN E ol £ 2 T544HTIE, BROREHIMEICLKITT =
VA VE—BERDO L LN T B2, T A NV E—REEUH) D ERENR ST T
LA EIC 3BT 2 BAREHIE D Z I OWTIE L, = X LB —MmE 0L b(AH) & g
L.

Fig. 5-11(a)lZ~ 9 & 912, 70°C TOEVLEETIE, 24 FELL OBV Z W T, T, fHiT
T EMET LiG® DIREE R FIRE) S EIRMNC S 7 MEIRY 7 M THZ ERBH LN E A
oz, L <IT, 168 KffElt4 & 336 REMZICIBWT, ROHRERF & OENBEE ThH o7z,

70 °C TOEMLIRIZIBWNT, = F IV E—fFFIE 7 REIDNTIRIZ E A LT L T LT,
7 R ARV I RE ] A% & & HITKEFI S HEST L 7= (Fig. 5-3 (b)). — 77, o FERIM OFEFIE, 7
BRI AN T HAEMAHEST L, 72 BERILAMIRIE & A ERERMHEST L7220 » 7= (Fig. 4-7). L7=
NoT, EMRNMEEOEIRS 7 ME, 24 FEUBERIZIHBW TR O, 72 K] DIRRIZ 3BV Tl
ETholeZ &inhb, = ZNLE—RMOEATERRT LB bND. MR TIRED SR
ST IBMELEEEE LT, T, O LR LS, RYZF LU E#oE 7 A NEBR
il Sz lz L HER IS,

F72, T AHET E’RERT DIREEEKIBE)IZOW TS, BULERIZ XA EEY 7 A
572 (Fig. 5-11(b)). EHERKIBEDOEIRY 7 MIT o L E—EMNIEE A T LT
72N T RN TOBMLE T H AT, ®iRMICRKE <7 95 (Fig.2-18(a)). 4 FETD
Btk v, ZOmEY 7 MAIEE S FRIAOEFIC L2 EENRENEEZLND. TD
—J5C, HTELROFERIE, 70 °C Tix 72 RELIEIZEB W TE & A CEMOEITA AL
72735 7= DA (Fig. 4-7), 72 BeRALIME & EVHI IR O SR S 7 A3VE U 7= (Fig. 5-11(b)). L7=M
ST, TUANVE—EMBELTZGES, EPHRKREOREIRY 7 RAELLEEZHND.

L, @E o DE
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7h
24h

—0—72h

—+—168h

| [——336h
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log (E'/Pa)
=]

log (E' /Pa)
(=]

‘‘‘‘‘‘‘‘‘
............

L

Il L 7 L
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Temperature /°C Temperature /°C

Fig. 5-11 Changes in dynamic viscoelasticity parameters following the heat treatment at 70 °C.
(a):E’(b):E".

FREE & L C, FHRRFRIZ T T LA R C o4 T-EL AR FNAS HL & 4172 7> - 72 OPS(Biaxial Oriented
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Polystyrene, _#3E{HA U AF L2 — k) ZHWT, 80 °C T 24 RHELERE DT > X )L
v kRN, BECR P (Looo/Is2o, pamase) S L N E”D 2L ZFHAE L7=. Fig.5-12 12 (1) # I v#ld
OPS[iZEH 77 /N (ﬂilﬁ 0.4 mm)], FIEBFEZEBIT D E”E L O Looo/lsw, pa-ase D EEAY % 7%
J. Fig. 5-12 TiX, OPS 1T DAL S5 1A & L—F —DfF i & D73 % 45°L L, Fig.
4-4 TOFEEREFFRIZ, 2 °Comin! THIEL2N D insitu 7~ BILEEITH 2 LT, FiRiE
FRIZHUT D Looo/Iszo, pamase DEALEIENT LT, 7235, T— RRMEITISUNT Looo/le2o, pa-aselF—F
Tholelew, v— FREDEEDFIZIT D Looo/low, oaase D ZAZfFENT L7, Fig. 5-12 12
AP L OIZ, OPS Tix Tgu?f“@ﬁﬂﬁ/‘fvﬁ%ﬂiﬂﬁi U4, T, LA ETRIMAFEM Lz, FiEimf
IZRWTRE IUFET 2RFBSHERE SN2 2 &2, OPS IZRBWTiIEm s F#HAME L T
BY, BERICRKE BT R VX — BB 72, T, LT CTIIELRSERA A Ul o Tz &5 %
bibd.

9.0 30

85 . '. 1 25
o..

8.0 E o° * 20

M
75 Tﬁﬂmﬂff‘fqﬁ‘ @5‘?@3 .jD

log (E''/Pa)

-
4.}
I]UUU/IGZIJ, #a=45°

T/ I [ 0
1000° £620, Ba= 45° o |:. ]i“j
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Fig. 5-12 Changes in both the molecular orientation and £ during heating process.

T AV E— SRR R(AH) & Looo/I620, 0a-45° D Z5{b. % Table 5-2 33 X U8 Table 5-3 127”9, £ 7z,
ESLERRTOFRER 7 12DV C, FHRIEFRICIS T 5 E7 D28 % B Ak & bRk U 7255 B % Fig.
5-13 12, OPS (2351 2 BMLERR[# T D E"DZEAb% Fig. 5-14 |27, 7238, ik L7= K 9 (2,
OPS D — FREIZIBNT Looo/leo, ta=as-l L —ER TIH o 72728, ¥ — MRIEOILE O HIZEBIT
% Tooo/Is20, 0a=45°0)?}1‘m£$ D A fENT L 72 (Table 5-3).

HRABRDIE, HHHRIERICIIT D E"OE— 27 RFEMN 100 °C Tho7-DITkt L, OPS T
1£105°C &, 5°C FBREDF*ETH - 7= (Fig. 5-13). — T, FHELOEA X 50°C FiTh
B E”DER LER® 7273, OPS Tid 80 °C f(E2 B K LAAH TR Y, EVKIREIZITR X
7RFEM R B VT (Fig. 5-13). 2L, OPS Tl T, LA FCRERMT 20 TELAAEE L TR LT
(Fig. 5-12), OPSIZBIT D E"E— 0 BH 7 AEBOHIIHKT I EEZEXND.

BVLELTZ TIX, OPSIZBWTH EVKIEEOERY 7 v A bz (Fig. 5-14). £z,
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Table 5-3 (29K 912, OPS Tl FEEMDOFEMIFAE LT, = XN —EMOANEL
7-(Table 5-2). L7223-> 7T, Fig. 5-11 ICCi&mm L2 L D12, = 2N E—EMOARELT-
BAEY, EKEBEOREY 7 FBELLEEZLND.

PR 3 FREANZ 38 1) 2 BN REIREFN AR 23 OFRFN T AR AR T 60 °C 17 1T 5 (Fig.
4-4). L7=23- T, Fig. 5-11(b) CARUHRER 12\ T, 70°C L TD E"D Y 3 /L E—),
BCIERERICAE D 2y S 2R LT D EE X DD, Fig 5-11(b) D RALERRER i & 7 BEREEL
JLERES % LRl 32 &, To /3D Te-50 °C L E OIREFPHIC BT 2 EVIC R E 2B W L ST,
L7283 o C, FRE 0 FRLANC 31T 2 RN R F Ak oy 23 BV B CTRERN L 72358, Ty £V 22720
TRV DEIAR ML IC LN E LD LB DD, — 5T, RS FREISEN
FRONT =NV E—EMEUH)DHENB BN, 72 FEEH% & 168 REEH % bk
TDHE, TehD T-10°C FLEORJEGHHICH T 2 EVSEWA R S N7 (Fig. 5-11(b)). L7z
ST, TUHNVE—SEMPHELT LT2GEE, T (VR R T 2 BRI 2B b3
UbLEEZBND. Fig. 59 O Ty DEALSC Fig. 5-11(a)D EMK FIEEOZE L HHER Sz
K20, =NV E—EIMOETIC > TES BBy F o 7T 52 8T, T RR
BIZBT 587 A MEIBIDIIH S 4, T \ZTWIREEIZ I 1T 2 BRI 2 b3 4 T
HEEBEZOBND.

Table 5-2 Changes in the enthalpy relaxation (4H) following the heat treatment.

Injection moldings OPS

Untreated 0.90 0.74
80 °Cx24h 3.1 3.1

Enthalpy relaxation (AH) / (J- g“l)

Table 5-3 Changes in the peak intensity ratio of OPS following the heat treatment.

Untreated 80 °Cx24h

11000/1620, fa=45° 16.0 16-3
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Fig. 5-13 Comparison of £ between the injection moldings and OPS.
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Fig. 5-14 Change in £ following the heat treatment.

WIZ, F2FEIZBWTHDT LR THZ ERHLNERoT, FIRBRICEIT S tans O
FENI KT T = H IV E—FEFIOEBIZ OV CHlRA L7z, 70°C TOEVLELIZEIT 5 tand D
PRI % Fig. 5-15 1273, Fig. 5-15 TlE, 0 FELAFEFI O Z A3 U 2 Wi LA O 2L
HIZBITDORERE, = 2V E—RMEUH) DR O34 Uz 72 REH UL EOBULEEIZ 35
FORERAE TR L.

2 W AN TOBVLEE TIX, Tp-50 °C~T,-10 °C (FITIZIIT 5 tand [CZE{L N RO NT-. &
4 BEIZTEBRELIEL DL, B TERPOEFII > TEORERKIZH T 5 E"R (kLT
FER, tand WAL LIZEBZOND. ZTDO—JT, 72 LI EOBULELTIE Te-20 °C~T,-
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10 °C (281 5 tand (2L R S/, Fig. 5-11 ([ZR Lz B FIRER X OV EVHEKIRE O
RS 7 EBBRL TS EEX LS. Thbb, = XV E—EMICEN, T AR
2B BT A MEENIIH SRR, T Uiz 5 tand ICEENECZEE XD
nb.

1
—e—Untreated
1h -

< o | 2h
g ~~72h
-
20 ——168h
= ——336h | /

o ,,a/’q

-2 1 1 1 | | 1 1

40 50 60 70 80 90 100 110 120
Temperature /°C

Fig. 5-15 Changes in tand following the heat treatment at 70 °C.

545 EAMMIRIZ LD HDT OEILETUZIILE—RFDER

WIZ, FESIRREEICIIT 5 HDT OfRRE(b &2 L7z, #R% Fig. 5-16 IZ~7. Wi
NOBMEREIZHBWNTS HDT IR EL B L7z, F2 BB IOHE4BEICTER LI LD
W2, 7 FERILIN TOEMLERZ 31T 5 HDT ORREEZE LI, 7B TELIRIC IS 2 R pk oy
DOFEFI EBIRT B 72, = XV —fEFIE ORI & 1T 57 5 28 % 7~ 5 (Fig. 5-3(a),
Fig. 5-16(a)). =D — T, EHZELLEE% O HDT 1% 80 °C 23 b <, BLHERIRFERAFMED
T AN —FRR E T I H o To. LTed - T, FHA4ETHEm LT L DI, BUneiz
L2 HDT BRI 2V E— AR L TVWD EEZXLND.
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(2) 0-7h (b) 0-336h
95 100
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Fig. 5-16 Changes in HDT following the heat treatment. (a):0-7h, (b):0-336h.

Z Z°C, Physical aging (23T D BIER GO MEORHZEZ FHT 2I2HT->TIX, ¥
'KM®m§-ﬁ%Wﬁ$%%6#LL,%é@ﬁﬁ%ﬁ%ﬁmﬁé@&ﬁ%%ié%%ﬁ
b 5. HFEROFEF R L Oz 2 v e —EfiE, XE-DBLOXG-DITR L & 9 7 ik
%ﬁﬂ@%ﬁ%ﬁf%%{%ﬁﬁ?%émg¢7ﬁg&$ F7m, KB irsZhET
DOEBFEFIZ LV, B2ULERIZI1F % HDT _E5-13 Physical aging TH Y, 47 FELIA OFEFIC—
V&w€~ﬁﬁﬂ%%¢é EDRIBE N, £ ITC, BVAELICAE S HDT ORRFE L bk
IRFEEI OB CRiR TE D REL, TrlG-2)ImnT#ERIZ LD Fig. 5-16 D3
T D Bl 2 B A 7

AG-2UZFWT, HDT, & ¢ R BV 123 1F % HDT, 4 13 aging (Z381F % T D
MrRRE & BEMR T D E 8K, © 1T FEBR T OBLERRERH] I Téﬁﬂf®ﬁﬁﬁ%,ﬂi%%ﬁﬁ
RT A—4, CIZHDT OB TH 5.

Fig. 5-16 IZ81F 5 FMT, KEDIZLDT7 4T 4 7 TH L. (S22 kv, FEH
EA BIFICFER TE D5 2 LR BN E o7, L7223 > T, Physical aging (23517 % HDT @
R L2, KWW OB EZAWTERILTE LB 65, 7255, Table54127 1 >
TAYTICEVREHENTZENRT A—=FDEERT.

HDT, = A{1 - exp|~(t/2) [} + ¢
(5-2)
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Table 5-4 Parameters of equation (5-2) obtained by fitting with the results in Fig. 5-16.

Heat treatment temperature /°C 70 80 90
A 11.0 14.3 12.2

0-7h 7/h 1.6 0.94 0.31
(Fig. 5-16(a)) B 0.81 081 096

C 78 78 78

A 19.4 19.7 18.3

0-336h 7 /h 8.0 3.6 1.6

(Fig. 5-16(b)) p 0.28 0.34 0.31

C 78 78 78

54.6 EAMIBIZ KD HDT LR EHILIEBELDBEZR

Fig. 5-16 \IZ/R L2 X 912, B L5 HDT EFICBWT, BULPREEE A EWIZ E HDT
DEWDIT TrE7e <, 336 IEE]OEVLERT CTlX 80 °C TOEMLELIZI\W\ T HDT 23 & >
oz, o, TUHNVE—FRIZBWTHEERIZ, 80°C TOEMLIIZIB T Z /L E—
TEFNE (4H) 3icb RE D)o 72 (Fig. 5-3(b)).

ZFIT, TUANE—RBEMEFHLEZRY ZF LR IS O HDT EFICR1T % B
HEMEOR 2SO, T,ORLDZRI AF L2 HANT, = Z L E—Ef<° HDT L
F-OBGER FE KA 2 BGE L7z, 5.3.1 THIZR L7z HF77(LA%, PS-H & #5) & 679(LAf%,
PS-L & FFE)D 2 MEHZ DWW T, FHRBRR 1 2 BhRREME(E, E )DL % Fig. 5-17 12,
IREZTT— R COREIZIS T S DSC #h#ro r[#Hipk 5y % Fig. 5-18 127”9, F 7=, Fig. 5-17
A EHZ BT D E”DO B — 7 iR E %, Fig. 5-18 F1Z 5.3.4 THICREH O TE TR L84
o T, 277 L7z, Fig. 5-17 8 X O Fig. 5-18 (/R L7k 912, PS-LIZPS-H LY T, 288 °C
BRERWZ ERH LN E R ST,
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Fig. 5-17 Dynamic viscoelasticity parameters during the heating process.
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Fig. 5-18 The reversing heat flow of DSC curves obtained from each specimen.

WIZ, PS-L 122\ T, BULBHEE 2K 2 7= & & D= X)L E—FEREUH)DRRE L %
A L7 (Fig. 5-19). PS-HIZ T Z LV E—fEMOEITH L b7 7 e ~336 FEfE T D EL
RIS D, = X e — B EUH) & HE LTz,

F72, Fig. 5-3 128\ T, PS-H TIFEVLIREE T 70 °C, 80 °C, 90 °C TIfT>Tkbh,
NHIEZENENPS-HD T, LV 32°C, 22°C, 12°CIEWRETHD. £ T, PS-LIZoW
T 62°C (Te-32 °C), 72°C (Tg-22 °C), 82 °C (Ty-12 °C) TEVLEE % 1T - 7= (Fig. 5-19). 723,
DCSHETHHIND T, L0 &, E”"O— 27 REDHFBREIZL DT DEZ R0z,
BULVEOIAEL T5 T X E"DOE— 7 BE % iz,
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Fig. 5-19 BT 2% 7 vy MRERETH Y, KGE-DIZLD 7 4 v T 1 > ZHERD Fig. 5-
19 (ZBITFDEMTH D, £z, Table 5-5 IZRG-DITHIT DK /T A —H &7~ Fig.5-19 12
RLTZE DT, PS-LIZEWTH PS-H ERERIS, IBEREWIEERG-DICBIT 53 H ERDY
TR, 7 KD 336 B OV OBBLERREE 2B\ T h = o ¥ L R & (4 H) X
Te22°C ChebminoTe.

Fig. 5-19 XV, 82 °C Ti% 72 R LRI IAEFN OMEAT AN R S 4178 0o 72, Fig. 5-3 12 T
L7z & 512, 82°C TiE 72 Rl CHHRIRAEICE L TV 2 EHEZR SN S, BT, %
T B L XAV ERIR B (TR L, IBEDS BT SN2, 7 BB OB S Tl 82°C @
FH 62 °C L0 b= XL E—REREUH)NPKE o7& 2 bvs(Fig 5-19). =D —F
T, PHERREED = XL B ERN B UH)XEVLERE N m VI E/NSWEB 2 b T,
24 BEEILAFE T 82 °C & 62 °C D2 & )L —fE B (H) A ¥ilis LT & & 2 b 5 (Fig. 5-
19). 336 IRFH DBVLEZ I\ T, FEFIEHE & EHRRRBIZ 1T 2 = 0 Z L B —FR (4 H) D
INT VARG, T72°C T U X VE—FEEUH)D KK EZ 7R LT &5 2 5 b (Fig. 5-19).

728, PS-L O FELAPRIEIZ MIE T BVLEIEE OB A2 A L= & 25, PS-H TOHA
ERIERIT, BRSNS @V T RS oy R AIIARE RN L 7= (Fig. 5-20). $ 720 b, 4Rl
DORBEFNIBGLHIRFENE VT T L, = Z L E—EI B T BB IS B0
THROEZRBVLERRE RN FET H &N, MEIO 7 L — RBRRLR IG5 IZBVTHIERS
7o. F7z, PS-H & PS-L DD, =2 X)L E—(EFNC BT D il 2 BV IR FE 1 T, 2
O OIEFEMATT D Z &R S, Wik k& $12 336 R OBV BT, T22°C
Theb T XV E—RRIEUH) P K E oz
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)
=
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Fig. 5-19 Enthalpy relaxation as a function of the heat treatment temperature and time.
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Table 5-5 KWW Parameters at each heat treatment temperature

Heat tre atment temperature /°C 62 72 82
7 /h 2028 603 5
B 0.27 0.27 0.47
AH =1+ g’ 7.67  6.63  1.48
18
o Untreated
. 16 f e62°C
THT & 72°C
12 |
§ 10
§ 8
~ 6
4 -
2 -
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance from the surface /pm

Fig. 5-20 Molecular orientation inside an untreated moldings and those heated at 62 °C -82 °C. Heat

treatment time was 7h.

VT, PS-L 231 5 HDT OFEMLBLIRFEIC 31T M8 MA L& Ji4 L 7= (Fig. 5-21). %
OFER, PS-L b PS-H L [AIFIC Te-22 °C Thch, HDT A FE- 7.

90
....... R
P
85 i
. i
< . e
2 80 [
= ': ©62°C
75 . AT72°C
‘ 0 82°C
70 T

0 30 60 90 120150180210 240 270 300 330 360
Heat treatment time /h

Fig. 5-21 Heat distortion temperature as a function of the heat treatment temperature and time.
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T HNVE—ERZTEH L7z HDT LRSI 2 BVLBR Lo EIC BT 2 st 215572
W, PS-HEB L PS-LICHOWWT, =¥/ E—fEMEUH)¥ L O HDT b5 0 EBVILEE K
% S BIZEHMICHHA L 72(Fig. 5-22). Al 5 2 E TOFERE RS, HDT I
FAZ I Tt 70 BVILERIR B (X BRI R IC L > TR D B2 6N DM, 2 2 Tk 336 I
M OB BT 5 = H )L E—FEE(AH)F L O HDT OBLER RN 2 A L=,
70k, Fig.5-22 TlE, = X IVE—EMEUH)E L O HDT 22\, T, & BGLELE (T, D
REA(TeT) TEH L. Fig. 5-22 17T X918, WTFhoORY 2F LBV Th, HDT
DK ERD EEOBUFIREIL, = XV —EMBUH)DOSLAE LREE TH-7-. LT
No T, BFFMOBULEC X5 HDT EH &= Z )V E— B BUH)IEHECERT 5 & &
ZHb.

Fo, MBI O 7 L—RIZELT, RRED TeT 2T 2 E—fEfEds L O HDT 23
WKLo, LIzdioT, = ZVE—fEMAFH L7z HDT BRIV Tl 722 2Lt
BEIX T, b OREZEIKGFT L EBEZOND.

Ref] A 7 — W Ko T HDT A i 70 BVUENR 135 70 2 L HESR S 503, BMLLERIRE
28 336 K DA, B Y AF L2 T Te20~25°C (N IEIRE TH D L EZ 6N 5.

a) Enthalpy relaxation(4 b) HDT

- 60 (a) py (4H) (00 (b)
= epPsH . o ©

5.0 ® °
) OPSL | M o o5 | ®
=
= 4.0 ] $ °
-E O O ; ® PS-H
[}
= 3.0 a 207 0O OPSL
= ® m] o
2 O =
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& 85 | O O
1
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Fig. 5-22 The enthalpy relaxation (a) and heat distortion temperature (b) as a function of the heat

treatment temperature.
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55 5 EfEE

AETIE, NI AFVUHHBRELOT XL E—fEf & HDT OBFRIZOWTH LT
THIZHT-T, BWHECEIRRENE, A IRRE, HDT OBVLEIC X 2R L2 A L
7.

£, IREZHH DSC MIEIC LY, BUHEOBRNE L R 51F &m0 Z L B — M T
L, WighH 7 AR N EF325 Z LR BN o7z, AT, BIRREEMERE D
5, REREOBMLIIZ XY T,bB B2 B FIREOERY 7 RRAET D Z ERNHL N
Llpolz. WK T AGBBIGREE O ERB IO B TIREORIRE Y 7 MIBWWT, Bl
B ECRFENC R DR N = o Z LV BB E FIRR ORI H -T2 2 LG, W
X U VB —RRROMET L BT T D LS SN D, AT, BVURIZ KD T, 6565
IZBIT5 tand N EF LIBD HEEOEREY 7 b & A E—BMOEITAR TS Z &
DR ENnTc. LEDORERLY, = 2V E—EMOETIC - T, TfFick i 2ma+
FHoOv 7 A MNEEBINIHI SN LB 6N,

F 77, BULFIC X0 B OB RV U, BVLEEE B X ORI R ErE s = v Z L
E—f & RO 572 Z &0, BEA(LIET o X NV E—EMOMET LR T 5
EEZOND. LIRS T, ZUZNVE—EMOETE & HICED FHO Ry 0 7T
L7 R, ToliB o8BI 5@ F8H 01 7 A v MEENNE] S 4, ik T 7 At BRAGIR
O EFRSC B TIREOERY 7 K, mﬁﬁiﬁb%béﬁﬁ@%ﬁy7%ﬁétt&%ﬁ
END. BIRICEBITS tand DK FIL HDT @ EH ERRT 5728, = Z L —fEmoiE
ﬁmeL%k%%Lt&%zgné

— 5T, BETHEEEFMRRIEICBO X, BWIIc L s REREBMIAONT, BE
FIHIEFF ﬁﬁﬂmf®@mﬁlkii@é%%zx&~w®£ﬁﬁﬁkﬁfﬁMLfm
5&%ﬂéﬂ%

F 7z, BVLELZ 31T D HDT 513 Physical aging TH ¥, 73 FELRIOEFILC= > # )L B —
ﬁﬁ#%%#é LD, HDT ORRRFEAITIRFE R OfEFBI Ciiik Cx 5 L {E L,
BULFLC X5 HDT L5 o A E -,

I, T,ORBRDR)AF L EZHNT, =X E—E<° HDT LA O BULEE
KEWERGE LT & 2 A, =XV E—FEMZTEA L7z HDT EFICEW Clil 72 2V iR
FEIX, Te D OREAEIEFTT D LRI T,

107



56 ZEXM

1. K. Takahara, H. Saito and T. Inoue, ‘“Physical aging in poly(methyl methacrylate) glass:
densification via density fluctuation”, Polymer, 40, 13, p.3729-3722 (1999)

DOI: 10.1016/S0032-3861(98)00580-1

2. A. Celli and M. Scandola, “Thermal properties and physical aging of poly(L-lactic acid)”, Polymer,
33, 13, p. 2699-2703 (1992)

DOI: 10.1016/0032-3861(92)90440-8

3. A. A. Mehmet-Alkan, F. Biddlestone and J. N. Hay, “The thermal properties of polyether sulphone”,
Thermochimica Acta, 256, 1, p.123-135 (1995)

DOI: 10.1016/0040-6031(94)02168-N

4, BN, GRAH, R Y B—RRx— NDOH T RRRE L A, 27, 306, p.713-717 (1970)
5. N. Tanio, H. Kato, Y. Koike, H. E. Bair, S. Matsuoka and L. L. Blyer Jr., “Physical Aging and Light
Scattering of Low-Loss Poly(methyl methacrylate) Glass”, Polymer Journal, 30, 1, p.56-59 (1998)
6. K. Adachi and T. Kotaka, “Volume and Enthalpy Relaxation in Polystyrene”, Polymer Journal, 14,
12, p. 959-970 (1982)

7. N. Tanio, “Structural Relaxation and Refractive Index of Low-Loss Poly(methyl methacrylate
Glass)”, Polymer Journal, 34, 6, p.466-470 (2002)

8. N. Tanio, T. Nakanishi, “Physical Aging and Refractive Index of Poly(methyl methacrylate) Glass”,
Polymer Journal, 38, 8 p.814-818 (2006)

9. RREN, BIREM, “HFR) ~—DxA U 72X DIEIrTRE”, @0 1islHE, 66,
1, p.31-35 (2009)

DOI: 10.1295/koron.66.31

10. D. Cangialosi, H. Schut, A. van Veen and S. J. Picken, “Positron Annihilation Lifetime
Spectroscopy for Measuring Free Volume during Physical Aging of Polycarbonate”, Macromolecules,
36,1, p.142-147 (2003)

DOI: 10.1021/ma021214z

11. T. C. Sandreczki, X. Hong and Y. C. Jean, “Sub-Glass-Transition-Temperature Annealing of
Polycarbonate Studied by Positron Annihilation Spectroscopy”, Macromolecules, 29, 11, p.4015-4018
(1996)

DOI: 10.1021/ma951505q

12. L. B. Liu, D. Gidley and A. F. Yee, “Effect of Cyclic Stress on Structural Changes in Polycarbonate
as Probed by Positron Annihilation Lifetime Spectroscopy”, Journal of Polymer Science: Part B:
Polymer Physics, 30, 3, p.231-238 (1992)

DOI: 10.1002/polb.1992.090300301

13, WEARER, TS, VT T2, (RS, TR, BREUAIE, IS 1,2 A — ke &
ATo2xFLore=AT7a— LB ERE S A nr 666 7 L RO ELEAKFEMMELE 5>

108



BOIRREDEAGR”, #EL, 68, 1, p. 34-41 (2019)

DOI: 10.2472/jsms.68.34

14. J. M. G. Cowie, S. Harris and 1. J. McEwen, “Physical Aging in Poly(vinyl acetate). 2. Relative
Rates of Volume and Enthalpy Relaxation”, Macromolecules, 31, 8, p.2611-2615 (1998)
DOI:10.1021/ma970287t

15. BtFady, kL, BEARSA, <2 XL E—EEFICE T DR ES R, BUE, 44, 4,
p.139-145 (2017)

16. FSEEROH, “mo i, @1, 55, 9, p.750-754 (2006)

DOI: 10.1295/koubunshi.55.750

17. EBBAE, 43)1E—RE, “BETHKIC X D ma Rt oOFHE”, @5+, 44, 3, p.136-140
(1995)

DOLI: 10.1295/koubunshi.44.136

109



RE IR TH 2 2T L2 RBIR O MEEBLRINEE o & L TOMBIERIZHIT T,
WM B E O BN EEZRRE TH D .

AT, KUY ZAF L B ERIE S OEWER_EIZ IS0 28 i it fadt 2 M9 %
ZEZAMEL, RYRF L UHEHKRIEMICER T D IR G & WELRIIEE O BEHR 2 fiE
T5 2 &Rl SHHATEMICRIT DG S LT, MERE s FRMICER L, B
PPECEh ORGSR, %Ef:b%wmf”}: DEFRICOWNTREMICHE L7,

AL 6 ERR TH VD, BB T DHERRS L O 2 UL FIZEEd.

F1E
R

51 BT, REMZRIEGEIERIE Ch 5 AT L U RBIIRICIE, BREAMKREAE B & L
B B BB A O ISR LA IR SN 5 — T, HEBIER DT I IEWE R 2353 E
boZ Laim U, £z, FEAMEBIEOMEIRIEZ L & WPEDRIFRSC, FRbat ﬁﬁﬂa@ﬁfﬂjﬁk
A BT D IEMmEE & Z U KITTEGLE O, 1 L OFERR MR OmEA: A IR
35 [H .W’%@ﬁ FHHZ MDD Z LI R Y, HERIES 1B DALt EME: & BIfR T
DAREMEZ B2, S BIT, FRAIEE O FBLRIC BT AR HE1e, MEWER Rk 5
PERTFIEDOME, IS ORI X 2 E 1 BB 2 Fraf RS2, FEAEE &t
BMEDORRE LN T HZ L DEXRE LM L.

F2E
RYRFL U BT f DRI K BT EAED L EBIRIFETE IS KU DB R

52 mTIE, AU AT VUSRI OREZDAREMHDT)N Ty LA N TOESLIRIC L
D ERT DL, SIERFMSCMET M7 & O OBMMTE & ik U CEVLERIZ L 2 522
RENWZEZWHLMNZ L2, HDT EROER &R DB HONWTIRE LT E 25,
SLPRFTH T, Ty LA T OIREE COERPRBIEIZ I W TEA R bz, RAERER R T
60°C 1225 E”B L W tand 28 EFH L7=—75C, BULEL% TIXZD 60°C (I HD E” 1
L Wtand O EHANA OGN o7, Fiz, FIRIEFE T tand 23 0.05 12725 & DI E L HDT

IZIEOFBENGRO Hbivd Z & 2 FEBRAVICAH L, tand ZH\ /o HDT O FHIRZZZR L.
BVLPLIC XY, tand 23 0.05 12T 5 & T OREN EH Liz7z, HDT B ER L7z L& L
7z,

BULHC L B 2 L BB OHELT & HDT 25500 BUILER IR FE R A7 25 RIAE O A 12
ST LG, BVLEIC L 5 HDT EFICII= U Z L E—EMABR L TWD L& 2 b7z,
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ZD—FT, 70 °C TOEMLIZI1T 2 BRIR AT L OV HDT ORI (b ZfE Lz & =
A, TUHNVE—FEROMEITN RS- 7R COBVLELIZ 8\ T, HDT 1Tk
S ERFT2ZEEZHLNILE. LER-T, =2 E—fEmLSMC S HDT FH-OBER
&7 BN DZBALHE U T B ATBEMED RIS STz, JeATHFZE & OLEE ) &, BULERIC
L BRSO TS HDT B LB+ 5 L H#EZ L7,

EIE
RURFL SRR GRIZE 1T 55 FE MK EE D #EAT

B3 ETIE, RY AF L UHHERIE S O Physical aging (238 1) 5 4y FECFREE DAL % 3
BT DHITHIo-T, Gy FELRERAEER IS X OB 7 [0) D fifMT Tk & et L7z,

BER=a VBT, RBRTICB T 0BG E L— ot & DR AE 6, &
45°L L= & & 1000 cm! 38 KT 620 en! D ¥ — 7 B8FE EE Tooo/ 20, passe Z FEIAIE D B2 & L
7-.

72, 0.7 45°12BWT, L=t DRIEHIC T DR DOAE 0, ZEX L ED
L1000/ 1620, a5 DEEAL DN &, BLIR 7 A 23RN 5 RISk L CFAT R Th B 0ER TR T D)
ZHE LTz,

BRI S DR D B IE S F RO LIRS )T TRIAE D AR 2T L= & 2 A, £l
5 200 pm HITIZEBWTELAIE A i b i <, 400m LUEITHEIREC R TH - 72, 7z,
ERANCIRENT ISR LTS Z & 2B S Lz,

T, LA FCTdh 5 80°C THULEL L 7= & & D4y FREMPIRIEDZAL Z iRl L= & 2 A, Blm J71n)
AR R ST, FHEDD 400 um IEIZB T DEREDOIK T OLADBHER I L2, Z Ok
KLY, T, TOBMLIITISNT, Looo/leo, gemase AR T TELIAIFEFI O HETT 2 fifHT T & 2
ZE&ERLI.

FEL4E

ASREGHREUTICHITERBE D FERADRMNET EM 24 DB &K

B4 BT, RIS RIE AR E OB OWTIE L 2 A, T, AR TlE
ZKIEHND 400 pm LIRO 53 FEAAME T L, BVLEREEAN G SN ET T2 2 & 2]
LT LTz, £, aTBOSFEIAICOWT, BRMICEBT 2 A ot fbex v ¥ —%
B L, THOEREZE-> TRAL TS Z 2R LT

BRI S DR IE AT I 2 0 FEUANITRIGBR TAE T THnDH 2 EZH LI L, R
MEOFEENN S @S THMIRE L TnDH EELR L. —HT, BEmONEE T EICET S
STEAIIRERETELTWA Z EEZHLMNICL, BN THITIFEAEHELTELT,
B THDOT X LaA VPR ELTND EHEELT-.

FIRBRRICBIT 20 TR OBLZRE LI 25, 60 °C I SELmfEMNA U,
F iz, RPN T, S FELADSER LAaD 2R &, tand 28 B LAG® DI

~

o,
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RIRECTHH-oT=. Lo T, RUEHRER T TOAR 72 60 °C £ 5 D tand O _EFH-
X, S FEROBERICEIT 50 FESERL TS EBR L. £, a7 BB 55EY
SRR Z B CH H 0 UM S TR 2 & T, TOROFIRIBERIZIIT 5 60°C {1
IO OELAFEFIR tand O LA-DAE L0 7oz, LR -T, ar@izisi) ok s 1
BLIA) DFEFAZS, JHEERH] TOBMHEIZ L %5 HDT EH-OZER & ER L.

BVLHD A O FEAEE RSN X D HDT ERHOFEE LT, £8EEO EEREHTH S
ZEERRM U SRURE O ERICHEY, Rl L e —ICBITR LT, a7 EIcE
T DR FERRRAMERT 5 Z L B BT LTz,

E7o, R FELAICIS T D EIRERE R A /3 OARIAS, AR COBERIZ L % HDT
A LERBEICEMRT AL EHLMNC L. 20— T, EREEREME S 2MEM L, Z0%0
FHRIBFE BT T, LU TORLBFEMAAE U e WEVILEL S (K R COEVILER) ik, HDT
X XN E—IEROMEITICRE L. b X iz, BVAEIZ X 5 HDT @ E&1E, o
Bl OFEFI & = XV E— OB SR TH Y, BUHLEFWFRIC L > TEER L /2D
RN D Z EEH LT LT,

EHE
IURIE—RBMICHSFREET L EMEEDRERF

BSETIE, RUAF VLV UHHAEMLOT XL E—§Ef & HDT OBHRIZ OV T S
2572, BUpMCEIRREYE, HEIREE, HDT OBV K 5 R R (b4 i L7z,

T A VE—BROEITICE, #ish T 7 ABMIEE D LR, T ifFlckidd E
KTFREDOER Y7 b, tand ERBEEOFERY 7 MRELT. £, =2 —fEoiE
IR, BENEKTHZ EEHLMNC L. Z U 2V E—BMOET & & bITE 18
DRy F U THRET LIERER, TlifF kT 2 ma Ot 7 A MEE)DIH S, sk
AT ZEEBHRMIRE O L IR FREOIEY 7 b, tand EFEREOGEE S 7 F3ET
T LB LT,

F7o, BVAERIZEBIT D HDT &0 TR OS> Z LV E—fEfm EBfR L= 2 &
5, HDT OfRREbLZILRFRER OB TR T 2 LRE L, BYLEIC K% HDT
OB EA AN

EBIC, TyDRRDHRY ZAF L EZHNT, T2 ZLE—E° HDT 5§ OBLEEE B
IRTPEZRRGE L, = # )V E—FEF<° HDT LFC3 1 2 Foi 72 BLEREFE 1X T, & OIRFEZE
[ o R s N O il

LbED X212, K@ TIEARY ZF L B S 2361 2 558 27 1Bl I DR R <08 2
DYERDS, YERAIIHEE CTd 5 HDT O EFICHNTH D Z L 2 6T Lz, Z ORI,
R L OTHEWE ) BT 2 REHES S L COFHBEIR SN D, 77, BB OmEWEC
BT, fliEn v ML DT OXEORENHIAE LIS, FIKZEHOfRE L L ToiEH
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LHIRFSND.

AT RBNTY, FRE O TR KBS Y5 2 & 25%5HEs & L, BB O K

% MtEE ) b2 B L7z, é%u,i/&»t%ﬁﬁ%h%kb,ﬁkﬁﬁ%ﬂ7ﬁ%%%
B2 DA, HDT EFICH T Te-20~25°C (T2 il R BB E CTH 5 Z & &
R LT

MREEED HH T, KU RAF L AZKIT HELAEE IS K ORI 7 10 O T F5 %2 B - 1
N DI ET, FBERERM ORI E S 7. A%Mﬁ% I, MHEMELISMC &, Bt
OMER LM L BIFRT 5 2 E AN ME SH TV, KSR 4RI O T T4
%ﬁ&ﬁux%vy%1¥%%®%%%%gﬁﬁmﬁmf%ék%z%hé.

7o, B2 WICTHIEEREICKIT S tand 225 O HDT O PRI ZE -, (R TIE T, %
MEWER EORREEE L TR Y, R LV Hii-riEsaS&s 2 LN T, é%:,w
CCREFMCEE S HDT 2L 0 E R A8 =, ZOpRIE, RNY ZAF L U FHHIEIC

(7% HDT O ERWIEEM AN+ 2 ETEETHLLERD.
ik,I>¢Uv8~§%miA¥@aﬂ%ﬁ’tbﬁﬁ%ﬁ’éﬁ%’%bﬁﬁﬁ%ﬁﬁzr’kﬁ%
Bkl otz. AFEMER EOT-DIZiE, BB OERENRD Hd. Lizn>T, A4f
ZERRIK DA% OB & L TE, = IV E—FRICB T DM OEMENR 2T b b, 5
{TRIRZEC, YeRbCaAID 7 Ly NIZ X D = XL B —FERNC I T DB 42 8 T
LHZENHREIN TS, R RAF L ATBWTIZFO L 5 @G XA L2 0N, KU A
FLACBWTHRBRICIRMAIZ R T 5 2 & T, SEMEHOBEEIAIfR S NS, £, =
I —T VG E AT AU ~— TR E W Z &R0, K0 F R0 X DR O
BfEPAHREIN TS, RYAF LY EHEEOEWNARY 7= o—T7 LORS 1 &
o, KO TRERRVAF LU E2DVET LY RT 52 L TR Z 8HE CE 5 aTREtEn®s
2 Hivd. LLEOHEMAEREZ: D ONAER TS, FEMmAEiE OB 215 A L 7= mf#E:m]
BT 24 % ORI O FEMEE L TR bR 5.
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18 SHEHAMROESARIZEITLHBE T 2ILE —0 FHil

\

1 #8
53 EBIO 4 mIIBWT, FHEEMOEIFMIZBWNT, AFX U@L a7 g Tidsk
mA%%ﬁ@%ﬁfﬂﬂ@@ Ty LR COBLERIZ X DAL REEVBALN
CAHERTCIE, AR VB L aT BB\, BB ICBIT A X LY —iEREUH)®
wﬁbkﬁ%%m#.

2 EER
2.1 ¥

SRR RO 2R LAR Y 2R F L L LT HFTT [PS Yy SR BORT % 7 F v 7
RYAF Ly, AN <A77 —L— k=75 g 10 min"! (200 °C, 5kgf), M,=240,000 g-mol!,
My/My=2.531% JH 7.

2.2 STHAR

S RS B ER A 4 B () B Si-80IVIZ L 0, > U > Z —iRE 210 °C, &ALRE 40 °C,
WHIEM 10s, HHHE 104 cm?-s!, {RIF 30 MPa, {RERHE 20s O5M4T, £ 80 mm, F
10 mm, JEX 4 mm OB 2R L. 728, BRIERNCEVR G2 o T ek 2
80 °C T 2 WF[H]FLIE S H 7.

2.3 BT

R 07— b2 bR SIS 40 mm, 8IS S mm OGLEIZIBWT, FiROKE
R AGENC LV, AFUEOFMAE, BB ORI OESHHEIC 04 mm, £
\Z2mm, BEHMEIZ 2mm 725 K580 L, EX04mm O ZER L. 72, YIH|
BOREES 3.6 mm OFRER T Z AT, FRRICHREF OF — R bR S HHIZ 40 mm, 15717
(25 mm OALEIZBWT, a7 @ofHMEHIC, HlE4Rm S LTUESHNMICZ 1 mm, RS
FIANZ 2 mm, BEHFIZ2mm &5 X500 L, MAEERLEZ. UL hEh
DR HT VI =0 LA TRIEIC AN 2.

K DB & R 7B BEFHDSC)(NETZSCH # DSC214 polyma)% VT, 5
IR 2 °Comin'! OFMET, ERFWK FTITo72. V77 L RELT, ZOT NIy
AL, IREAHE— R, 250 60s, ZFRIEN 0.5°C OS5 TH b5 DSC Hifro R
AR T, Ty FHEICAE U 2WENE — 7 i D L o B 2 = o 2 L B il
= (Enthalpy relaxation (4H)) & L7-.
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3 HRELUVUBE

AXx BB LOaTEICBIT DT 20—k EUH) O R R % Table |2759°. 80 °C
T 72 RFRIBVLBR 24T\, ARAAEEER i3 KX OEVWEERER T I\ T, e 2 o7 o)
R ZMWTAF UV EBLOaT @Ol 21T o7, Table (T1%, BT AW/ OE
SHR LTz,

WAFEIRLIZL 91T, 80°C DEVLFETIE, A XU BBV TITy FELH OB &5
nigmotz, TO—FHT, TUXNVE—EIIZAXFVBIZBWTHAE LD Z ERHALNER
S 7z(Table). HHEAEFIID FEHRIGIEZ 0MT 2 LAMESNTEBY D, = 21—
R FEICFHORIBICB T 2BEZABEBRLTVND EEALN TS, AFUEICE
F A MREELN L7z@m sy FEICB TS, o FERE T LT OIRER CoHrf#Esi§ 2 2 &
MTE, ZUHNE—FEMPAECTEHEIND.

2L, arvEegd 5 & A% UEOTT DRI ORRE D /NS VMEAIZ & o 72 (Table). L
2o T, MRERITT 2V E— EMOZEIL DR L EEZRITTLEILND.
B ATIR LI L OIS, a7 g IR AR > TEaF#HOE 7 A > MEBINELS.
BVLHICBW T, K2 TR N FHNTOEINEL D70, AF VBV b 20
E—REMNEIT L S RIS, e, AFUEOFNAaTE LY b EER IO X)L
B R EUH DN/ NE N EnD, BRI AL IAXFUBOTNRRENEEZI LR
5. ZOAFVEE aTBICBITAMET XL — 0D, FHERIEEEO SN TOMRA
WEEAICER T D LR IND.

Table Enthalpy relaxation (4H) in the skin layer and the core layer.

Enthalpy relaxation (4H)/ J-g?

Skin(1) (0.34 mm) 0.68
Skin@) (0.35 mm) 0.62
Untreated =
Core() (0.99 mm) 0.70
Core2) (1.03 mm) 0.72
Skin@) (0.37 mm) 2.7
Skin2) (0.45
80 °Cx72h m,"_ (045 mm 27
Core(D (1.24 mm) 3.3
Core(2) (0.62 mm) 35
4 SEXH
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DOI: 10.1295/koron.53.358
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