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Polypropylene Compounds for Automotive
Applications

Sumitomo Chemical Co., Ltd.
Petrochemicals Research Laboratory
Satoru MoRITOMI
Tsuyoshi WATANABE

Susumu KANzAKI

Engineering plastics and metals have been extensively replaced by polypropylene (PP) based materials in auto-

motive parts in order to achieve weight reductions and cost savings. To accomplish this, PP compounds which are

made from PP and other components are under intense investigation. In this paper, we review the progress of re-

search into compounding technology, improvement of mechanical properties and functionalization. Some problems

and solutions for injection molding are also summarized. Furthermore, material developments for environmental

load reduction are shown.
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m. Component of PP compound for automotive application
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1N History and development of extruder
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1.55 11.3 1200
1.55 13.6 1200
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0 200 400 600

Screw speed (rpm)

BEEW  Effect of talcum diameter on maximum
feed rate
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1128 Fillers for PP compounds

. Silica, Titanium oxide, Magnesium oxide,
Oxide

Antimony oxide
. Alminum hydroxide, Magnesium hydroxide,
Hydroxide . .
Calcium hydroxide
Inorganic  Carbonate Calcium carbonate, Dolomite
Compound Sulfate Basic magnesiumu sulfate
Talcum, Clay, Mica, Glass fiber,
Silicate Glass balloon, Glass beads, Calcium silicate,

Montmorillonite, Bentonite
Carbon Carbon black, Graphite, Carbon fiber
Organic Wood powder, Jute, Kenaf fiber, Hemp fiber,

Compound Nyron Fier, Aromatic polyamide fiber
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c000
5000 Glass fiber
4000
3000

2000

Flexural Modulus (MPa)

Calcium carbonate
1000 [~

0 10 20 30 40 50
Filler content (wt%)

BEEMN stiffening effect of fillers

@ T Calcium

carbonate

1lpm
(a) PP/MAH-elastomer/Calcium carbonate
Izod impact strength = 11 kJ/m?

BEEEE  Dispersion position control of calcium carbonate
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BEEEEN  Effect of aspect ratio of taleum on
flexural modulus
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(b) PP/Elastomer/Calcium carbonate

Izod impact strength = 66 kJ/m?
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SWREEEZ 2 ) 2 —=2HWS6 N5 (Fig. 1),

DK 5K 7 A RAMMERIL PPRORHE. BIA IR, 7
QY FLYRED2—AD Ny P78, F
T EANDOFEHAB TN TNB A, H T 2 & PP
Mg & DR R A MR 3 2 8t BoRMEREE 2 ) 7
THEDICHETH S, FHVBZEEPPORERowE LIS
0. PPHllE& 7 AMiME & ORI OB A L L
BNET RSO RBE AL 25 (Fig.12)9, %
7. SMBREBENMC W T, H T ARRMED S A Ak
SHBTELNHEETHY ., BHEEDO TR, 517 Ak
MEDIEALZIZ X D, H T AMHED B Ic R, bt
BUE S SEH T RE S MR ORI T T 5,

Z OfthOfHMERRAL PR & LTk, S /& 2 @il
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Flexural strength (MPa)

140 -

120 1 1 1 |
Q )

Average fiber length (mm)

m Effect of screw type of injection molding
machine on flexural strength

Optimization of Higher stiffness
modified PP Longer fatigue life

BEFEEN  SEM photograph of fracture surface of
long glass fiber reinforced PP

Puller Pelletizer

T Molten PP

Glass fiber
(Roving)

G  Process for long glass fiber reinforced PP

Twin screw extruder

PP + Additives

Glass fiber

Pellet length = Fiber length
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MR, 5RO E OB PEI MK T 5729,
EP S EARDMERE & Bk 718D/ T v A6, TF
L Y EEN30~40wt % FEE O EP LB AR X h
52 EMnE0, FEMIZIE, ZF L UEREOW% fEE
DOEPHEASKREWIEILTZ Z&nEE L. HAEL
HifioMeER MG X h 5,
EPHLEAKIE, A THEAS I N TS 720,
PO F VY OMBSE & B35 TR DA
<. MM R Al S L COMBEDS 4 Tid v, 20
729, YR AW CEA SNz F LY T TV
HEAEK TFL VA F UV REARSED A F 0k Y
RLT 2= E RS RAI L LGRRER S Z
ERZn, AxukyRIIA Y=, ISV —
R, DTRZICED, F7 AEBIEE. PP O
Ve, VERIRSE LT 5720, BIF AP R oH %
1351213, ZORGEDERVPERE L K% (Fig. 14),
VAR, BRETEAMHRR O 72012, EEEHERG Ok
DOELANEE >TE 5, BEILOFEO-—DEL
TEBRDOMPRLARET SN TWBH, ZD7=0IZPPH
BroERIE L, SmREts ko sh b, EiEt
&, XR=ZOPPOKATFRALICKDEK SN B2, PP
BIREAAOBEDOK T, 5 2 b~ —D0EkiEok
KAEZFIZ XD, WEEEOETAEC S, 2070,
FRCEMERE 2 BOR S Ba MBHC W Tid, 1 7 2§l
HWENRTFLYRILI A v —kD KL, =FL ¥
RLT A v —OWHEILA BTS2 2 F L V-2 F
LY I7Fy—2FL Y b)) Tay s EkEEK (SEBS)
DFMAPITHOIR TS, TROEDHMDEHIZAF L
VERE, TT VAR, N TERSOMERRGEI SR
T 5, SEBSTRNIAMEIOE 1SS 5 M % Fig. 15
IZ78¢, SEBSiZ, PPEITFL VY RIT ALV —DFR
HCAAEL T D, ZOMBEREIZKD, =FL VR
LI A MY —=DMAEIEL T3 10,

20 — AEOR
® EHR
0L @ ® EBR
. ¢ EPR
E)J 40 - *
40k ° .
00 &
~60 L ! J
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Comonomer content (mol%)

EOR: Ethylene-octene copolymer
EHR: Ethylene-hexene copolymer
EBR: Ethylene-butene copolymer
EPR : Ethylene-propylene copolymer

IEEEIE Improvement of impact strength by addition of metallocene elastomer
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Conventlonal technology Compatlblhzatlon technology

@ magnification

=

Ethylenic Elastomer

Compatibilizer (SEBS)

IEEEEE  Compatibilization of PP/
ethylenic elastomer with SEBS

PP## DRI T4

& HEHPPAORI O R i, SIS T, Ad)
HFAGMSICHRE I NS, SHEIEE. Ko v ) »

— TR ARG L. 200°C REE OIS CUAR X474
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NMEZA4 Yy, 7u—<w—2r,  3), r, V), L&
&, L THEOMA DARBRPREET 556035 5,
ARTIE, ZhEDOARRBEHEDS B, Ju—~v—o, v
INLFEITA Y, W)DREX S =L EZORKIZD
Wi 3,

Tu—v—2r &3, BBMEICBND b T ORGERK
KMﬁ&%KEﬁ%T@D\54ﬁ—7—b&é@@h
Bo FORERA D= LIZONTIL, FEII0ZEA
:&bhfﬁb\@ﬁm%w%@%mﬁwb@é7u—
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I ->TWAW, yu—7uy b OFEHZEN L. 1A
WSRO L A v o — P EIIRF 5. VERSIHR O
HME 2R 2 2 LD 7 a—v — 7 BIRADOFR B %
Fig. 16 I8 d ., Aw x LM, Fx 7Y —-ARoLvF
A=A #AOTHE XN, Fig.16 TEFKINS, AU
A ENEE ERBIR O R 2 R 2358, R
v 2 LILOBRIZIRNY, Ta—v— s EAEL kD, 7
O—v =22 LIZ< < BoT0b, AT 2 LbDig
Kk, 7a—ryay  OREIZENPET-0TH
% L% Z 05, Fig. 1712 PPHOEP HLEA KK D
WRPEKEE (IVep) & A2 c LILOBIRE RS, AT )L
Y0 EP M EH A R ERRG R 7RI, EPLEAGkO T
F L v&E (C2inEP) 1217 L. C2inEP MKW\ 15
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Die Swell at 240°C, 2432sec-1
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A8 /|
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\\.//\J\_/ Die Swell = D/Do

BEEEN  Effect of die swell on flow mark length
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30 ~ 40wt
16

14 -
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Die Swell at 220°C, 2432sec™!

1.0 1 1 1 |

IVep (dl/g)

Flfd| Effect of EP copolymer intrinsic viscosity
on die swell

By MERREE ORI KIZHENZ Y 2 LIRS 5, ¢
GbHH, EPLESKROMED ELIZ LD, 7u—
V=27 ODRRBHEETH 5,

WIZY TR S A4 VORE AT =X 5 & T OREIC
DWTBNS, IR 4 Vid, BRSO ARHY
ZIME T BIROERTH 5, B 6%, I EifLs
BAEMOY LR 54 v ORBGHTEZBIZ L. AR
REOEFHM (B6MA) ICk-TEIL, AFEbicki
R 2 RTFEDOHED ENFIZK > THPL T E 1D,
Fig. 18127 TL F 7 4 VI OWrii B H AR d, KT
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ZENb D, EEEBES SIS S h %I
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Weld line

10pm

IEEELEN  SEM photograph of weld line section
(Elastomer phase was extracted by Xylene)

HZAN 2B LTS 2 b~ =2 5720

B & He TR RV IN X K 2 L [EHERE O~ i
ZALANX L, KD B2 BIRE &% (Fig. 19).
[l — A N FE 4 2 B O A FHIBIZA L 5 AT T
KA VOREDORE X, 70—~ —2 L[EBRICE R
BHEOL A v v —Rpkic kxS

B X5, Fig. 2012
27 2 VDY TV F 54 VRIS AEE AT, 7

5o
T—v—27 &3, 2T 2 LAV NSO R L
Fo4 vREMEL &5,

ZDEHIZ, AvzLhiEnt 7a—v— 23R
ERBMN, TITILFTA ATELL, W NL -8
FI7OBRICH B, ZD L — A 70OBRETEIRT 3
Fike LT, BlaKCh b7 A b~ —Ofdia & Hif
THEHERH D, TTILEFA4 Y TRIATS TS A b

=& BLULTHFROKOBIRTI Z M v —Tbh 5,
ﬁ%lazbv~®W@ﬁEEWIwF34y®ﬁDL
20 EEOBR%E Fig. 2118 T, BRI AP~ —0D

Conceptual diagram of molded article
surface just after filling in mold

Actual Surface of molded article

Groove
0.8pm

_____

BEEEEN Weld line forming process

ERIEZF 2010-1

Large
shrinkage

BEERAY7OEL CEE&MH
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IEEEIN Effect of die swell on weld line length
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m Effect of intrinsic viscosity of impact
modifier on weld height
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MRk #25LX BT, YT RI4 VRIEZEL LA
WA GBIRT T Z b — OIS ORI KD, D
ERDEIMEL BB, Thbb, Hiubic k5
2R U7z, MRERRSE A S GER T 7 2 b v — DA,
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feovAwy —HEOKEEKRES%T 5, BIIEED
BEWIEEA, SROADbBERICEIESMEAL, N &
WIS ARBIR & 5%, Fig. 22 18 HRIERE O 7 —
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G Effect of die swell on resin pressure at
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HEEMT 5

ek, EBEHPPAORNC A LT, R,
VL, SNTIES AR 5 Tz, EHE, Bk
PEME, A, WO M IR R RS OPERE
MRDENT NS,

INUIS—= B A FE-LEOHMIE, BEIATH
WHh3ZENL VA, PPN, RO MR
Wiz, R PPEA TR & T5T 74 v — WP
Nl hs, BETHROBKILOZDIZ, 7
T4 7 — L A THREAREAMB OB AL TN TS,
ZOMEA RIS 52012, mEREAERY AL 7 4
Y OWRMARA LN TS, Fig. 2812 KEILE A PP
TR OBREFE VI 28 AR T 19, KR E
DR B BFED PP ORI DWW TRRET L7228, R
FEAEVER MR OKBEEE TRMTE, ki,
1wt% PRI LK AZBEATEZLI2&D, 794
V- L ATORENIEEE KD, LA LEDNL, 5T
AL, KBIEEREOENPP 4525 Z L I3BIfEHE L
L T4 7=V ABEEEKT 57201213, BRI
120 ARG TR DK AKEE A SO PP & K& ISR 5
DEPEC D, ZORE. WIVE. MERRE FoHA
MIVEBED L < Bbd % 720, FAMLIZIZE > Tk
WONREETH B,

100 L IEEEEEREEEEE ®--
80
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Paint Adhesion (%)

20

0@ lgp !
0 1 2

Amount of OH in Compound (wt%)

IEEEN  Effect of OH content in PP compound on
Paint adhesion

HEJHEOFERD72DIZ, 72 v 44—, FT7HDON
B~ OBHIEM B OB 2 e 2 Th D, K
TJxZVYI=FLSRY)TINTUL, R —
A—%— 1 ABS 7 u A4 EWOSEmAFHL T T
W5 BHIRMR 2 SMRIC T4 2 54, RO &R
fn & 6] CEMIZ S 5 7280, Bl & F U a6
TREBEND D, BEEmIE, T OEEEEMHL 7=
M RIGIE TR SN D BIEMEY © 75 2 i hh 328
BIEE A S AW, EEMOER ZEH$ %54,
—MENCE, BENEAT ST IA v - w2 EAR. H
IS T, SE L RIRICEfERE S NS, 20
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B THOTENIRO720, PPIRHIEE M %54
ZikAn e ST 5, BIHEFPRHOEE %54 5
Kkl LT, EEW S — RV 2RS35 ERD 5.
BEME ) — AR E, RiFERAVINE L PP EOBAIMEA
KW 728, ZORNESL WA, WIS T L
0. INEEMECHUMPME T4 5720, RINE %85
BTHUNEND D, TOFEREERT HHHlTE LT,
EEERY) TFL Y (HDPE) 27V Y FL2MEUHEE
L. ZOHIHEENEH — R 2 RES . fMEROS
BOBRE L ¢ 5 DS I R TWE, h—KV T Ty
2 OFNIEA3vol% DFRIZ 3\ C. HDPE AR IO
HITBELRIEDA107Q/ecm L ETH 2 Dizx L, HDPE
% 20vol % IR L 722 Tid, 10°Q/cm HEPUEAMES &
%, HDPERIMNZ LD, EEM A KB X ¢ 5DIZ0HE %
EMEM S — RV RA KRR I REE 559,

HEEANRERMmE LTE, 4 Y 2 bL X 2L 3n
by BT830, ¥7 =52 PPAPRIAMEH X T,
INEOEHMIZIE, WO EWENERE NS 720, —

BBEAAY7OEL D EAMH

AEAIZIE, BB A X B A8, LB TR O
WD7=8. M5 V0 RIF MR OBRFETH T
W5, H.-J. Sue 61, fuf 8 A[ 2RI D15 D % 5% % B
FE U AGRERRS A H O 723k BR % 28 ASTM D2027-05 128
HEh Tz B, Zo¥E % O THEE L7z PP
BOBGD 2 R4 Fig. 24 1289, fEOEKIZHEN,
HoxnxE—F», B (Mar) — #IX (Fish Scale)
— UJHl (Cutting) &Z1Mtd 2. HD ZikBRL Dk
Zihi & SEMBige§ % &, PPRilEA5 X fuxh, 4
Lo RBHRLTNBEZEND2S (Fig.25) ., D7
W, HEBAft L T b, PPHRIOE D &M%
WRT 2 AkE LTE, RENSIBEEM 535, Mk
DFEIRIRIE % &<+, PPEHEE 2L 2 OR MRS %
B THEDHEND B, WHAHGAlE LT, BEl
7 I ROEOEIERZRS. 0.2wt% DFRMNC LD, )
FEPRGREA30.8 5 6 0.1512{K3%$ %, Fig. 26 (=[G
7 3 FIRIROM 5D % B R 4 R4, MRl 7 2
F@RINC &0 HE D & KIEICH EL T3, #ifato

Mar Fish Scale

Cutting <

100pm

BN Evaluation of anti scratch performance of PP/Elastomer/Talcum (ASTM D7027-05)

low

Scratch Load

high

<>
10pm

IEEEE  SEM photograph of

surface area of
PP/Elastomer/Talcum
after scratching

ERIEZF 2010-1

Scratch direction
_—

PP / Elastomer / Talcum PP / Elastomer / Talcum

< Scratch test condition >
Needle :0.3mm®
Velocity :5mm/s
Distance : 50mm
Direction : MD direction
Load
(top) 10, 20, 50, 100, 150,
200, 250, 300, 350,

+ Slipping agent

: Surface
] 30pm

Cross section

A\oidlfree]

BEPEIN Effect of slipping agent on anti scratch performance

13

400, 450, 500g (bottom)
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Elastomer —3»  Low molecular weight

Cross section

HELANZ, MRhOTZ S 2 P —KAFDELT 4 1
V—FHL, GO MANRT S HEEMIEL 2.
Fig. 271225 X b~V — DR TENBRE DTV TILOE
DEMFHEFE R 2R, 52 b =D T REMEOR
DIFS . BEFAGE EM AR T, ST ROKHTT Z
b=k, BOTEOTI A MY — LU, WS
FANOEAAKE L, K4 FORESHI T3,

IRBEXE IOk il

1. BICK3BE/LHET

RO = — BT 21l e LT BIgiEs
MnFEFoNns, fEkH1 6. BOMRRIOLHrdA %
O8I R T AL Sh T b, PPAPE & B
SHRRIOALERIAHI D T L v R & SRR % Fo,
WEL HHT A2 lick D, R EREE E TO
RIS AEo ., F7 M) 2% THRHEN T3,
MRt OFE AL, BIREOARIRRE. ASab bZEE ik
155, BREDOIIETH % 2w x LK E W
BHE, STaOIREEE &L B L LBk E 5
A 505, BREPPR#E S 15 PP OWRNINC & - TERK
XN 3 (Fig. 28).

WA, R RS R TR L T HE R B 215D B o
VAR ORI U 7= el 3 H & h b, 1
RIRRED " LR B ER A H Al & LT ) v
A=A L, EREIRICIR, 8 & 272 RkE T4
RIPICHH L. BRI %82 Z &R Th %,

14

IEEEN  Effect of cross-lineked PP on cell shape
of PP foam articles

L2 FEWANC K 2 4 RTARBO & HB L T T st
MR ANDFIA T A DR EE L THI LN TED T
O, @SRRI TRET D 5. ABIZEEICE L 72 PP
HRERGWS Z 212k, 3 EORUEGFRIZIHNT
o, ML XUTPRICEN SR £ 155 2 L T RE
TH% (Fig.29).
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2mm
Foaming agent Chemical agent Super-critical fluid Super-critical fluid
Material Conventional foamable PP Conventional foamable PP Developed foamable PP
IEEEEN Cross-section photograph of injection molded foam articles
2. N F < ZA|EFREE & DE SR AN S B AESCEE 2 E O ST RO [E LR
AMFEOAGIOKEIHEIZ X 2 La & IERE MR 205, 4 FH EOFENL <. OGS
REANORIE, AN, AR L1 5 Ko — MAIEFIIRE N TNEDONEETH 572, ThHED
BRAL R IR DB RIC K 2 HbERIEPRIL & D YRS 2 B Rz TE, AEHEOAFZENEH L 5 54
WREANOIE BB L 5> TWb, ZD KD KIND e LT, PPEOT A MEIARIEEN TS, TD
. BB EHZ BT &3 A~ 2R ORI H A MEHE. PPIZPLADEO PHE N 7= A i%at T2 2 &
TN bhTab, 23 4~ ZHSEBIE I AR & 12k 0. PLADHIKGHEYE L RIEEIZSE 5 LS KB
DR SN DM %E 2 DR E§ 5 2 &2 6 ARBEINZ S — BRIEEVRL T%, PP & PLAOMRMEIRIERIZZ
Ry Za—FINTHY., A+~ ZHRENE 2 AR U<, HMIZ TV v P L2256 PLAE pm OXOR %
BifRICE ZA 22 LIk, KiEA I bk Bk E TARYI—IZ5rECL . iR, I M) »
DOHREABETH B, /54 A~ ZHDRBIIEORTY . IEFITE T 5720, RUSHEHEBLAlZ G720 72
IZAEVEEE (PLA) 137 4 L AR COFEALAEST T4 T Taky vy EEIT S Z & TPLAOHMNL
LCEDRENMEATHN S, HEIFESEICENTE, B MEK XN T3 (Fig. 30)19,
B IR O@iriA & PLA OREE AR~ OMEH A H 1T Table 3! PP PLA 7 1 A4 M EtOYE #1849, Kb
WA, MR OMEEPEAMR O, MK L3, i HHEEAE 2T a4 sk > T MER S - 4t
PP PLA
PP/PLA alloy by reactivé processing PP/PLA by mechanical blend
IEEEIN  Reactive processing of PP/PLA by using of reactive compatibilizer
(TEM photograph: Stained by RuO4, White domains are PLA)
Mechanical properties and injection moldability of PP/PLA alloy
Flexural modulus Izod impact strength*? Moldability
MPa kJ/m? Surface peeling Mold temp./ Cooling time*?
PP/PLA alloy 1000 18 Good 30°C/30
(Fine dispersion of PLA) 00 sec.
PP/PLA Blend 1300 5 P 30°C/30
(Coarse dispersion of PLA) oor sec
PLA 4000 3 Good 30°C/120sec.
PP for interior parts 1100 18 Good 30°C/30sec.

*1) Measured at 23°C, *2) Mold releasable condition with out deformation of article
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TSR 2 Cnd, F 7285 O PPATE
ERIE DL TOHMKIERTREL 25 5T B,

Fig. 31 {2 PP PLA 7 1 A #4 K} & PLA Ojii i 24
W% /R4 ., PLARSOLA . 100 Ry HFRE O fied T
R TR E LUK P 501Ic L. 7 a4 ik
T E B EE SIS EER & B IREAVE A e L Th B,
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60

—e— PLA/PP alloy
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) ) ) ) o
0 400 800 1200 1600 2000
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IEEEIN  Resistance to heat and humidity of
PP/PLA alloy and PLA
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B Burnout

[0 Injection molding
100 [] Logistics

M Compounding

B Polymerization

80

60

40

ANANENAN

20

COz2 Relative emission rate (%)

PP compound PP/PLA

m Comparison of CO2 emission between PP
compound and PP/PLA alloy
(Self-calculated data, CO2 emission of PP
compound equals to 100%)

BbhUIC
PPN, 22 MST7 =<V 2DE &, SN,

BREEA 26, 5% Y. BEHERABIEMRO 3% T
oI BEELONS, ZThET. N—ZPPOEMN

16

reft. AL O, BIPRO#EAIZL D, PP
MR OGP A AN > T&E 72, /2. Th6 O
FFEIE. RREMATEER I K 0. fEi% OJF PRI 23 &
MIZENTEZZEIIKALNTWS, 5% ZD&
5 Kl Ak T 5 Z Lic kD, I PPADRI O
HABEIATTCO ZENMETHIEELD, N—
ZPPIZB LTI, e ONEE 2 hilfe, EP
BRORHE DR LR B A EETH D, fill
i, 7"a v 2O EES R X 5, WAL
IOV, TR bv—, 74 7-%DMEEA L, 2
VST v RSB Rkl o B2 h b,
SHERIZIZBI L ik, BURIE, MR EE» LT &
AL, WHILTH®DZ Z L2 EE 5T 5, PP
RHZ. ZOhsERSE S 5 WE T 5 2 b~ =505
BONE. JEAGIENER L -2 A L T30, &
BEIE DA EHORIFIZ LD, ZDZRICH) R A
VEEIZH B MG ->TE =, WEMTIZEDZhsD
MidaHfdsZeickn, 2, FIEMIIZXDH
LR TR ARG T 52812k, ZhET, PP
MR R LIS 28 52 72 ERED R BI % L il b %,
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Organic photovoltaic, OPV, cells have been attracted much attention for next generation solar cells. OPV is

based on the same technology as polymer light-emitting diodes, PLED, which has been developed intensively for
TV application at Sumitomo Chemical Co., Ltd. Many PLED-related materials and device fabrication processes
can accelerate the development of OPV technology. Although very high efficiency of 6.5% has already been
achieved, the efficiency of more than 10% is necessary for the commercialization of OPV. In order to achieve this

goal, a new class of low band gap polymer has successfully been prepared together with morphology controlling

methods of an active layer of OPV. In this paper, we report the present status of OPV research at Sumitomo

Chemical Co., Ltd. as well as worldwide research.
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Simulation of a Slab of Random Particulate Sumitomo Chemical Co., Ltd.

Medium Containing Metal Clusters IT-Related Chemicals Research Laboratory
Saswatee BANERJEE

Kiyoharu NAKATSUKA

We discuss a simulation method to compute the collimated or the angle-dependent diffuse reflection and trans-
mission of a dielectric slab containing randomly distributed dielectric or metal inclusions. The illumination can ei-
ther be coherent, incoherent or partially coherent. We solve a multiflux formulation of the scalar radiative transfer
equation (SRTE) for the purpose. The scattering and extinction cross-sections and the phase function of a single
spherical inclusion are computed using Mie analytical theory. In the case of non-spherical scattering centres, we
compute the scattering characteristics using a three dimensional finite-difference time-domain (FDTD) method
and a near-to-far field transformation integral. For metal inclusions, a recursive convolution FDTD that implements
a 1st order Drude model is used. The near-to-far field transformation is achieved by numerically implementing the
well-known Rayleigh-Sommerfeld integral for the propagation of the scalar field components. The simulation
method can be used to investigate various nano-structured devices made from composite media for novel optical

properties.

OIS

Ltk o L ECHGELE G A R L 72
CCM (Computer Color Matching) ¥ 7zix2 v ¥ 2 — 4
4 (Computerized Colorant Formulation) ¥ 2 7 4 %
FAZE L. 99kt K OB O 8GE Z¢ & OS2 OISR
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WA T —7 4 —75 5N Z OBGEIZ I B B L
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M0, F 7GR E SR T E OB I ER 2 5k
L7470y FRTIIEE DRI RO RGO
BRWHTE LS LD, BB/ RTOT I XE
VIR AEFIH L 2 QRO & BBk 5 TE /=,
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Wi A, WAL, % 723 AHR s & o BEHlE
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3. 25613 — ORI K 0TI ERTZ 59,
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(Eq. 20)

for 1=3
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p(fy,fy) = ; a,P(cosy) (Eq. 21)
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A 2—Ya VEICKDFATS &SI, vy
2y 2 LOFERE2HRITCHO T a5 47 % 3KIC

31



B/ HNFOSERHES I2L—2ar

I HEE U T W=,
FEBIZRIRBIRGEE D H 2B It 5~ v o
2 2 LOFFERITKATERE N S,

umd H(r, t) ==V < E(x, 1) (Eq. 28)
0D, D) =VxH(, 1) (Eq. 29)

ZZC uy\IWEOFBEHRTH D, HEOMEIZHEL W
E L7z, HIZWAXRXZ PLTH D,

0 190 150 REET T, xiER L

V=X—+y—
xax+ ay az

TEAEERT, £hoido/ot kT, DIFENBEHRTH D,
KATHEZENS,

D@, w) =, 0)E, w) (Eq. 30)

ZZC, ERBERRIMLTHYD, e ZiFEEBLETH S,
D O K X 4 v THOEBIXEq. 30@?@1_75:7—— )T
ZL, aVARY) 2 —v 3 VEREM S TRATY 2
5h30,

D(¢) = Jg E({-vdr (Eq. 31)

ZZTe@dF' a7 — ) 24#E LT, @ =F!
e} THAZ6M5, ZLTCe@F1IXRDEF »IL—F
ETFMICKD MEETEREI NS,

8((0) 1+ ﬁ = 8:x:+X(w) (Eq 32)

2T, w377 X R, v 3BT B2
\F 2 IS DOREL %iﬂﬁﬁm@ﬁ@&%wﬁﬁi
TLIZHLWV, y(0)3BREZETH), H7-) T
xm_ibmwﬁmbxﬁ/wﬂ%wé%

20 = 25 (1= U () (Bq. 33)
22T, UQERROHALAT » TR TH B

U(t)=0 if t=0,

=1 t>0 Ea. 39
Eq.31 43159 5720128 e@ % e(@DWi 7 — ) %
MCTEXMA S, 556 N72X%FDIDEOKM 2 7
TCHEELT 5. AtEIFBIZ T o 7L n ARl TO
2Ty TRETBE, t=nAtDPETLT 5, mE0,....n
ELTH—DIM 2 7 v 7 [mAt, (m + 1)At] N TIEHE
REN—EERET 5 &, Eq. 311E Faco & 5 12 fijng
ftcx 59,
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n-1 (m+1) At

D%%hEuQQW%fxmm- (Eq. 35)
m= mAt
% 72Eq. 3213 KD & S ISfTHIEH T 5,

D"=gpe. B+ gy W" (Eq. 36)

Z Z .
n-1 (m+1) At
Pr= ZOEn—m f X(‘L’) dt
m= mAt
-1 P g lem DAL _ jvcm) At (Eq. 37)
= ZOEn_mi At+ e

c

BRI E D RD 2T TOMICEFT N5,

22 AL g (Eq. 38)
pmh

FrE ORI Fn. n+1/28 KO n-1/213 %63 5%

B OS2 7 o 7% %¥, di2(d=~d, +9d,+2d) D

HAEEFHD., dfk,y, 203N TREN S,

a.fy,2)=f&+h/2,y,2)-f-h/2,y,2)  (Eq.39)

d,flx,y, 2% K Vd flr,y, 23 Eq 39 LA TH 5, Ar
EriFZ N B K OEBOBEUL 2 7 » 7 CTh
%o IEHERVE 3 2 b HEEERICB T A X b
NLOFEHE Eq. 3812K 5,
FDTDIAIZEB T B3TBAXRYZ PLOR AT » TND
HEHE TRICK S

% (III'”I _ III”) +

En+1 -E"- Ath d x I—I’Hl/2 (Eq 40)

E0Ex

AT+ n B XV n+1/213Eq. 38 £k TH 5. €.
JEB PR R 0D & & DFEE R, ¢ 3 HZEDAERTH
5, W oW IEq 3712 K D IRATEH T 5,

g o o B ey [ W - (Eq. 41)
0B KCREDKHAT v FIZBIT5Widr¥u L35,
EDOWH Z 7 v FIZRIE T % WITEq. 41 TRD 5 11,
ZHEEREGBOFERLDIVR) 2 -2 3 v
(BAAATE) 12755, XD e LV e ldkATH:
AbNhd,

2
= % (1-¢"), c=e™ (Eq. 42)

FET BB IZ B 2 A O R AL T D Eq. 43
ThHAbN%,
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AZ dxH"" (Eq. 43)

€0

BT () D ey oo & SHIE 2 FRITRD 72, JH]
W ollHB T 5FELe(w) e (w) & ex(w) 2 FTNETh
TR R & LTkl x5 5

e(w) =e1(w) +iex(w) (Eq. 44)
C1 L Czci 81(0)) L 82((1)) &fﬁ’) /C?ko)ck ) ‘:%‘j’ 50

£20

co=el™ (Eq. 45)

c1=—§)—2((1—51)2+g§)[1—cz] (Eq. 46)

ZDORCFDTDEIZHEN T A B/ L 2 Tiden
R AR O T, N 7 2 Thz 2 O0ER
FEKRFEET 5, SKTHIZE T 5 EELEOE RE,
3 EBLCEE2ZNZFN b — 2 LDOEREL KO AY
BRELT,

E,=E;-E, (Eq. 47)
TROENS,

2. BEHBADLEH

RC-FDTD (LR 15 O EELE DO B 5740 L »
Kook, ZZITLALA =YY —T LD
MHTFE 31 & D FDTD LD AR % 254 U CHEGEL L o
W RERD 72, T2 TCIRBERIZETAHNT—L LT
>, RC-FDTDETR®D 228K T4 &8 2 5 7D
RO fRES ORI GERIERE) TORELEOTE R0 %
ELT25&, EN TOREDCDER M ER)IFKAT
5726h30,

1 eikR eikR .
EGO=§T!{ETVE—EV(}?>}ndS (Eq. 48)

ZZT. RISLEODK/E»LEBROMAERDHHET
DFafE, 213 SOIMUNDIEAFR T L TH B, 22T
A 013180 /i S ¢ 1336 5% & 5 TEq. 45 %
BTy %47 > 72,

Ab—2 a3 DER

\'I
n

P32l =Yg VIZRD2BHETHER L 7=,

D) ®Y T ANV KBEERT DT v & L TLE
2) VHE WA, #OSLIETRiRE ¥ L OB O
Z O LT OBITR T,
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1. E>FHLOEK

INA Y EHNZEBR T A T V&2 LIS 7Bk A
KT DHARIRREEZE Z TmEMER L7z, — Rk 346 0D
BELBIC & > TRT D 5 v & ARlLE % GE L 7212,
K7D AIRRED 7 ZERBUE R s 25 (2 — F, #)
W) I K AELE AW TIER L7z, Zofida v e
2—=82Dray 7 ORNTIFLT — & &z,

2. H=WEE. HELNEE S S CREEROBESTE
HEEWNEAL, BGELrRIRE I & OV AR B & SR B 7=
WI1XDF 5 IL—FEFIL &N 3KICFDTD %

FIHL 72, WMEHRIZRA TR 7210,

Qu = — UV <R e (E;-EY),. o> (Eq. 49)
8xali
ZZTCELERRENTNAHNOERNS P &
UHELEDOBER N7 P LOBELZETH D, WFh
BRpl & oy -ni T (Mfg 6 = 0°) TOMTH 5,
B EFINELER 2 7 v THOEEE AR, vb &
VCLIEZENTNZ T TOHERTORDOEE & AG
HOBETH 5,
LRI TR T RO 6N B,

2

JU T 9 .
Q= 8:11 ¢f0 6](;<|Es| >s1n6d0d¢ (Eq. 50)

Eq. 49. Eq. 50 DER 5513 RC-FDTD AT L 72
fEi% Eq. 48 TEAIRICEIR L TRD 72, BELEOBR
AT DR ST IRE, M 0 OB & LTR$. Eq. 2512
K OB & 1572,

A Wik & AAHBIBOIR T O3 A R 4 B mAE D
BRBIIZDOWTCER Lz, 2 L TE mlHOfE % L T
SRTE {2 O 2 BELER B RN AR £ & L 7z, SRTE Tl
Ihs O E HEOBGELFOOF L L THOW
7z FDTDIATIERIZ ZBOR T % RIS O H1A
HTHE-0. 20X 5T VY T FEEE G,

EREEE

DL EIZHBE L 72 SRTE LIS L TR T d
50, V=D LS 5 PATRICH L TIXEq. 6D
INTXA—=B —KOWMAEFNET L08R H 5 Z &3
S 572, 2DZ EIFFig. 1k DMISH 3B, Fig. 1
OHMENINE A EDIZ L Tdh 5. KK AR OIRIL
FRBUCBIHE T 2,39 x — 2 TH 0. Fig. 11352EMIC
JEWIN M DR R % B LA EIR 2 7 7 O JLEGE
LBOFEE A OFHRAERE R T, GtHIZ42F v v 2L
DSRTEIZE DTN, ZDHIBDL0F v ¥ 1L EH Y
ZDRFEDOH v T ) VR A Y MSHIB L TR0
ZA0 T EIL 72 RBOEICEHID ¥ T, Fr AN OB KUY
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4113 Z N T IHATIEE T K ONHAT RAHIEIZHI D 2
Tlze 22T KFOMAMHBE R K OWHE L 5 TN
BRLIBr AR I X — BHEm IS & 0 BTk 229, A7
B DETEICH WAL Y v ¥ F L LKL 20 H £
TloZe, I—HELOFRIZHIT 52Xy vL L L
Uy v FILVBIBOBEBUIR RO & LTk 4)
VZhE - THAE Uz, GHELL 7208 4 1% 5 A & 2l
fifi& el LT L 7=,

FERZHOZMBHILI T O DTH 5, FEIKZ T
7 DJETHE n,,131.53, KT DIEHTEnld 1.59, FEET
IEENE X T T OIMIUICRR A 2 BERBE TRiER L /2.
AR 543.5nm D2 ) — Y He-Ne L —#—D Y
— L x vz, KT OREREZ0.259, KRR
1.5um. 27 7 DEAIZ12pum & L 7=,

52 36T Computation 113 JEIS/R L 72K =2k %
FHv 7z, Computation 2 T2 K = 2Q,, & W 72, Wh
DA E n, =152, n,=159+70.001 & L. AFHid=a
b—L vy —1.00%E%Frte Lz, X T Compu-
tation 11352 & D AHfEA K Z 323, Computation 2
IXFEBRE A RENICTHTZ 28D TH 5, Fhfli s
ORI AAHBE RO AT S ICEH T2 E2E A 60

100 3

4 Computation 1
0L 24 a —O— Computation 2
N —=— Measurement

0.01 4

Transmission (%)

1E-4 A

0 10 20 30 40 50 60 70 80
Angle (deg.)

BEEEM shows the comparison between the com-
puted and measured angular spectra of
diffuse transmittance of a slab, containing
monodisperse spherical inclusions of
radius 1.5pm as a function of viewing
angles.

a) b)

i % {‘:’5*

%, THbBEBRTIEMOL —F— v — 25 AgPEE
LTHWTWA 28, I — Gt R TIR IR IRIA O 1%
ERELTWS, £72, NTEPKEL LD EI—F
IR LT S IR RA/AN LIS RS, EHIZHE
ERREE O TR BB EE L HN D,

WIS IS U 2= Wit AT oG 2R3 729,
RWTrDIEE Y 7 242 - ADOHMAEEL XA T 7D
BIEBBBE AT, YT H L a R
L 7ZRi Do T 24 — % ZHERBOBELRAE (A
B, Bl & OVHEEWTHIRE) % FDTD 3 & [mlHrfs oy
ERFIHL TR 72 T 1% 2l & LT A%
KD A A E Uz, ASHEI SRR 0 v
TzH Il AV (xy ST C a0 m) 2 E
BERSM AWM L, BRRICIEADO ik E 55 & 51
U 720 z Bl 2 T 1 2o 1 RN T & U 72 BGRLARE P 13 50 11
DEE HIHBWOTIIN & > TR 72, 22 TIIEREN
FDF )T AL —FEFHNT,

Fig. 213 Btz Ak L7227 5 2 % —ERBED 3O D
PR %2 8T BBl KOV 5 T OR ORI
EBIZ15Th D T ORFEIRE L 50% . KT E1
10nm & L 7=,

Fig. 3ICB BB Z AH LI2L DT TDHN
LR SR O RAS R AR 4. FIRIZEW T, 40F
¥ VA DILEOE D KAy & GHR U 2255 R % A
U TR ERD 72, IR 1.5 OB IR %
BEL 728 DEE L 72, RO E L TORDIH
PrEI3sek 13) 6 & 57z, K TDr 724 %5
DEILD 2 7 THOBRRIREIZ5% & L7z, FDTD it
B (XTI TR T) 13EE 10nm O R T % (AR R
% 50% T & ki 100nm DERBRIZ DWW THEIT L 7=, A
5 TOEAIZIpm & L7z, I —HELOFE (X Tk
TIRNT) TlE2 7 24 — %50 E oy —ik
TLARLT —HEmsuHTE 5551k, 20
BAERBIZ A 100nm & LT, BITRIE~ v 7 2w
b —H—F v MEE (MGT) 12 & 0 Rke 7-9250E T
L& H\ 72, Fig. 37T, FDTD O3 &8 H 1213 3 — K
BLIZ & 2B ED LD BW L WMHMAR S, T
MM EENAEZLS BB -0THD., ZDL5 &

)

BT The cross-sections of a cluster in three orthogonal planes;
a) xy-plane, b) yz-plane, ¢) zx-plane. Black dots show the positions of inclusions.
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045 — &6 Diffuse Reflection for an MGT cluster
=< Diffuse Reflection for an FDTD cluster
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BEEEN Diffuse reflectance spectra of a slab of a
composite medium computed using the
SRTE; 1) individual scattering centre is a
sphere of effective refractive index com-
puted using MGT and the corresponding
scattering characteristics are computed
using Mie theory, 2) individual scattering
centre is a cluster, corresponding scatter-
ing characteristics are computed using the
FDTD and the near-to-far field transforma-
tion integral.
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Inspection Technique for CUI (Corrosion under Sumitomo Chemical Co., Ltd.
Insulation) by Using Fiber Optical AE Sensor Process & Production Technology Center
Toyokazu Tapa
Hidehiko Suetsucu
Hisakazu Mor1

Corrosion under insulation (CUI) is one of the degradation phenomena that have become a serious problem in
recent years especially in chemical plants that have been operating for a long time. Development of a CUI inspection
technique which doesn’t require the removal of insulation and which is applicable to explosion-proof petrochemical
plants is strongly needed . So we focused attention on optical fiber Doppler sensors which already have the explo-
sion-proof characteristics, and we tried to develop a new CUI inspection technique using them. The development
of this new inspection technique is explained.

EL®IC 2. LB TOMBIRGR
2007 4-J LR O 4 pEFlT £~ 4 — O3 IR YL & P
1. REMTERICET 2 BRSO RRT TR, 20074F 12, Fig. 1SR d &I A€y 7
WK JEEE R E N DL T 5 v b, Al T 5 7 T HEE (BRBEE) A FR LU THEBREICTOLY 74
b REIFIZEOTRIEM TEE (Corrosion IN=TA—2AF 4 w2 L3y a Y (Acoustic Emission.

under Insulation, LA'F [CULl) K& 20 —X7 v
TEINZLDIF1980FER26Th 5., Thid

19734 DE KA AN 3 v 27 P, ZhET149C
LI EO@E i Tl X LT 22835844 23 100°C LU DK
iR ch~EZLEZZEIckbE5TH B, [
T 1988 4F- IS i HE AT A PR &t 2> (LT, KHK) &0
SHRE E IS B 2 Bs F A R S . 2007 FE 2 5

20011220 ¢ MIEAZ Y ¥ =7 ) v 7R B
= (LUF. = ViR CIEmdEmAR e E=4) v
FHEAROTEHIZ DN TORE B ITTbN T 5, 2007
O VRIS IS KT H A PG EEA.

U7V A LRGS0 2R O JER SRR
T S W BRGEH SN TE 228 %ekd D
3L, 2D, BEIERZED THRIEM 2R,
AP L TOHERES R XT3 D, .m Photo of the mock-up pipe
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KI77AN—AE (FPA—RFT4v7ITIv>ar) &> REMTEROKRERM

LUFTAE]) £ v 2 K 28508 S o H b st %
TV, 2008 LIRE I, BUGEEH & & TEilE / A
Z O M OFFIZE D MA TV S, 20081213
XHIZF w2 7 v TS & HO TR SRR R
(IFENERS) DG, 2 LT, 60C~100°C D
FZ W T ORI OB EME 217> T &
720 2009 IS OVWT {5 E & TS DM & 17
STEREZATHAHN, ZZTIE3HR774/3—AE
Y VW E O ZRE G EORFBIRIIZ DOV TR 5,

KT 74/ —AEFEE AV CUIKRERHTORF?

R ELOES - B IZ T B CULIR, REKT)
LTWBLET 5 Y MoB WA ICHIME L T
XTWBHHRDO—DTH 5, FlZBENEFIZD
WTREFDOISA T 590 EANOHFERE, Sm»
S5OHMBMMBEE L oI A., BEEESRW -
2. RIEMERODA L COEBBRELD A%
CUIDME FENEL S h Tk, 72, ZThb
DREE D S 5 70~80% 78 & 8y & (R AL 5
VOENTHWAZ LY KELMED -DTHB, L7z
2o T REMOHD S U E BB L, 2O
BESROZ T 7 Vb ER RS XIE U 7264 O CULIR AR
HioRFER R KD 5N TnDE, KL2lE, 7 74
73— F v 75 — (Fiber Optical Doppler. LI F [FOD))
LYY RITLLPIEEREE R L THWAZ EICEH L.
B Lo CUTMe AR D B 7 A Fl A 72,

1. EROEETOCUMREFEDLLE & RE
IhE TR ICHA ST & =S FMA T Ok

% Table 11278 § . MAFEEOROTETIE, il

HEOBA L 2 TEF, RIBEEOMRAE (SmfLE) 2 rhE

1ELIEN S Comparison of the CUI inspection
technique for pipes

Ultrasound Eddy Current  Radio graphic

Inspection Testing (UT)  Testing (ECT)  Testing (RT)

method  Ultrasonic guided
waves

Pulsed ECT Real-Time RT

Infl f
Jruenee o YES NO YES
internal fluid

I tion of
nspec. ono Applicable Not Applicable ~ Not Applicable
long distance

No need
Removal of
. . Need (Less than 80mm No need
insulations o
in thickness)
Corrosion localized corrosion General localized corrosion
can be (10% depth level of ~ corrosion like  (¢2mm through
detected sectional area) concave wall hole)
Inspection
P Not good Not good Good
accuracy
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ETFETIRERESE N, 20720, kil -k
SIZ Wikt 2 LD 4 L C oM 4 % < O FE T
fToTW5H, LEOEHE 72 TamEARE %
fTo72& LTEIEREMBRINSDIE. 1000 RHLD
N2~3RAFEETH D . FEFITRIEN N LA
e X Tna,

2. FODERWAEAEE=Z42 2T DERES

W CUlDAE M A MEFT LML T 2720, B
EAEDOBMRIZIEH L7z, Fig. 2ICAEORAEA =X
LDA X =VRERT, FTHELIEEOEITICX
O RS IS AR BN R) O HEER EILA
AT D, ZOREIZNRIZEZL TV TAT LRI
X —DUN R L LRI X h B, Z O
I HIES 2 5 500kHz O RIS T H 5 7289
JEOFEIICEE T Z Mo TS, Lids
T, AE¥ V4T, RGBS 2wk
ZAEE LTRAIT S Z &2k 5T, RO E K
HT2ZENTES, ThbHAEDRIMN S N7z flE
D AR O - BfEBREZ1T5 2 & T, CUlK
HOMEE LT EILNTEDLEEILND,

N Corrosion Tubercles
AE sensor

of Iron Rust

AE (audible sound~about 500kHz)

B 1mage of AE technique

AEBERBEOET=2) vV Z7IZERTED, 2V
DIEM O JE Fr G & 1 —E CHRRICHEH X T
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(Fig.32M), ZDLXFy 75 —hFizkn., JEW

Bromfric2ibd 5 &, ZUBROFEBEEAIEE v T
—SROARIZE D, E1D X 12hbbbT T L
NTED,
Light source Optical fiber
fo P fi=fo~fa

BGEEEN Model of Doppler effect of optical fiber

-

=ﬁ—7%~ﬂ (Eq. 1)

L7235 T, 2RO RIBES 1 & AT FEHE
for S fa 3 LIE LTEAD L, fildEq.2E 5%,

m=ﬂ-{} (Eq. 2)
ZHEEQ3ITRLZEDOARIZED ., f1IdEq 4D
SIZETIENTE S,

C=fo- % (Eq. 3)
.0 _fo 1 dL

fa=fo- A T (Eq. 4)

Eq. 41, 7 7 4 73— Ok # g & 60k o Rk

ZiHE L TR TA2ZENTELZLERLTNS,
Thbb, KT 743N - OJRBRZE RS & wARS Z

IZkoT, K774 =12lb o7z, OFA (Gl
WRINZEAE) 2T 2L k5, 20D
OB T AN L ZBED K v 77 —zhR
ERHLZZE2 Y ELTFOD £ Y Y2 TH
% (Fig. 42H), ZoXxrHiE, BEEED, »O%
FHfir b DZIEEVERIZT 5720, k7743 —%
T4 NIRIZEBENZE DT, 7 74 35— DfE#EE 12

WElL2=HhnEshsZ e, 1Hz~1MHz & 255
WML TH B Z L. —200C5 5 250C F TL A

WMEHHEFFOZ LR ENRBELTETFLN D,
ik\ﬂmtyﬁwﬂﬁ'0w1m®%ﬁﬁﬁfﬁ
3. QmaER: 4 2 E, @PENETE XA
ﬁ%ibaw\@ﬁﬁ%Mﬁﬁﬂ%\®ﬁnﬁm%
BERD., BENFTFohs, Lzr->T, FOD+
VHEHWSZ LT, EL kO U RIAE ©
VHDOREO~OIZONTIRFEBIZ R+ 5 Z &
MWTED,

Fig. 512 CUIDNT 7 A )N—AEE=4 ) V7Y
2T LDA A=V ERT, FFRRMEFEO L — 4 —

N: number of turns
Sensor
(fixing)
out
—>
in _
fo-fa
fo

BEE  Principle of FOD sensor

Measurement circuit (Laser Doppler Vibrometer)
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