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Fracture mode of LSI plastic package
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Package cracking

Fig. 1-1 Typical fracture mode of LSI plastic package.
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Mg, FEFAOEHEBYRE A AN bOEH O,

EERATAF BT A IO TIR. IBOFEE 10 on 2—E & LTHEBES 30,50, 60,
80,110 nm @5 WMEICEZ cbD L, EHR 60 mn F—EICUTESZ % 5,10,20 om & 3 7
FIrEA - bOAEH LT, BHERBRICH TS TENEFRH Lz, SRR OBEES
FOEXOMEE CEHfE) FTable 2-7 IKFT, £, BAFEMA L LD E—BWO
HREICBOTIEERE 120 mm, BX 10 on OM8EH W,

HER R O AR, 29 WBET ITHE 60 m 07 Y FR Y v — LAEROTERE
kD HBRROBIEERE U, - OEBTE - BIEE SN TIC T Fig 2-9 IRTHRIC
i, THDbL, BEX l~dm ONBBRERIhEAHEERTES 10 m K
HBEIIMI Uy BkR—/$—#1200) TEEEWET 5, HICHEHE O EER O
TEX 0.3m OkJ 3 v/ ABONTHEFAOETMEBYREFANSL, MREHZ
NI EF U, A3V YOI AANT, BIREEHEFRFICMT U, 12 Tig. 2-9
KR EIREIREWIRE Uiz, ChEV Y PO /571040 20 BISEEA LT, YIKRE
OB RABREL. BXOMEEFForro 2OEE, RO LETFTHRBLTHREEX
DEN 0.03 mn UFTHBI &EEMA LI, FRYREEBMOMBELRICOV T, HE
A B OTISMERE. Z0EMOBIKICH L TIRAF00HEEORBRAICH L TBE,/
HE LIl b FNXTIEE 0un BETHD. KELERS SN - 70 (BHEPHER
BRIz B B U REEHMOARTHB) o BBICMIE. BREESHERET S o0 GRS
BT 100°C X8 hr i THMBETT > TH 6 RBICH Uiz, ;

EE 60 mu LA MR A IOV TIE, EE 30 m O bORA T ZBMORRES .
80 mm & 110 mm KDOWTRAFSTAMOY vy —LE, 51T 120m BT Y FHY v— VL
2 CRIBET ELTAL. &I 110 nn OREBA IS B LTI N0 ME b EEmT Ui,
XSICEZ 60on TEX 5 on OHFAICE 10 mm ERBICHENLLLOEZERENTICED
5om £THIN. 20m Db HATAME-A—IKERLT. Hit&HZREMI L
THER U b0 EA O, ChORBRADYXEMIIZOVTS 660 nox 10 nm D b0
ERKEE Ul

(b))~ Rk ,

SRR AR, ERAMETEBYR ST o MRHARAF (UK, & CITAETR
WA ERRBRA EcEICERAERT) OLTHERmZN# L, ZORBTH
BRI A LT, FRAMDNSDADOBIZFEIT L ZHABTEELMD S X DI L THER
BT otce FlbOzHIZ, AMUMBHRAF THOREDHE DI DT HIF UFIEI



e

_19_

ki HBEBERRET -

coEEITAELAGHRBIE. ABROAAFEOROCHROBHEIRFTEPLCHHXH
THIEHT B0 WHOARBAR LES S ROOBREOE E THIHZ L TR HIT,
HEOHNERHRGTEICSIR)OBIENEZT S, ZOBEDDEHIC L - THMYGIX
MO L. PACHULTREBOERENRE S, COZIRERORI ZMAOEEE
. BEZEFWAICEI THREREREZTI I EICIDRD I, BARBISONTEES
BTHUIBRIT 5,

WrEIC I, MiEH E LTHBARFOBERLDH [ mm KEVLEBETEZ 20 mn o M #
WRICE OB U S)U #2426 ME L, Fig. 2-10 IR T LI RNVET—IC & D RN
o FrTHEERZHRATHEREE Uk,

EBROFIE . FTRBRA SENE—REICALS L) ICHBH. Kby — EHICERS
NTHREBREIC L hr LEFPHL, 20HBTIEFEPL Fig. 2-10 KRTIHIICHBA . M #
MEXORLVY —%HBHITT, BE—EOREEEIC 30 min YL LERFT S, HEZR
HBLT. TEHPEHOABBPIIRALTAHNBEREASZ . —ERHRITWOLLT
SXUEROTEABE LI, SRHEROHFERIZ. BEYHEBTHI2HHRARKI > THEAK
WMRTHIENTE D,

EEMOMBREREESEOICHEA LCERBR. ERU LOBEII OV TREAEME
ERXEAREZAL.. TREEUTORBRSDWTRERRERME L3IARE. REER
ZHALUEAFEOBHBREEER O, Chitk - TAPEREREEZH -40°C~+160°C O
FBAME TS ENTE I, |

BEREE. HEHBENOBRESTHICIZBEEZR/NRICTHA LD, -3 X5 Y
S UMBHAETEXEIRVABRF OYREIWHE MBI TIT -, HERSENORER
ﬁﬂ%}*lili £0.2°C (at 100°C) PURNTH -1,

EEOBEBICIE., K—KFE (0C) &L RV T V- FSLTA4RA% (#H -70C) O 27/
FATIHWO, BNTEHESGRFEE LD, BBAZRALCESITBRENR/LL
HNE IR ERBEIATARZE[H > TEREIT > D, BRIZRMBITLD B
ERENEMTIETOANHEDT, ELITDUED 72, i HEORBEHBID
e RUF VA —FT—ICTAA LSO (-30°C) BLUEERAM (50C) KO0 THi
BEiT - 1o

BHERISOTIR. BRERM ORI KBESBRRICET IR (3F) . HXLU.
BHERABLICEZ TH->ERERE (KF 2.4.2) 6., Type A OBIFICH L THE.
B 30,50,60,80, 110 nm O & MHBHEBRA I3t LT 60,200,280, 580, 1030 sec (Fourier
Number: z = 0.032 1HIM) & U7, BRI L TR, BEAEDOBIRIZE W THRIE
HBERNREDLHE O, EROFHREZZZ THHEL VP LEVER., #4bb 300 sec
ICRRGE LTz,
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2. 3 IEYIREMBITHITLBMEEEY

IEFUBEOHBERERREFT OIS0, £, UREEHLTOIBRIO AR
FaAHOBERRBRIC X 2HMNRTRETHEINEIDERS . FHTIE. ZOYXRE
OWNHABIABRA ZHOLBRHERRBRBERITOVTHENS,

2.3.1 BBt EHEED

MRBORBRIICH LT, B#E LELREBE, L TOMBEREEZH#LICRBTT -
LB HBAERARERIIODVTHRNE,

Fig. 2-11 ZEGR & OBHRBRA O RERHRITL > TEREFLEL L LOOFTHBEA T
5, cOBS. BRERIFERCRRE K0 TOERBRA ZBEERTICA
MBI ANBEIEINEDEZ ), RERFOWEE. FLo0HAR S, WHAHERESZ
. B~ sec BIBRIBIEPWHEFTEIMLIER LTI 3, BBRLOEA (
Fig.2-11(2)) iIKiIXABLKICETN S MRS RBBRICRHET I, BIBMZEH VS L,
Fig.2-11(b) DBHEIFRT LI, SBRHUBROAFOBTHT L SFBEFHICERLT
CBD.FE 3~5m WSS ROEFMIZGEAT S,

COESIHi LS A OREETIE. Nanson & DA IT e o T BB AT &
S — T 5, MBIERELTVSEEN . BHBENSHIHEMBIB LT, &
AEEATRADIEISNERL S, JOEXEHRAMAT CBEET UL HRAR D
S8 mn WM/ B EGHRBRIEHEL S, £/, CONATORKDIIRIEH G, #
HRAEEZ THOUBBIERAELED . ZOBRRRA 2KORENE LT EDIH-
TINE (1B o Lictlo Ty WEBIAS & H8 8 FRSHE IS 350 TN T 718 & 51
EEDICE D REL. CORDICERFAICSRSERTEN. HBEOIENSE o K
METELEESEDRBEL B HIHKHIC X2 SREF/RID . WEAHEICS SR
DEBENBBEINZSOEELSN S,

PEDE End ., AMERKBRAHEIT, WBHOERITIVERABNOSOBBEHICL
RGN DRE LTINS D ENFEN I, |

9.3.2 YR X FIREERA IC L B BALRAR

PIREMELOMNBRBRAE T, SHHEOEERIZTIH LT, WM 210 TT » 7o H B E
%ﬁ%@%%%leﬁzmﬁTo:@@m\ﬁmwﬁﬁwﬁﬁ%\WMKuﬁﬁﬁ%&
@\ﬁ%ﬁm%%ﬁ%&bk%%%éﬂ@@%%f\%&bﬂh%%%%%.@%%?%
Lieb O THBo =0T BIEHEIE (Taow) 4% -185°C O bOEBAKER. ~100~-120C
@%@m&yﬁy%%mtbfﬁ%%%f%ﬂbﬁﬁ%%@ﬁﬁﬁﬁok%®\éBK

T0C BRAULC RV T vERSATARATHHLELLOTH S, WHBIKBEEERREZMR
FEAITRATORETHENEL 20, BASEFKE- RV VBTREIST. FI474
Z-RUy UIRTIRY 200K [fHETHEOR X ZMAOREZENBE I NI,
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BEBEREZHOLGEIE. REGRAN—BIcRF VBIENER SN S EEICHE~XT
JEHICEOADIKBEENTRRE D, I5INEHORERBE IS BOO, PIHERENE
HUTOREBETRZOMNMMEBEOHGNEEETH 5 cHic, WHENEZ S RADEEZEN
ERICEKDONBE S TEHENET S,

MARBAEENBEINILZFSATAA- RV VBEROCIEGERIIBOTH, TORAD
EEZIIH 200 K EFEFRRED, SITHW I RFHIE A 3. MR EROLD
BUONHER BT TH D 0 T EIRIE OB, EBICH A XA TV B8R o B K
KERTEIOHERS D, T NLDEV, ZOHHAHEBEZEAXBTECI-T
U, FliT 50D RAREBRAEZEZLHELS S, LHLENS. JOBEI
BOMEHENT ABITULE I LHIC, WEOBZIZMABEENOT IEEEZI S
LERFHEhEAE, —BROAHRBRTEL L TEBENZ O,

UERFRURZEBRER S, IREOHOBHA S REARA 20 0o @ BEBRITER.
IRFUBMBOEENTHBAFERAREL L TEMEIEL, EE TR EXRLIE

7::"37'\:0
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2. 4 bR ESHEBKET 2 RMEBHREERAR

KEIHTHE UL S IT. B MR A I & 5 S0 BRI AR E TN
ZRBFEE LT OhOMEBEESRHBldIc, ZI TR AESHTHOLHAU
s TR FVBIE A FHOT, 2OBERED YR ZMH I HBRERN %
AL BAEERRICE DBRF LHRIK D0 TEX S,

2.4.1 Ja¥esiE o BEHRHIEE R

Fig.2-13 KRN TEREBRFE LaBRR =R+ U BIE A ORBHOTHERT,
FEACORBAICENTIE, SER/OWORESEN S EBEFMICES . BBRH OH D&
DEWTEILET S (Fig.2-13(a), (1) o BEARBEESASLESICE., RIS ST
GFRICEL S b 50 (Fig.2-13(0)) « BHH 5 A FHICH A > TELHENH B
(Fig. 2-13(d)) o S HIRABIHBARMEIMAFHOSIRIENZETHY . JhIZLD
B FIOREFEE CERIERAARELY. MBI TREMSHBETH S0
. MEREBREETRESE- FERD, EREHK L THAFHANOER~ED LY
ARBHRHEELOND, SO ERYREOMOMAMIT L ZRERHRBTOBME SN
te&ETHBE (KE3H) -

Fig.2-14(a) KERERKC BT ARTOEEETRT . WHEHERICFHT, ¥ TV v 7
PDENFEHERTART. BOSBEROBAIR, ~ERTOERTEANMFLT S
BbH BN, BLOBE. ELWNRSUHEEZZAW LABANLETERERVRV LS
i Fig 2-14(b) PRERBICFET LI, BPTEROBRIRE LT SNBH,
F A B M R T I 12 TR T 0 & T D oL EOSHE B A 1N B S AT R VB LR
N5, ERICRBET-> T3 E &I, SEERICHET 5 & BbN 5 U BE B
Xh. SO EELDLETERERNHMEIAPNTHEL I EZRLT S,

2.4.2 BEWEGLRWRAEEE

wic. BIE A st UTRBAEESE 60 mn, X 10 on O D% WIHBITIEIK-KE
%ﬁmb\%ﬂﬁ%%zwsa:&Lt%é%ﬁ%@ﬁ%%#mﬁw\:@ﬁ@ﬁ%@%%
% Fig.2-15 R d. BB WATYREZESELTYREES ¢ ZRRIFERT
BLi-bd (c/R) &0, MBI AMEREESEBREEORER AT 280, 5
WA EXBLCREZICOVTHRERERET > T SROLRENS LN
BAAHAD YU RNT, B5NED > LHEEBILO Y VRV THEUIR,

Fig. 2-15 BT, XROERE, il BE—MRALT 505, ROV T OR1
Eh2. COBERMAIMAEEZMM. HIVRPICBRARNERE AT, EWMRT EIZTh
. ZoMsE (c/R)=0.15~0.20 T AT.= 456~50 K OR/MiELE 5. LUk Ofh
BARNMERBEIES (ATDwin ERTIEIKT Do
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2.4.3 WBHRHOLE

BHE AICOWVWTHERZ 60, BEX 10 m OoFBRAFZH O, BEBEZK-KBE LSS
IZOWT, BHERAEACECI S TAHNKEHOERBII DOTHRIF L, 22T, BH
B 20, 40, 60, 180, 280, 600, 3600, 54000 sec @ 8 WHFHICE X 1z, COERERDOL (>
MORE Fig. 2-16 K. F o, FERTHCBRRARBEZMREZ I 20757 FiIcE LD
D% Fig.2-17 KxRT,

Fig. 2-16 £ 0. BHEEME EBIKBRAREEZINILAEEN, TOBRBIZIERLCTH
5, THbb, WABAOEEKBRBERLAKIC, FORAKHITEVLTIYREDOHERT S
BAOEEENREYREEIRHLTRD SN, PORRBEENHETICMOMEES
5,

\_@FEﬁIEIEE@%ﬂ:L%BT%& Fig.2-17 6. BHER & & bit/hx 5D,
280 sec Y ETRIPEHDREHERAONTL L, Eh. BRAEZMBEOBNELZYR
ZFEXIBREIC (¢/R) DREFWVUANEB BN, 280 sec LIETRIAIZDODVWTHHEDHE

AEDTE 0,

2.4.4 HRBRATHEOXE

(a) HBAFER

BIE A KRDVTKRK-IKBZHAOCT. MREREZEL2ICEZLES 10 om ONBRARA T
AR AT, RBAEROTEYRI DOTHRE Ui, 22 THEBERE 30,50,
60,80, 110 mm OS5 FH L L, COLEZHHIIFHEF, HLETHE~XB LI, = OBHE IO
WTRADEHIERGHOE SIS 720,032 IKHNT 5 HME RN, %~ 60, 180, 280,
585,1035 sec & L7, TS DERBROHZ Fig.2-18 12, /2. HohBRBEMH
MELIDOFS 7 LICELDDRE Fig. 2-19 1IT5R 7,

HBEARESCTELEMABEZEIRBICNES (A ->TOE, ZOHBLE~ ORAR
EEMBEBENMIZ D, THbLE, HE 30 o0 O/NZIORBRAOEEICEINNIDKREN
BEXEWLEELD, TLZOBMEDL (/R ODF>ENIVMITH B, #HIZ, Tho kD
HEBEOKEZW 80 mm & 110 mn TRERBEZICIFEAEENELT>TE, E i,
ERBEENENELAYREESOERE 30 nm TE ¢/R=0.1 THE30I1IH LT 110
mm T ¢/R0.2 ERFIZKE BB DD 60 mm PUETHZIOERNZLHE S,

(b)) HEBRAEX

B A IZOOTK-KBERCTHRBRERZE 60 on &L, FEEXE2FE L ICEZMHERAR
HICEDRBRABXOTHEHRIZOOCTHRI Uiz, MBOEXE 5,10,20 nm @ 3 Fif &

VEHERZAETOREIIZHENT 280 sec & Ui, EBRERE Fig.2-20 1Z59 (10
m OFRIZOWTEHBRRBEZMBMDOAERT) ,

5mm & 10 mm E&E~xBEL E 10 om OEF DR FEREAF/NX LB 10 om
E20mm ETRBIBEAEEMALTOLR L, - BISH R TIG AR BN -iff I ) Tt
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PExhzBEEE, FREL TFRERBTEUINIBAID RN AL, HUWNE
KHLTIRAMWNE D, COLDRAUHBTOHEORBRAIRL D RS UHMEERTHEN
HO, HPEEMEEZLETHETEMINZIEIULTITI)SLELD 5, FERMRO
BE.BEX 5o OBERRELPHBENKRELALIEAME N - DRDEEI R
5o

2.4.5 #WHREORE

BE A I OWTHEE 60 no, EX 10 mn OHBRBRAFA L. HHERZ 280 sec &
L &0 BERRBICE O THEREZK- KR (0C) Oftlic. FIATAR- Ry %
(-70°C) . RVYIVEI—F—THHTEH (-35C) HLTEHHB (50T) O3 D2%FL
THHEBEFOEBIZOOTRE Lk, ChoOEREROH % Fig.2-21 1. BRREES
Mg % & T Fig. 2-22 KR T,

RAREEZR., AEBEEOBENFSATAZ-RV I VBOBEMUCENTR RS
O HUTHREOBEIZNELHE TS, Zhid, KB THREFEMEINSLCLBL I &0,
KSATAZADRETZRMBDOLDICBEREFHENY LREA B3I LD, KFE2H
THRUIEEIICEENEL B o E ZOBRBERINILSBELDOHRIKRE LHNT
WBEZEERLTOVE,



iy

,.25_

9. 5 ERAMIKICEI SR

T IR 1T M B 75 A B IR O it B R BT S TR A, SIS LT
KHTRBEA S BRI RF VBRI OV T, TORHREPZ YRS £
AR ER 12 TR U7z

2.5.1 BMiERALOLR

Ak TR TELESRENSEEROLRFVMIE A kLT, PLBHEDSH S
DGEBA B =R* Vil B, BLVPZOfMFEZEBA LBIEIC>OT, BEE 60 mn, FEX
mmmmmﬁ%%ﬁﬁ\F5474z~<y&y%0ﬂﬂn%mm\%ﬂ%@%3Msw
ELTRHRRERET - .
_nb@ﬁﬁﬁ%wvg\ﬁﬁmagmkbrABomow)%;U5om(AM)
DELE Fig 2-23,24 1R T. WTNOBIBICH L THAREL HTHRLIHIE A SRU
I3/ LT/ EE->BREEENRIE oG, BREEZRRE 12075
TICEEDODE Fig. 2-25 KR T, MABEZEIHIE A »SBIE B OFHENMTE
MR RELAD, BINNBRRBAEZICKESCEET S,

2.5.2 EPEIOLB

TEFUBMIBOEPEIFELTAE, BREER TR Lo —RICHEO®H L (L
#bﬁ#bT®ﬁh)ﬁﬁ%#@bﬂ5”%_@Wﬂﬁﬁﬁk%iﬁTw%%éétb
i< DGEBA BT X+ HIEEM . TOEHMEPITHT 5 DR UBAH 0 (Fig. 2-1
HMR) 2HAIEZLEAOBEREHITOLVTHRA L,

n OBENZ4EHO DCEBA B A ¥ MRk 5. ABER 60 on, S 10 mo,
BIRBEE -T0°C. BHIEER 300 sec & LTIT - o BEHBEMFEROH % Fig. 2-26 12
FohoORREEEMBEEEIEDLSDOE Fig. 2-27 ITRY,

FHOEXN n=0 DSJEREMT 3o T, BMIONBRERESODHEVIILOE
WHANEETBHT 2500, BAREXEMBOBREREHUTH S, FHEIKHL
TRLENLDOREFLDIR., SRFERI IO LELRR/NOREETHD . TDOEALD
BEAIE n=0 IcH~T. p=l T 10K, n=1.3 TH 20K. n=2 TIEH 30K HML T %,

ﬂﬁ\m25mﬁbf%%%%ﬁotﬁ\:@%%KMIMKMLQEE%%QXTQ
XWOERBAONAEDN -, TORBHROMUXEHTHIT, HEZ 120 m &KX
L LEBARLABIKEIROEREIHONT . YIREPRECEEST S5DHTH -1,

2.5.3 AL O LB

IRFUMBEHELEZ S EOMIT, BAAICK > THHIERE/AH OHVEIZEANT S,
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SO TRIARFVERHRELTLERO DGEBA D DE LKA n=0 ICH YT S H RS
BRI K RAEALH 2 FE. 7 o REAH L BB OV TREEEHEZRE LI,

Fig.2-28 1= MM OEE 60 mn, FEX 10 nn. BHBEE -70°C. HEEEH 300 sec
THERERFT->HREE, TIVEBLHAZAOKEADO T —% . BIUBEKYE
EFI OB AT 1) AR FEE2 R (AR MeTHPA & — =8 PA) 2R,

TRV 2 BEOBEKDEAAKIE. Fig. 2-1 KAT XD IKHEMIRSTEOD
Hinizsd, BAEOHEYE D REREANEL, FRXAZ LI ZOWMBHEREDICZ
FEAEERASRLEN -T2,

Zhiex LTy 73 VEAHER OGBSI OV TIE, %S Ui PA E(LO#IE L
s A E. TOMMES . WERRBEOMIRBIBNILTHS, 20, Rz
BIXE30RLELERE/NOREZI PA BOBIRE LB L TH 40°C~50C & REm
KHALTHS, LALANSGESETERZ LI, ERERORABEEL YV KREXD
BEZIZIIDLT. OHMEENFOEZFKEIRERLEY (RPICEBATERERLR 5
ahEEIhiz, chid, 73 VEAHER OO T AEMEV 72D, FHHRE
DT ETE, HEORBBABHIC. YREZRMCBIEHICIDURESENERREIE L
T L. SBERLELEBLDEELSOND, LichoTy THUUET AADMEOD
HANREHERE LBOBE TR ERSBABEEIBHICLTAIILNEILONS,
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pEEh. HEBHKEENEEDN AERA T RF VBT LT, IBRAEEBRAICLS
MHEARETO. UTORK®RES

OPREOHEOMNBRBA TR RF O HIBOMBFHERAEOFMIWBETH D, WD
NOBERD B EEBHEH LI,

OUXEfFEMBABRAZHOIAHFEHXR T, HBEWUHBICSHERORADRE
ENEoh. CORREEZICIIHMIBOMMHEREO ERENEFMATRTD 5,

@mﬁmﬂﬁﬁm\@K%EéKﬁbfﬁmb\%5Eémﬁhfﬁmﬁ%%ﬁc
ORABREZZRAFHELEDIIBI LU, S3FHICETTEDEBINEKT 5,
OBRAREZEIHRBAEBIRECBEBZERBDT IV, BSiTREIST 0,
@MAEEZIWHEEIIKREST S,

DEMRPBEBHBBIIEOTH., PIBERENZ IO OO TEAKREIC L D IFM
THEIENTRETH 5,
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Table 2-1 Resin systems of epoxy resins.

(a) Resin mixtures of alicyclic EP and bisphenol A type EP.

Resin systems

Epoxy resin Hardener
alicyclic EP bisphenol A EP* PA
A 100 0 35
As/Bs 50 - 50 33
A, /By 20 80 30
A, /By 10 90 30
B 0 100 30

* : n=1.6 (repeated unit)

(b) Bisphenol A type EP with different chainlengths (with different repeated units).

Resin systems Total
. . repeated unit
Bisphenol A type epoxy resin Hardener number
n=0 n=1 n=2 PA n

“B'ho 100 0 0 63 0.1
B 0 100 0 48 1.0
B35 0 50 50 37 1.35
B 0 0 100 25 2.0

(c) Bisphenol A type EP cured with different hardeners.

Resin systems

Epoxy resin Hardener
‘bisphenol A* PA MeTHPA MDA
B'(PA) 100 63 0 0
B '(MeTHPA) 100 0 85 0
B '(MDA) 100 0 0 22

*:n=0.1 (repeated unit)
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EPOXY RESIN

alicyclic |
LK
bis-phenol A

H3 . H3
HZCB}ZH-CHz—O-@-g@O CHZ-(FHCHz-O—@%—@—O]LCHTC\H}CHz
: CH, OH Ha n

0

CURING AGENT

PA 0 Me-THPA 0
N
o> 269
¢ MDA HC o
Y H NH2 0
H2N ‘
CHs CHs

wFig. 2-1 Chemical structures of used compounds.

Table 2-2 Thermal properties of epoxy resins.

Coefficient of liner

SPemf[ici %ravxty Sft;cllf]i; l;(e;u Then[njal/ c::r;d;éc;mty Th"[";'(‘)ﬁ [j:sz;’zl;“y Lher[mlaé_gx/p;én]sion
A 1.253 1450 (1278%)  0.203 (0.205%)  0.117 (0.128%) 39.0
A5/ Bs 1.273 1530 0.202 0.104 39.6
A,/ By 1.229 1700 . .
A,/ By 1.223 1650 0.213 0.106 40.0
B* 1.215 1780 (1407%)  0.194 (0.355%)  0.089 (0.208%) 40.2
B'n()‘r 1.261 . - - - 48.0
B, 1.245 - - - 49.0
B35 - - - 50.0
Bln 1.226 - - - 56.0
B'ent 1.261 - - - 48.0
B'(McTHPA) 1.214 - 524
B'(MDA) . 1,194 - - - 84.7

% : correspond to n=1.6,  t: B’ ,=B'(PA), I: B =B, ¥: with laser flash method.
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FREIRFV (1) HEIXFY Q) R
Ik (130C)
HIT B  me *115°C)+
L - E%‘!ﬂm’ﬂ
B &
1kAE L (115°C X 15hr) l
BALL s T
2k 584t (130°C X 10hr) KA EE
:%?Si*fi%?%‘ > PR ENL
! —— )R &~ EE

7=—1 7 (80~1207C X 8hr)

7y o — 8 —PHRAE
Y

Bl AR

Fig.2-2 Process for making and preparing the specimens.
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“Alicyclic EP LT3 y o
=
" % T2 ’
-
o
X 511 !
n
100 o /X 50 100
. Temperature | C]’Q'—1 Reading microscope™
i g,ﬁ _o Strain gauge -
o Specimen No.1 O
] J 1 3 No.2 @ _

Fig. 3.3 Measurement of thermal expansion for alicyclic epoxy resin.

Table 2-3 Coefficients of liner thermal expansion.
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Resin system o o, o,

A 3.17X107 2.33%107 1.46 %109
As/Bs 3.43X 105 1.66X 107 1.21 X109
A, /By 3.64 X107 1.07 X107 0.98 X 10°?

B 3.69X 103 1.00x 10”7 0.95%x109
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3 ' Y | T |

““““ A
— — — — A5/B5

5 . — - — Al1/B9
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x /l\ | / a
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O . '. ‘ 1 N [l
-100 -50 O 50 100 150 200
Temperature (°C)

Fig. 2-4 Dynamic mechanical properties of epoxy resins.

Table 2-4 Glass transition temperature.

Dynamic mechanical

Resin system DSC ™A properties
A 128 163 170
As/Bs ‘ 146 145 153
A, /Bg 113 - 133
B ) ] 126

- DSC : Differential Scanning Calorimeter
TMA : Thermo Mechanical Analysis
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Single edge notch (SEN) test

=1
o
'3 point-b T’est
'
i[[_m__ﬂ

C.T.test

SY M
o
w/a

1=140 mm (=%
W
W=40 mm
B=2 mm

Y=1.99-0.41{+18.704>
-38.4803+53.85¢*
(=<
W=20mm ~ W
B=10mm Kie=—3P5-Y1e

2BW?
$=80 mm Y_1,99-§(1—z;)(2.15-3.93t;+2.7c2)

(1+20)(1-5)

=C_
W=s0mm Sy

B::W/Z KIC= PY

BIW
y(2+0)(0.886+4.64C-13. 320%+14.72503-5.6C%)

(1-o"?

Circumferentially cracked round bar test

ok

R=8 mm

Y%[1+%+%§2-o.363§3+0.731§4}J1-3;

Fig.2-7 Specimens and test methods for fracture toughness.
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Fig. 2-9° A specimen for thermal shock test with edge notch.

| | ﬁ Insulator
| T\__gy (Balsa)

Specimen

,’« d
.

Fig.2-10 Schematic illustration of the test apparatus.

Specimen
holder



(a) Without Heat Insulator  (b) With Heat Insulator

Fig. 2-11 Photographs of specimen after thermal shock test, (a) without heat
insulator and (b) with heat insulator.

240r -
O

200 §

s | 8 :

T 160F 8 -

5 | e o

1200 © o 1
cracked O

BOL | uncracked @ i

-210 -180 -120 -60 0
Tlow (°C)

Fig. 2-12 Thermal shock test results using disk type specimen without notch.
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(d)

(b)

Fig. 2-13 Photographs of cracked specimens after thermal shock test using disk

type specimen with notch.



(a)

(b)

crack front

razor cut

initial notch

Fig. 2-14 Photograph (a) and illustration (b) of fractured surface with
arrested lines (crack front).
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120 ' T v T
Alicyclic EP

D=®60mm, 1 =10mm 7
Water-ice bath (0°c)

| 100" | Cooling period 280sec ]

O crack propagated

@ crack did not propagate

20— —
0 0 0.2 03
¢/R(-)

Fig. 2-15 Thermal shock test result of standard condition, alicyclic epoxy resin,
disk size $60X 10mm, water-ice bath (0C), cooling period 280 sec.
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Alicyclic EP
- ~ D=860mm,1=10mm
Water-ice bath (0°c)
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40f
cooling period 20 sec 60 sec 15 hr
T crack propagated A O <> ]
crack did not propagate A ® ‘
20 L H » 1 4 [
0 0.1 0.2 03
| c/R (-]

Fig. 2-16 Thermal shock test results with different cooling periods, AM; 20 s, O
@:;60s, O®; 15hr.
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120 ————T————
Alicyclic EP

= "‘D=¢60mm,l=10mm -

Water-ice bath (0<)

100F | - l

|

ATc (K]

"¢/R (=)

‘Fig. 2-17 FEffect of cooling period on critical temperature difference.



120 ! T

Alic'yclic'E'P )
L V' 1=10mm .
| - Water-ice bath (0%)
100+ Cooling period 1=0032
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_ 8o} A %&/%’VT_ \4
Eé ‘ R specimen diameter 20 60 110
- v w crack propagated 7 O O
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0 0.1 0.2 03
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Fig. 2-18 Thermal shock test results with different diameter disk specimens, V'¥;

$30mm, O®; $60mm, O ; ¢110mm.
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ATc (K]
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100

80
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| - l '
Alicyclic EP
[=10mm
Water-ice bath(0<)
Cooling period 1=0.032 -

D=30 (Imm)

D=50 Imm)

0.1 0.2 03

Fig. 2-19 Effect of disk specimen diameter on critical temperature difference.
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Fig. 2-20 Thermal shock test results with different thickness disk specimens, v
¥: 5mm, O ® ; 20mm, and broken line shows critical temperature
difference of thickness 10mm specimen.
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120 — I ' T
Alicyclic EP
D=860mm, L =10mm
Cooling period 280 sec

100 — .
cooling temperature  -35 C +50TC
crack propagated O V |.

crack did not propagate @ VW

80 -
\ 0
. @ ® ]

o
Tlow--35(C)
60F Y % )_co-o-

.'v'\‘ Wj//

(K]
O

AT

['O B " wu—i.v Tlow=+50 (OC) -
v v v

I Y B 03
c/R [—) |

Fig. 2-21 Thermal shock test results with different cooling baths, O®; -35C, v
v;+50C .
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Fig. 2-22 Effect of cooling bath temperature on critical temperature difference line.
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1 80— —————————
Bisphenol A EP (B)
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o .(g) O
160} pd | o) O .

oot :

O crack propagated

® " crack did not propagate

80 B | L ‘l | 1 ‘,
0 - 01 0.2 03
c/R (-]

Fig. 2-23 Thermal shock test result of DGEBA epoxy resin (B).
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Fig. 2-24 Thermal shock test result of mixed type epoxy resin (As / Bs).
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160

140

80

60

Mixed Resin (An/Bnr)

Fig. 2-25 Effect of resin sysicms on critical temperature difference.
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0 0.1 0.2 03
¢/R (-]

Fig. 2.26 Thermal shock test results of DGEBA type epoxy resin with different
repeated unit numbers, O®; repeated unit n=0 (B'y), LA, repeated unit

n=2 (B'y).
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160 T ]
| Bisphenol A EP
140
—~ 120}
X
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<100}
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F1g 2-27 Effect of repeated unit number on critical temperature difference of
DGEBA type epoxy resins.
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Fig. 2-28 Thermal shock test results of DGEBA type epoxy resin with different
hardeners, O@ A; DGEBA cured with MDA .
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FTCOBBMLERERZL LT EERLCL S, ~

Fig.3-9 I K * ORAM (Ki*) nax EEAE B OMFERT, SIS
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WS (WABLEHSE) . 2 Y vy 7 XRZAVTARMTEZ LD THREB TRV, /0.
FEEPRFUOMBPOSHHICTE 5, JEMIBMAE (KRB, BB, B KRR
B, BEOHENDH B,

FMETR. FRERRICEL > THRRRFKICH LT ZREH 2R 5 2 HMEO R
ETO, RO ESFE EOMEET - 7,

.41 EESBEEREH

IITRBRNMEBRT, THMEEZEE (BXHFHOREATRIEZ L) Lizkd,
FHE-ABEREZRAOCTRENIT I IFRERERT T o7 FREROHBEIIB LT
BHRFEZ, XV FNVasEL2—F5—(PC-BIDEHVA SO TRERY T4H. HAK
478, REBHBER(EIN-280DZA b0 TIRERHK 2948, A% 170 & Ui,
FREXEFEZTOBONFRNREZAEL L TR, HBPOBHESZHEESE U, SBEIC
S UTHRMBREID, CORBMEOH Dy FHEMEHRRL T, FEHIZ OO TORN
T olco Ele. MBARLOHBEIIEWTHNEZ 0 &L, RIETHOCEZRSER %
Fig.3-10C¢a)(PC-9801), (b)(M-280H) IZRd

3.4.2 HRBREICEBEHEAKHKOAE

KHEICHFOT, 3.3.1 HIiTRUCOERUEHICT, EEEMARICEBESI T ZEZ 2
EEOBICNATHEHEL, COLZOEEROBLMBICK IS ZWRITBIET o %
/RISHULTT oy PLUTHB LD Fig.3-11 TH B, EHEICLBIEHEEOR
REIC—HLTWV S,

XT FERICBIIBIEHNRDONZ S, ZOMDSIEHILRGHERD 5 o
IMAREH U, BHMEKREHKET E0BERI . MEERRRKBEZRESE L xR
£-THZGNh5,

COEXMS, KO ITHEAISHIERBHKMICRE L TESHEEDRBIZH N,
FIREREEZAOCTIOMERDSLAFEELT, BEWEIICLEHE. Bk, 2
VTS ATURE, TRNVFERENRS LD, SHEEZRIVFEER T2, Zhid. 53
XWUEX. HERAELTORBTOELANFEZRD., SRESIX 1A ERIETH
BILEIRNVFERDE, COFLXNFOEZRKD, EBIELIRNEITHRT & T M
MRD LN B,

CORRE, ARESORREMK LT, Fig. 3-12 R T, ARESOIFM (Tig. 3
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AHTE 324 KB TG-IOXNTER U BEBRTIEHLRERIc LD, H2ETH
SNIFEFITRENTHRRNZ RS O HIBORFHFEAREREETML. ChERUES
HI3MTHRUICBMRITEHERBFHOBMHESRE ZHBRHET 3,

3.5.1 HaE R

B-1ORTEH LI MR TIEH TR B K onp 10k D, 82 ZETR UL EERRE R
(Fig.2-15) Z@M LU RE%E Fig.3-13 IS5, S ORICH O THEBIT(3-14), (3-15)5
TEHESINSBRTISEHIRFEE Ko* BB ERTUREEX ¢/R TH B, (3-1H)
KEB AT—>Ki¥exp DERZTED. BITHEZOMRHKA T oy P UEBRER S,
o BPICERTR U, G-1DRFFICHMEHBETRD 7 Ki*ear T ZHi
31 IKALcEL D, MRFTIENEAGHOBRMHSRNZE TCRA L 2D ER
ERLTOS, BEMZHEE A KB 3 EERREG ST EROXVNEROEREH
BRI, EEICL—HT 5,

3.5.2 WwHRHOBE

BHEMEZAILRBEO Ki* 70y McBP 5, SEEELECIRR (OF@
DERH) % Fig. 3-14(a) 1. 3.8.2 15 ULIic i HEEIE % 2 % 72 35 & O 4R 700641 3 K 15
HoFHEHR (Fig.-3—14(b)) EHBUTHRYT (Fig. 2-17 1i2d1I5) o

BHER ¢ =280 sec T, EHMNICHBOBRE LB 2 10— MIZNE LT 5 =
ELERERMICOZOMBEBRBOTERBEREHER R L —H LTS, L
U#Z, t <60 sec DRV TRERTHONAERBIELHICIZ KT Ib00., &
BRICHHEI D ORETEERTH SN 20 sec BERCZLMAIS 3,

BHBFE LI D0 TR, KRBRAED S, RRA R BB B I LT3N ¢
ELTOER, BAULERBRAZWMOBLTHRLY —hos L. X5 EHBM AN L TE
BICBIE N ERBETAETOBRBPHIB I P> TLARIEDNEZIONS, JhIZAER
PEMY BT EEXOEEFMTH D0 I OBMEREICREZORE LR, K ¥ &
DB SEH 20 sec BELEZZEERBREOEDNHNSNE, O END b
KRB ARICE T ZHHMEME LTI, RHBOHMET 3 HIMERDE L ENZ S,
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MBEREZAIELBEOK oy OB BERORI 2RA%L Fig. 3-15
(a) 12, 3.3.3 R L-AREBRE2EZIBEA0HERERE (Fig. 3-15(b)) L ZLE L TR
4 (Fig.2-19 1o#Y) , HHEZELIELBEC L. I TRHLAABEHAOERIIS T
. HEINSEKDI Ki*cars EERDOBLERABILII-HLTV S,

MREIXAFEZZEA0 K 7oy FOERE RS X CHEHREZ R Fig.3-16
g (EX 10 mn KOWTIRERRBO Fig.3-13 28R . EX 5 m OBHEIKE,
M R THBETED . Kitear GHEMICIBEIORFNAS B DIb &/ Uik
L1B) XD BERTRKEZEANTHERD, ERELD2ELEALHMANH S5, U
Fedio T BERABRICHEOTIHES 10 m UEORBRAZHOARETHELEZ S,

3.5.4 WBAREOXLE

-

BEAEEAEZLBE0 K oy b% Fig 3-1T IKRT, ZORIKHLTH. &
B REEORFRAS LD, EORBEREREOTER—OMMS Ki¥car fH
TH D, ARBEENEDE LREZCEOTRNE D REAEN TS (Fig. 2-22 18
)  BMEERE ORISR EOEEELEFERLTRDS Ki'exw 70y M5
BohZERNEROBERIT. FORERBNTD Kitean E—BHLTHELIAD, 20K
WREEAZZEILEBSICD Ki* KL MEIEHNTH 5,
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3. 6 SEZHBRICEHIT S BAERYED M

oA TR - BRI AF VBB A Do, —RIKEAZINEZR/F VHRICD
WT, FOMBHERUEOFTMERN T 5,

DGEBA Bz L MilH B, BLU. Bl A EHIE B O 2 BMEOHIEERALLEED
Ki* 70y FOfl(As/Bs)% Figs.3-18,19 7T, #HF B OBA, Koo 256H ST
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BT, TR~ ERABIE A OBAEABICB—HLTV3E, Zh@FEHIK
BHEBIENA > TV B epEEroh, BEWABEEs GBI Ko™ 1Kk 55010
NHETHS. B NEFGEHOBIETR, BEEROBE L2 TRAIERKRHIC &
ZHEHOETRTAEIN, TOBRERIZHIFLAE AL,

X512 DGEBA ML RF VBIEOEHHOEZIFZ LA WNAEEILBIBIZI>VWTD K> 7
Dy FOM%E Fig.3-20 1R, Shik. R U< DGEBA B R+ UBIFOMIET., # D E
UBLALAS n=1(Fig. 2-20(a)ic # i) & n=2(Fig. 2-20(D)ITHHIE) DHATH B, # D iE
LEA n ofiichdrbod,. EEO DGEBA DL EIXBO—HERL T 5,



_70_

UEDZENS, TRFUBIBOMBEREAYIEDFICE S (BB HERERIT L. &
RIEGIEHERFHICE D ERBEREFMULEIAUTOL I TRRER T,

OBy ZRRRTREF V>0 TR, AN BHBRA TR, wE IR
bh I RBEREFHERERZI LIV —HEFR Lo

@& ->Ts TRFUMIBOT BEREZFMY 5 O BRBEHRHBIC BT 5 BERRSE
PEUT, BRI 300 secy BBRA T 66010 om MM, PIREFEE c/R=0.2, W
BIIEK-KRERBFFATAA- RV VBETEOOERET %o

OEMMBIBI BT, BREFERRICBOTYULMHURZOMONZSNE LD
B A EIT ORI E RIS D ENTE, KRR ES L T OB A
WAE DD EF2R Ui,



+§ )=

Fig. 3-1 Principle of superposition.

/\_

ey
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v

* Fig. 3-2 Schematic illustration of concentration load

on a crack in infinit plate.

Fig.3-3 Schematic illustration of coordinate.
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( sTaRT )
'

a, R’ l37 N

&.

Ar, At eq.(3-18)

*«

Temperature eq.3-17)

!

Thermal stress | eq.(3-8), (3-9)

!

) . eq.(3-15),
Stress mteinsny factor (3-16)
Print
No t=t+At
t>tend
Yes

oo D)

Fig.3-4 Flow chart of the calculation method of T*, o* and Ki*, for notched disk
“ type specimen under thermal shpck condition.
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Fig.3-5 Calculated distribution of nondimensional temperatures, stresses and stress
~ intensity factors for several cooling time.

(a) temperature and (b) stress distribution as a function of radius
position, and (c) stress intensity factor distribution as a function of
notch length (cooling time : 1; 10sec, 2; 20sec, 3; 40sec, 4; 60sec,
5; 180sec, 6; 280sec, 7; 600sec, 8; 3600sec, 9; 54000sec).
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(a)

A\

NAA

(b)

Fig.3-10 FEM meshes of notched disk specimen.
(a) : personal computer analysis, (b) : super-computer analysis.
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Fig.3-11 Distribution of thermal stress calculated by FEM.

(a) : personal computer analysis, (b) : super-computer analysis.
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Fig.3-13 Comparison between experimental and calculated nondimensional stress
intensity factor Kp* for alicyclic epoxy resin, disk size ¢60X 10mm,
cooling period t=280sec, and ice-water bath (0C). Solid line indicates
calculated the K* -
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Fig.3-17 Comparison between experimental and calculated nondimensional stress
intensity factor K* for alicyclic epoxy resin, disk size $60>X10mm,
cooling period t=280sec, and four cooling bath temperatures (-70, -35, 0,

+50°C).
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WSSO BRI . RALRISE B E T AT TABIFIC DL T SEN BB ICK DT
BTk, BENFETABIRICOWTIE IS ASTH E-399 o IR & & 3 ahifslbr
Fic k A i L TiFb .. — 8% SEN BBRA I TIT » 72,

TARTAMIEOBIEWEEIEDERE RE Fig. 4-9(2) KFT, TLABTAZRF
UMIEOMBYHMERE. — BT AETARCH LTRRENFET LI LM NTL
é””'”“olw%ém§35MrﬁﬁK$DTIQnﬁmﬁﬁ&ﬁb\%%TA@%z
EEH-TWd, BENFRTAMIEOMEHM MM EERO—FE Fig. 4-9(b) AT,
WA RS R OME IS OV TS EMBEETL, JhERICAHRNARIE
AR & A Lo
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4.92.3 BH B e oo B R AUER 05 R

ARSI O LT OB 2 B ARLRBRAEE U, BE 60 o, JE 10 mn DY)
RE M ETRRRA EGEA L TH -7, OO THHERIEZ. ~RIATARFOEES &
6%(&%K$ofﬁﬁ§$ﬁﬁ%(%ﬂ?étbﬁ\%Eﬁfkﬁﬁié&gmﬁﬁ%
D TE R G 300 sec & LAt MEBTFRTAMBEOVNTRUTOLS IKERI, &
FALKRTABIETIE: MATABIEE R LARNBIICHYTET — ) THPSFHHE TR
wohsEmHEY &P ULEWER (A 250); 300 sec. A 2(100), A 2 (150); 240 sec.
A 2(200), A 2 (250); 180 sec) & Lico E 2 DMOKFRTABIR T, HETAH
Db BEEERELC EDSERTAERAL 300 sec, THHBRAD LI ILAFH
NEREINZELDDHFSECARBHE L,

ﬁ%%%f&btﬁﬁﬁ?ﬁ%f%%#b\#ﬁ%ﬂ%&k%”é%%ﬁﬁ@ﬁﬂ#ﬁ
BMTRbID I VB, REREEERR (X5 —F v /) KEDBEILR. 77
ety IR BEEHRRETHROSRER L BAOTEBIEZE Fig 4-10 17
T

X, MPRTAMBIH LUTRSEMIC X AWMABE bHOETT » 7o RMAR
SRR T, XREROBMBAEMBELTSHIc, SEMBIRIRE CITPIREEMEHICE
Hé%ﬁuomfﬁ%btoﬁ%\WEMﬁ%H#BWDmLTBmmxzﬁmﬁ%ﬁ%
wige . BBXWTSEMBEICAL .
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4. 3 WHRTAMBEBIEO BEHRE D)
4.3.1 BRALHIF5 T A BIE O T 20 R

BilE B k(b Z 0~20 phr MA - dDIKDVT, EHR 60 mm. FX 10 mm O &R
BRAIC T, AILEE -T0°C, RIS 300 sec THEHRAREERZT -7z, 205
10 phr OB EOER%E Fig d-11 KRT, 22T BP0 v v ELO AFE TFTIZHWT 3
IO, ERERIUSVIBURER L TORENOAH L BDFEL TS,

BAL#I % 10 phr AU 28R E . BAEMEWA TR VSO (H2FEOMF B :”h
OB IChRT, BRBEZEHRZIZFIHUE T, BABRRREZCHLYTIE- D
MBRHEDEAL TRV, B/AEREEZNH 20C BLEERLTH D, HHHGHER
HDRFELLMLELTVLEDRbNE, KU, APREREL LS E (>90°C) XA
ENHEETHER OO, REVA KLY TERERPBI SHLEOIRE
bBE AN, '

COYIREDEREZRI U EEOBEBEHN Fig.4-12 TH B, I I T@EMHE
BERELICECEDICSBERELLES (RPORNBI S v 7 E2RLTVS) o (DiF(a)
EHRTHREEZIFIZITELOY., APEENRMITEXTEHEOIR b ND 5 F, PIRE
EOERINBEINLDN, SHIER LI -TBEERLTVS, 2O &EiF. HBRA
OAMPMBENRS BREU LGV E. OMEENBIEON S REBHA (T IGESL 2w,
YIRE GIHGEOIEHE P AETSHANBHERER UL, BBHRICE SIS
HPBMIIT, TORE. SREBMIH I cDEEZONS, THhbL, BHEE
ErEE TERERLECHIBEINFEL, CORBERTRKEETIODOEEZ LN S,
IO ORENETE. RRRFEIC LD T BEGHREEFHTS L@ TEAL
%,

XS ICRAEFFEMBE DL 20 phr HM U@ E 0 BE LR R % Fig. 4-13 1KRT,
COBASITRIBTERERISBONE T — . REZEIMNI TEXREBMRE T (
@) . FTiid. MPEENE CYREPBEUEEETHATLEI SO (A) DAHEXR
D. XRERTIHE (O) PEAYT., BROREEZFMT I ENTERLAS>TY
%,

BALFIZRMT B & FMBI Lichto TT A FAB 0, BHEEFIES TERER
LA BB RENETT 5 (Fig. 4-13 BHMER) o LA LIRS RIS LY 0O B
P DA E (A BdIc, BEROMRRERR ERT S (Fig. 4-13 —HFHMBIE) o
o THRHEE (BRAERE) 2—F&T 5L, BAHEZ CEMT 2B ERROREE
REDHEE~ABH L. BHERORI DD SEENLDIEEICBE S DI, HBRLE
T 5 e, SREROREITVEAREBHERORE ZFERENE LI HWAINTE 3,
Z0hHItEFOMKRENE~E, SBREREFEUIWAMNBMEINELAEIEELZ OIS,

Ute it o THALFI AR Uiz R+ VBIE0E A&, BMENSE D RE CHLRMH, =
T 10 phr 2B AVBRIKEOTERE 60 om OFBRMEBA ZROICARBK LS &
RPN EMTTRETH B, LA LENS ., BIFOMMERENYRIhTH &, L
Fo 20 phr O X S ICMREEZNRH SN OO T, AHER kTR EN 22 BHIF O g
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XA TENLHD, COLIBBUBRHTAHEELTR, 243 KARLIK I "R
FOBBRAAKSTHEBEROMULE (B=h-R/k) BHTDIC, LHNSTREET
BERIZLASHERIBEINE” JEEROT, IhRkEhERORBRA % H O TH
flighid ko,

B 120 om. JEX 10 on ORBAZHA . BB RE -70°C, mEKR 1200 sec I
T o BADRMRERE Fig 4-14 KRT, RTOERET Oy b LT —F BRAH
90 phr MO O . WRIZEFEMES LT 10 phr FMWOBHAORBEEZMMETR LT
Z . Tig. 4-13 M4 5 &, WiFEMB LG 10 phr ZHNOH A SHRHEBRF OHEZ
60 mm A5 120 mm KEMIEEI LR LD ERELERS TS OIHEDR/NRFRLE
B 30~40K BETLTHEONbNE, —H. RETHBRAEROLEEITE, Wi
m%ZOMr%MLtmﬁuﬁmr%%mmﬁﬁE%%ﬁ%%éc&ﬁﬁg\%@ﬁmm
FEEERIE 10 phr B U BIEIC X TH 20~30K EALTOE02DI%, 2O
EMD. REBRAOTEOAZEANE . FRBRFECLD., BENHEISPWEOD S b
O. BEISHEDONE D EOTEEOBEIT OV TR BEHRENFTMATETH S5,

4.8.2 WD LT T ABIE D i #E 8 H

EMBEORERTAME LT, kA CIBN Z2ABFETAZIELHABRMIZOLTO
%@%ﬁ%%%%FmAﬂawaﬁhﬂFm445m#ﬁm%ﬁm&%ﬁﬁlﬁ#yﬁﬁ
A 1= CTBN % 30 phr BTALZRBMR 1. &/, Fig.4-16 @@k EF> DCIBA
(n=0) LA L < CIBN % 20~50 phr (35 phr OERT —F ZHHICFRT) BTA L7z#k
BRHM R 2OBARBEZMBTH %,

R1.R2&EGICHIERE (RAORHETHELEBREZME) b T ESAHRED
KB LB SR, R2ENMDTHLL. RIDKIRE|ETAK BT, IFHWIC
W EcB O Th, B8 “A” TRIhS, SROERIEC 5 RN R & H 4
NMEERERTLEAEOBE I,

itRzmmﬁKobfm\wx%%%uwmﬁéﬁﬁw%@ﬁmﬁmﬁﬁﬁmméﬁ
WA BINTHRERRROBICBE SN, TO 5 ORBRNICH L THERLE (1000C
%10 hr) Z2Hid E. SBBLTHETINSZ VRS Holled, FLLTZLVAX
ﬁ\it~%u%bb1ﬁ$t%§ﬁ%ﬂéht%mt%16n50:®7V4f%ﬁc
bkﬁ%ﬁwmkéﬁﬁﬂmﬁﬂﬂW%mﬁu5EE%Fm447m%?o:@%%mm
W B bDAE., Fig 4-16 KEVLTEE%® "@" & “©" LULTRALTHLU, &l D
&%mﬁﬁ%%m7w41%%%&%&m%z€u\7V4i&%§ﬁ%&®mﬁtbr
KD,

s T oBFELEBIED X O R EIEICE 2 LA XERE LB EWLIZZEH B
ﬁMMA“%“w,&(ujAﬁfhlﬁ#yuowf7v4i%%%brb5wﬁ%5
ZoErrnres L Fig 4-17 R Uiz S Bz X3 HkrBEI LI ErD, Z
ST I UAR EERTEIEEN. LA XRDBOT & Lic Ay THAHD
b LT,
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TLARTABREZEALR2IZBOT, BREEZMBRIABTARE E SIREAT 505,
ZOBREPEVIZITHUTH VBMEEDLS TV, JIT. ROBOMBBEREEZRL
fediz 35 phr RTAUKKIETH Y, HRILETADBEIKEIRBRTAREDH S5 Z
EbhE, THEHEWHEMED 35 phr {FETRAREZELS LICEHELBEINATLS
LEZ oD, Fig 4-18 ICH MM EF/PRRBEZED CIBN RTARICHT S HEFRZE
i
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4. 4 WRE TS T AR BOH IR O it R 1 ST A
4. 4.1 BRALFIFE T A MR O i Bl B8 2 37 il

D%M@ﬂﬁ)m&&ﬂ%lomrmztﬁﬁmohfmﬁﬁgiﬁﬁ%%@%ﬁ&%@
bkIQ*TDvb@%%FMAﬁguﬁfoNMHEEQ%MK£MT@‘~%KWK
%ﬁ%bf%%ﬁ&ﬁﬁ:éﬂbﬁﬁ(@¢A)ﬁ&éh%%ww\&&AEE%@%%
7l . XREBRORRIERMME—HT B,

%mm%mﬁzowr@%ému\E%smm@mﬁfuéﬁmmﬁﬁﬁﬁﬁﬁenﬁ
#okﬁ\ﬁﬁlmmm@HM%%bé&%@ﬁﬁﬁE%%%é:&ﬁ?%ko:@&%
@%%%%KODTI&*fﬂvbbk§®%FmAdOK%ToEK%Tiﬁﬁ\%W
ﬂ@ﬁﬁﬁ%?é&(Oibﬁﬁmﬁﬁ/ﬁﬁﬁmxiék)%ﬁ%%@%ﬁ%ﬁ%ﬁf
ibt%hib%%?Tm%rmé:tﬁb#éo:nm%SEK%LkMMMﬂlﬁ#
M ER CER T, RS ERBOBAVEMI NI ERLEELGN S

4. 4.9 WK O AT T AR O T BT SRk B A

i

Witk < A CIBN FsCTAMIME (R1,R 2) O #EREE . MKTTISHILREHIC L DR
MLR%%%Im;LMJZKiﬁo%%H%K%TALtle%é@mAQDKM\%
FRAERED EHTRB BN, DD IO—BERT, ShiRHSEE HTHIRRAL
%%ik%%mﬁbfﬁ«t;ﬁm\::?mhtvFUv7xﬁﬁﬁ%ﬁK%ﬁ%f%
BIEDLTFHRINBEETH S,

S HUTR 2084 (Fig 42010, 4.3.2 RRLRE I, BEALLTORR
Hie BT 2 LA ADE B RUNI SBIE U T, & YRS BRPMRAL > 3R
E A BT, BB OHBEREAR LK 35 phr 2MICEB L, TORNS, 7L
4f%&®6ﬁéf\Wméﬁﬁ%&bkgéuﬁbf%\:n%%vﬁnﬁﬁwméﬁ
Eﬁ?ﬁﬂb&ﬁﬁ?&%ﬁ%%ﬂ~ﬁ?%°it\ibﬁﬁfAﬁTﬁAﬁ%ﬁﬁﬁﬁ
Fe1MENS 50 phr FTAOHARBLTORAROMENF SN, JOILHTR
bB\%Nﬁﬁﬁ@%%@&ié%%%ﬁﬁ%mﬁhfm\%%ﬁ%éﬂﬁ@?%t%@
ﬁiuib%ﬁﬂﬁ@%ibkmf\*%ﬁ%%u:nmﬁ%?%%%%&wmﬁm~ﬁ
bfh%%@&%bnéobtﬁaf\7V4f§tﬁw¢ﬁ%§%iﬁ%§éﬂ5;5
BEACHNERRITTHMELRS ). BHKBOTHENLEEL S, & LBMI, &
5hm%ﬁ%ﬁfﬁwﬂmmiof7V4i®%¢ﬁ%%&ﬁ5@f%nw\7V4X%

ORI KRB A RENERR TR D BELSDH Lo
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4. 4.3 VLR 7T O FF M ik

PEDFMELD . ML DBWHAINT b, & 5 R RIS BTIC X B KT
EHHATESbDEEAONE, TOBMME LT, BEHBICAIONZSROMORE
F. SEBGHE. BECSEACERREERETESE VRISV &, Fk.
PNEDOBREERERTHHOBAICG. ABEOYREHFEHABRAIC L 3HIEWHEHO RN
R EORBEM%INE I EBENEASNE, UL, SOKEROEADE VM
EHCH LTI B AR U AR 5 OS2 MAT (BIA I T MO THM
TELENHZEEZOLNDS,
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4. b EHENMFRTABIEOBMEKRED
4.5.1 7V I FFRTABIEOD #HEED

(a) TIVIFRTABIEOBIER R

A RARBOSRERZ. TV I FRTAMBEDND TEL . —RISK TR TABIE
m%ﬁm&@ﬁéﬁmﬁfkmmﬁum&fmé<\%2%K%bki5ﬂ¢b%f%ﬁ
> TH#EDLH (Fig. 2-13(d) BR) JIBEIhITD - T,

Fig. 4-23(a) IKREMAET NI FRTABIKOREHRREO EEBEHER T, BTA
Uil F0 e toic. BIERMmOBE (Fig.2-14 2R) TR TRAVAMLO DT
HiAEr, COBELENT, SROERVEL/BHLIHEEZEIONIRHBES
ha, ' -

PR EEHEORBERETASEMICL D XBERFMICH > THE LT &, Fig 4-
ZMm~w)T%énéi5KWE%%@%ﬁmﬁmbfbéﬁﬁﬁﬂ%éﬂéo:nw%
FERTIOABEINLRRTH Y. BENERRA PRI MBI OWEICZ S50
o, COERBIZEXROEL /ERBEEBICHYL TN, BILLTVWEEISNG
PEBIEOTRERSNE . COELEMTVPELRONITMERZH . H 5 RILERE
RGN E D AT SHIBELELTHFOLROHBIKLSL BDEERLENS,

Al,A4% 150 phr BCALKEAOBRERET b L CHEHERREEO S EME
%W%Fm444KﬁTo7wifﬁThﬁﬁ@%E$M@fﬁ\whw)%mﬁﬁéé
ﬁﬁm%b%fﬁﬁﬂ&@%%bfhéoiﬂbé\EBB@WE%ET%ﬁ%ﬁHo%
DEBHLTED. REOBERN/ERICHOI Ehb5, Eio, (a), () ZHET L
Pk ) B REEASEBRBEEOENTHEE. BE AIE 0°C) OFBEDECH
FHRBHLTED. IOIKTFET M) v 7 AOMICHBAS CBE S hic

A4 OBGERT Fig. 4-24(2), (¢) EHEHMERER (3 M) M Fig 4-24(d) =
mﬁﬁék‘3&%6%@&%w1@@%%ﬁ%ﬁﬂ%/7fuv7xﬁEMﬂ%b1m
mm:&ﬁzmmmﬁbf\ﬂ%%%ﬁmﬁﬁﬁéu&ﬁ®%M%®%ﬁm%\&&AE
DBEZOHENRE TN L) ANRIT 5,

(b) HBAHREICELIIIRTARDLE

A2OF I FRTE 25~300 phr MA TNV I FRFRTABBICHLT, FIA4T
4 R—RY VB EK-ABERNT, BEE 60 o FX 10 nn OFIREBT T MR
BRALT - T ‘

A 250D 2oDRMEEIETEEREROHE Fig. 4-25 KR T, JORFIKEL
TTT@VV%»H\ﬁmﬁiéﬁ%TM%ﬁmﬁﬁﬁm%T%ﬁ#ct%@@5B\ﬁ
S5—F ry s TRUDTEAMBEINLBAT, FHICNSITERERERL TS,
:@M@ETAEK%DT%W%@@WT%oKD:nEQ%%;D\TwifﬁfAm
e BT b 2 TR U R TAMHIE & AARIT . & 2 B o WUR O B 2E 2 AU T
&Kib*%%:tﬁ?%éoéeu%@mﬁﬁﬁﬁmwméﬁéuﬁbfﬁmbf\@
b c/R=0.2 QI TR/MMIELIT D,
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XS, AZRDVTERTARIBIIAZZNSDBRABEZMRAE 1 DO 5710
EHDTRULIZLD % Fig. 4-26 IR T, TV FRFEZRTALKKEEINIE. BRTARI
Lo THBHERICHTIMABEZOKREIBEMARZHL, COZEBZZDOMDTIV I FHF
KOWTHRABTHole, RANBREEZFE5Z25 c/R:0.2 XKFE3TF—%5%. RTAR
KHLUTHRLEbD%E Fig 4-27T IKRT, BR/MRABEZXE. 256~100 phr TH L/ha L
BH. ZhULOKRTARTRSEDEMLACHZBMERLTOEH. 0 phr (B2FE
DM A/Be IKHYTZ) OBAIKHKELTRESRBE > TR, $HbE, 73 F
WMIETAITL > T WHWHEMER LR -2, BEERBNRENRE I ERER L » THF
XNA2RBICEWBHFREIWEI N TR,

(c) HHAHERUBIHFIIFTITHNTIROLE
HBRBATORLZIEEOTINVIFRFAL A2, AdR2KBTALLBIBIE>VLT, F
TARZ 150 phril H— U TIT - - BB RHERFE R Z Fig. 4-28 WHEKULTRT, 0Wih
DHRERBEIZBOTH, NBEOKREBWAAIRIECHBAHERELR LTI I 0D
I, BAONFIIHTIRERE 50% BEERE LT, WAHEEE c/R=0.2 2kl
ZMABEZELE LT, NFROBELRILHEREE Fig. 4-29 IIFRT,, T I TR, Fig.
4-28 DERLUNIC, ASBLIUTASKODVTHBOMLHEREEZADETRT (I LAS
DA 150 phr LLEORTANTE AN - 7272HIZ100 phr OBRTHSE) . Th o
DHERENS, HIBEEE TR FHNEOHMICROHAFEREEW L4230, 2hd ET
BIELAEEDLSRODILLARY T EHEMNR ST,

4.5.2 LY A %TABIEO MG RET

IR TAZTRFIHIBICEOT, BRULBREL2EUTET SLHZA TR, —RITT VI &
WHNXBERBWEVDODNTWE Y Y AKNFER O, ZOFRTABIBOM 2 EHEE 2RI L
776

(a) YUY HFTTAKIEOWIEL R

FF., FOWHEBELZIT -2, <7 0QBEHIZ>0TEIFETNI FEEBEOHRM T
%'37‘:0 ;

Y AT TABNEO BE R H S X OWIEYENE DO S EMBIZEH & Fig. 4-30 125797,
BFET P v I REDEFIIEFIKEIL, 2TOLEHTHLMTRATOHMEBE NI
Motio EARERTARBQ@TENTHOERNEN D, SHOZOHFE< MY v
Y APEBYOFRBLENIE O, THbOE, SREANTFELIOULTHERL TS, BRTAR
AHTE ((D—=(c)) « MO THEENREL LI LDIKETHMOHEMITED S,
ToOEE, ZHBRRBHONY v/ APELLD, PIKEBTERBELAICEL DD
P, EBRTABRDBELFEREBOB TRV ULRAL, THbbL, K&K TOFH
REAREIBEAZ N, ChZKREBNTETHELENL B >SRN TEWELT
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EBLTO-bDEZELON S,
ThoOBERME Fig 4-30(a)~(c) &, BB P K ER T L Azt B o B (d) &
Tz E. T FOBEERIIC, ZOERBEAERVEVZ S,

%@%WEKEU%%TA&%&?FUV7Z®ﬁﬁmﬁhf‘7»2%&90ﬁ®@
Wi Fig.4-31 IKFd. K& (TR LULILEBEE Fig. 4-31(0), (d) KW sk HiIC, T3
%fd%#ﬂ%%ﬁ&bfb%@m%bf\90%?@k%<¥@ﬁﬁﬁ@%éhf%%
ubfwamo:@@bé%ﬁ@@%%%uomtyUﬁﬁ#ﬁtﬁhfhé:&ﬁb#
50

(b) ¥ HFTABNEO R B EEE :
VUﬁ%-MOWrﬁfhbtﬁﬁwﬁﬁﬁﬁ%%%%FMA%ZK%Tﬁ\mwﬁfk
ﬁ@%@%ﬁbf\vuﬁ%f&ﬁﬁuﬁmf%%ﬁuﬁﬁﬁﬁ%%ﬁ%ibé:&ﬁf
X2, TRIOMBOBREESAKOBEHTH S,
vUﬁﬁfﬁﬁ%wm~NOMrm%if\m%@%%u%za%fﬁﬁmﬁﬁmcwf
&ﬁbkoﬁfhﬁ%wﬁﬁﬁﬁ(%fhi)Kﬁ?écm#2uﬁﬁémﬁﬁ§§%
Fm443m%10:@%%#6‘yuw%r&m%fu\m%%%ﬁ%ﬁTé%kTws
%ﬁfhﬁﬁ&MﬁK‘éf@%fA%T#%TAﬁﬁKmNmﬁmﬁﬁiﬁﬁtbfﬁ
h, ALK TARDOHEHMIC Lizhio THFERHEML TSI ENDDN S, UL LD 6.
ZOHMOEALR R TARNE LB BZDI LI > THE (T >T %o
&%Hﬂ@ﬁ»??V?~»/£iv7@1£#VMﬁKODT\@%KVUﬁﬁ%w
%fﬁ%%%&éﬁfﬁﬁ%ﬁ%%ﬁok%%%Fm4ﬁ4u%?oﬁwv7v7~w/
ﬁ?v7ﬂ$¥#9ﬁﬁ®%ﬁﬁﬁﬁﬁﬁ®ﬁ%#6\ﬁﬁ%%ﬁi%ﬁ%ﬁ®ﬁ%ﬁ@
%T%%tbu\vUﬁﬂ%%ETAbt%w%mhkwﬁ\::f%@ﬁﬂﬁ%ﬁﬁﬁ
wfﬁaao@*@yyﬁwvaﬁﬁ%mwﬁﬁﬁvf&%@%%?~&%ﬁbfﬁb\
%ﬁﬁiﬁ%%@%%ﬂ%%#%%6ht%ﬁf&§m$ﬁ6ﬁﬁﬁﬁ%%%f%50
:@&5K7bvw71mﬁ%£if%\90%%1&%&##b6fmﬁﬁﬁiﬁ(
L@@ﬁfﬁﬁﬁkﬁﬁ@@ﬁf)ibéﬂ\mﬁ@%ﬁmﬁMﬁ%&bfﬁmféé%
@&%iéﬂéoik\9Uﬁﬁ%®ﬁf&ﬁﬁﬁ?mﬁnf\%@Wﬁ@%%d%%b
T%D\iﬁW)M%AKVUﬁ%%TAbt%&WU@MT%EO '

4.5.3 JERALY FABREM T 75 T AMIIE O T 20 S 1

(a) BB & A R E N 7T Aot Mg D Tt B 7 R
%mﬁjb‘i’%&%{b?/b 3 5—'7‘Aﬁz?’-%f/\/ﬁmm:io‘ﬁéﬁ%%ﬁﬁ&r&iﬁfﬁ}mzﬁﬁ%fﬁw
t&%@%ﬁ%@%%ﬁbfFm445Kﬁﬁoﬁmﬁwiﬁfhmﬁa&(mm%ﬁmm\
ﬁ%%?hUv?Zﬁﬁﬂﬁofh%@f~%ﬁ@ﬁ?%%#(ﬁ@bﬂﬁ%ﬁ@bfb
20 EEbNE, THIC 3 70 MR T T & W O P TR 4 1 T LA RLTED. £
mzm&&AE%wenamoﬁmwh%%famﬁuomr%%mwmiﬁfhmm&
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EIZRABOBM TH otco CHRM LT, BT IV I =7 L% TABIKO BE R E(C)D
B, BUPOEREERBIC. BFR< M) v 7 A8IRICEDLR 30, BB L
TOBHTFLAON, MU POERRILIEELONE, LA LRENS ., BsmE
BHATRIFEAENTFORIREINBEINTOHROLI ES, BT IZTARET
ABIRIE. TV FRTAMIBEEMLTCEATAMBEO TN BFEELEL S &N
k3,
BFORBLCELT NI = AR TABIGO BERRREE RS Fig 4-36 1I0FT,
BT OELTABIEE. BTATEE 40 K DL EOIES T K X i SR D 1 L35
5B, RIGEFIZO>LTH., AHIC 30 K BLHBAHEREOR LA SN, ¥z,
MERBRON EPMEXNBZEMT LI AR TABIETE. 13 & A EHRIREITE
LU ot, LOLAENMS, MBAHRERIRIIZIHOD, RILTOKROEELFDHT.
ZOBMRZOMOBFRTAMBEEEAERLTH S,

(b) JKEALT VI = AF5T AR O i 24 8 Be it

KBTI =T ATR, BRTABREEL BT, ERHFORIK - BEIH #HR
BB X IZTHBICOWTHRE Lo FVKBILT VI =% AFT AR O HRH
ARSI (3 &MV) B & M U T Fig. 4-37 IR d . BTFOHRTHPORFE< MY
v 7 ZOMIRBEFBEEINZOT. RAEOBEZERSEFVRVERVAET. £ 2KRNF
PHEBXNATOEORbN S, MERKE & S AMFHAZLET S L. 2R FOBE
BEEETRES, bbb, AHRHECR I RNTFOERMELZ SN 3 B RE
TESRBENBEIN DI LT, MHWETil&H%WWﬁéthékﬁiéﬂ
ZINSEBE SRS BEEN S,

XWERSEBALOFMCHRHT E o0, SBROERLUTEMNT,S SEMBEL
FflE Fig 4-38 1Rdo HH L. COEXORTICE. DD PT VLI, LT
D Fig. 43T KFRLE DI D AKX VLD THE LH %R Uic, ()3 Bl BRI % #h
SGHELLLDOT,. RO I XNFHXPHAHEL T, TOHLFZWHEEE LT3 OHHE
Ehd, chiRHLT. OOBEWEET (ZORFHESREREZFTILHEIENT
XN oD TEHEELENRIMALBMIETH B) TR SOBEITEWER L KEFO
FEEEHIEDb, BULALIRBEFZTOIONEENATLSZ &#ﬁﬁénéozwc
En D by BRI R I N T BB O B AR T O RIS - THB LTS
bDEEZLNS,

KEBALT VI = AR TAMIEO BB RERSE RS SRR REEMHRZ Fig 4-39 12
Fd, KBTI = LA0HAI S, AR AREEHBNRKDONEN, AT =
82 K Thh. METAOMIGEL~E EIFLALHBHEREOH LXH LN, EFET
INESHBBARS 3, “hid, EROMEBEDS . BERICIH T 2 RN T O E
XNTH. 1R FRIBBINTORLODOT, 2RUFICONTER Y AOHE &R
SHAHETA Sk o THBFHRENKES (R ENST (XEOHMICE DD U #
HRYEA FFZHFOELONEN) TR IARMTEOVLTET VI FERBIKEG LA
TSR 2 T b0 EELLN S,
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(c) B R—EICH 5 BEHENE O L

T AE . b b B (VE=0. 34D F T #HA TAHEM K TFRTA
mmwF5474z—&y&y%uﬁﬁ%ﬁﬁﬁ&%@ﬁﬁﬁ%%bt@ﬁFmAAOf
B2, chdh. HMIETAMBOMBHRENESICHKTE 5, B R A0 R R EE
%um~f§muw%ﬂ%%1hMﬁﬁﬁmmﬁtbfpéo~ﬁ\vUﬁﬁ¥%TAm
ﬁfﬁ@@mﬁﬁﬁﬁﬁﬁtbfm%%mw\%m7w£:0Aﬁ¥%TAmﬁ£iU7
LI FRT(QETAMBTEIE VA LRASNT, TIVI FRF MR TABKFICE
TREULABTFLTWAI LD %S,

4.5.4 B MR T CTABNR O T BRI

NI AT TABIBOYIR ZEHICE S 5 REREEOD S EMBIEH % . BETE
BT 351 BB & Bk U T Fig 4-41 ISR T, FNIZT LB TABIIBOEEITE.
FNIFRTABIELZERACL DI, HROBFETNNBICHANS O, BENECT
WF /2 Y oy ZARENHEL TS REIBESND, 3 ST BT & B R A
HigT 5E. BEALERALTH S,

T = A TAMIEA L O BERABRKERE Fig 4-42 KFTo OB/ HMBO
B & RO BN 2RSS SN 50N X O MRS T FS T AMIIR O TR b R U A
2R LB ORRTABEICHE ST 3 AHEREOR EXS S0, ECARDEE
oW TR FTABRDPMTION THBGHEESHEAL T CEANS S,
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4. 6 HHERLT IS T AR O 2 4 AT il
4.6.1 FHE AL F TS T A MR O i #4852 P R 1l

(a) IV FRTAMIE

BHE A/Be KTIWVIFHFA2EETCAL, TORTARFEL TRHERREZT -2
WED Ko 70y ORI % Fig 4-43 1KRT o 150 phr UTF TR Kr¥ewn & Ki*ea
13 Ki*exp WHBBARAOFND UNEOIWMERZFE-HLTLEDICH LT, BTA
ENMLUT 200 phr 2823 &, Kioxe O ABBIICKE{HEE, ChERRTARESE
W E M EERARECHEMT IO, HAHREMILAERLELIWIZDTH SN,
BRETARBIBOLTRTNADIE, Fig.4-24 KR UL D10, BFHEHRIF & WEY T E
HMELZEEOEAREIEL s TWED T, WEBHENEGRLIZILPFEEZNSE, 20O
TENOCRTABRDPREL B - LBAOFMIRIAMTIEREEMNT 5 ICBMELH S &
Bbh b,

FIUIFRFAL AARTABMIBOFTTAR 150 phr Of|% Fig 4-44 iITA 2 &
LTRT o ZOHBROBVIEDWTRHTIE, FTARZEALBEORRTARD L
XICHNRT, KERERAOAE L, 2L, ALLAAKKBOTHRTAREZMTIION
EERE K1 oxp BRI Ki*eor KO EARBTFATOCHEAND S0

(b) YU hFKTABIE

Y HFTABINE (100,200 phr) KW L TIT-> - BHEREKRERE K™ oy b
O % Fig.4-45 27T, COBEIRERTARG) pht) TEREFTAHIIHNS DD,
CORRATEIINRATARCBOTHORIHARHRE-H LTS, THIFEER
HoT Ki* 70y MBATABICSOTS—HT 50, Fig 4-30 1IKF Lk 5z,
BRI R RREORTRBIRACTH D, T IFOHELBHIT, WIHE
BEXIEALTORELI EKERHLTLE bDEEDNS,

(c) My RMBER T TAM IR

FEEIC. B OENFRTCABMIBELLTRLT IV I = A FRTABIED 4 (V=
0.342)% Fig. 4-46(a), (b) KT d. CHhHDRFERTA LILHIFICS LTI, PR
s EHIZRTNEN, TUIFRTFETCABER KA EERELZITHhTY
AP TREV. “hoORTFTH. FTARES LLHELZSNED -8 BRTA
BRI > CHRITME L —BTBMWMNITH 5,

—F . KBAET NI = A(VE=0. 34D BTk, Fig 4-47T IR Lck DI, HEGR L
CIRREAMBERELRT, Jhid. MABEIC Tk I, BERIFE, Thi
AT BBIC O R E AR L E EOWBORBEN, 2KRETOWEZ T, 1
B FOWBERIZDONIE->TREZILDTHAEZEZILND,
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(d) &BR TR TARIE
Xo. @R TOTN Iy ARTRTABIRI OV TS, MATIH & KBRS n—H

Ute (Fig. 4-48) o —hid. 7/ 3 FRTABIROB AL~ T, BB RBHICSY 50
e )y AOHEPSBEINE I ERALTH B TV 120 AT TRWHEH
BERA R 8 M HE IS BT b A HENBE SN B /DI, BEMBEELREUT
HEIENERLEREELON D,

4.6.2 BIFRTAHR

Doz EhoEBETEE. BTARENW LT oo & &ic, BEHRRRICKEY 5
&w&ﬂﬁﬁ%ﬁbétgmmﬁﬁmﬁmEPMﬁ%%bf\Wﬁﬁﬁmﬁmmﬂw%%
Km\m%@%%uohf%Mﬁ@ﬁﬁﬁﬁ%ﬁﬁ%®ﬁfﬁ%%ﬁ%béﬂ\m@@%
ﬁﬁﬁMT%&&%u‘mwﬁmﬂ%k%ﬁuiéﬁﬁ$%ﬁﬁ&#ﬁD&m~ﬁ%%?o
b#bﬁﬁB\Twif\ﬁiﬁZ&ﬁ%%%&T%*@&Tw::WA@&ﬁK\%@
%ﬁ%ﬁ&%ﬁﬂﬁﬁ%ﬁmﬁhf\WE@%%ﬁ:&ﬁD\W%@ﬁ%miﬁéék%
zeﬂé%%mm\ﬂ%%g<ﬁf&bf§m%@$%ﬁhﬁéﬁmﬁﬁbﬁ\M&ﬁm
ﬁﬂk%ﬁﬂiéﬂ%%\%ﬁﬁ&@%ﬁ%bmﬂﬁfﬂéﬂﬁﬁ%éo:nmxﬁﬂﬁ
ﬁ%mibﬁ%@%ﬁ%ﬁb%&\%%;b%ﬁéwATc%ﬁﬁﬁacaéﬁ%?éﬁ
5. EMMICHEMT A LIS,
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O BREARTAMEMEXRTAMIRIOPEA LU RF OBIEE, ECRERTARO
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@ WAEFMEMASIERERID . BHERHBRICB O TURSPHO T2 1ZEEHINT
BIE T, BRTEAEREHOHFER BRI ERERLD OREVEEZRTHMITH 5,
Shid, WEEHEEZEBLIO RS CARHOI/RELTRLTED HEVRLETH S,
Fi, HEBREL EEEHABIBIIECTE., BEEHBICB O TYXRESPERER LT,
PIREVPERULBDVEANH B, JOEXITE, KO RBOBRBTICE D FEMD 5 & 78
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® TLHFRTAMFORBHEE . HEPEMEARIC. H2XTARKBOTR
KIEAED, . BERRRET-> BB, YRS EWIC I VA IDBRET S, C
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@ TNIFETAMETIR., SRIBFHFRTTHONT by 7 ARTEEZERET S
—F T FRTAMBPOMBEREZ . RTABBMIIH L TIEEAERMAL LT,
FREPOROMN TS 5o MBI LTI ATHEEIMAL, ¥ 2000 DLETH
FEAEERLED, 3515, RTARDPRVEZIKIAITEREERERZI TS
bOD. RTCABRDPEL R EBRABHEARFHONERERIERERI D NS VHE
REBAIZH 5,

® VYAKETABMETE. SREDIBRTARTEZ#ET ., ERRESAN T LTES
IHERBLANSHERT B, —H. YVIVABFTARBOWMBHEERIT. 7V FRTA
BIREFBICETARICH L THEMOBEmICH 5, £, HENRERTARITE O THE
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Rubber (CTBN : Carboxyl-terminated liquid butadiene-acrylonitrile copolymers)

- Q
HO-&-R-FECHyCH=CH-CH £ CHy~CHI-RC-OH
CN
(M=1.8)

Ortho-Cresol Novolak Epoxy Resin
0-CHaCH 2 0 CHzcﬁ-—CH 0 CHzCH ~CH,
Ot ch —L@LC—HiCH l—@—H—Lcm

Fig.4-1 Chemical structures of used Carboxyl -terminated liquid butadiene-
acrylonitrile copolymers (CTBN; MW=3400) and ortho- cresol

novolak epoxy resin.

°10 -':O\ T T

0%% %\C\ ]
\ - O A2

60? OO \ <O A3 |

8

A \ s O A4
) o§< exl-

Weight percent' (%)

{D

PRI 50
Particle dlameter (pm)

Fig.4-2 Distributiohs of alumina fillers diameter,
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©A3 TR DA TEm

AS 200um

Fig.4-4 SEM photograph of used calcined alumina filler (A5).
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i g _

(DAIOH) T

(&) SiC

Fig.4-5 SEM photographs of used fillers. (a):silica, (b):aluminum hydroxides,
- (c):aluminum nitride, (d):silicon nitride, (e):silicon carbide, (f):aluminum.
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(c) A4(150) S

Fig.4-6 SEM photographs of polished surface of epoxy resins filled with
150phr alumina particles ((a) : Al, (b): A2, (c): Ad).

(c) S(150) 50um (d) S(200) | 50um

Fig.4-7 SEM photographs of polished surface of epoxy resins filled with silica
particles ((a) : S(50), (b).: S(100), (c) : S(150), (d) : S200)).
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Fig.4-8 SEM photbgraphs of polished or brittle fracture surface of epoxy resins
filled with ceramic particles at Vf=0.342. (a) : AI(OH)3, (b) : AIN,

() : SizNy, (d) : SiC, () : Al
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Table 4-3(1) Thermal and mechanical properties of alumina particulate-filled epoxy resins.

Alumina (mean _ N A5 .
diameter) Al (dg¢=3.1pm) (dg4=22pm) A4 (dg(=27.6pum) (d;=80um) neat resin®
Filler contents [phr] 80 150 220 150 150 220 100 0
Volume fraction { - ] 0.159 0.262 0.342 0.262 0.262 0.342 0
Specific gravity [ - ] 1.652 1.886 2.168 1.942 1.964 2.148 1.754 1.223
Young's modulus )
[GPa] 6.74 8.76 9.94 7.78 1.79 10.50 7.96 3.37
Poisson's ratio [ - ] 0.33 0.33 0.33 0.33 0.28 0.33 0.40 0.383
Tensile strength [MPa) - - - - - - - 89.6
Fracture toughness
[MPayri] 143 1.35 1.72 1.69 1.79 2.30 1.63 1.54
Hardness ) . ) ) ) ) 3 918
(Rockwell H-scale) ’
Coefficient of thermal
expansion [10°6 /K] 50.0 45.1 36.7 - 44.4 36.2 - 40.0
Thermal conductivity
[W/msK] 0.45 0.75 0.94 - 0.88 0.99 - 0.213
Specific heat
_ kI /kgK] - : ) : ) ) ) 1%

% ! neatresin=A, /By

Table 4-3 (2)

Alumina (mean .
diamet(er) A2 (d54=13.0pm) neat resin*
" Filler contents [phr] 25 50 100 150 200 250 300 0
Volume fraction [ - ] 0.056 0.105 0.191 0.261 0.320 0.371 0.414 0

Specific gravity [ - ) 1.342 1.512 1.707 1.914 2.108 2.284 2.350 1.223

Young's modulus . 5.19 6.42 8.51 989  11.57 - 3.37
[GPa)
Poisson's ratio [ - ] - 0.350 0.352 0.306 0.324 0.301 - 0.383
Tensile strength [MPa] - 70.6 66.7 73.6 80.8 80.7 - 89.6
F"‘C‘[‘;’;P%g]h""“ . 1.04 1.00 1.12 12 125 - 1.54
(Rocf‘f]f:l;‘:;icale) . 87.1 892 904 90.9 93.5 - 91.8
iz;iﬁnz‘i‘:: ;’lf 0‘_'?6"’7;‘("]‘1 . 404 349 203 24.0 18.5 - 40.0
; 1.063

ﬂew‘/ﬁ"f“}:]ﬁmy ; 0375 0520 065 0896 40’ - 0.213
S[;(pt;c;f;(c; l}:&;t ) . . . ) (815‘3 9 ) . 1650

* [ neatresin=A, /By, T : with laser flash method.
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Table 4-4 (1) Thermal and mechanical properties of the other ceramic particulate-filled epoxy resins.

Ceramics sy - - . )

(mean diameter) Silica (d o—l3.2p.m) neat resin Silica-filled o-novolak EP
Filler contents [phr] 50 100 150 200 0 90 215 340
Volume fraction [ -] 0.175 0.297 0.388 0.458 0 0.342 0.44 0.55
Specific gravity [ -] 1.354 1.499 1.600 1.667 1.223 1.52 1.69 1.79

Y°““%'é}§‘;;’d“1“s 7.04 6.67 9.58 1089 337 627 1049 1411
Poisson's ratio [ - ] 0.34 - 0.35 0.31 0.383 0.35 0.29 0.26
Tensile strength [MPa] - 81.3 - - 89.6 53.9 64.7 71.5
Fracture toughness
[MPavi] 1.31 0.92 1.82 1.91' 1.54 - - -
Hardness ) . ; . 91.8 ; : )
(Rockwell H-scale) '
Coefficient of thermal
expansion (106 /K] 52.9 40.6 343 29.0 40.0 40 29 22
Thermal conductivity
[W/m sK] 0.39 0.49 0.56 0.66 0.213 1.27 1.76 1.86
Specific heat
i / kg K] - - ) 1650 - - -
% I neatresin=A, /B,
Table 4-4 (2)
. Al(OH) Sic Al
Ceramics 3 _ . _

(mean diameter)  (d ;=50um) AIN (dg=3.0pm)  SigN, (dsg=0.8um) 4 5o=80um)  (dsg=27.5um)
Filler contents [phr] 146 181 207 177 270 178 102 149
Volume fraction [ -] 0.342 0.342 0.374 0.342 0.443 0.342 0.262 0.342
Specific gravity [ - ] 1.65 1.87 1.99 1.88 2.01 1.91 1.66 172

Young's modulus 7.86 9.91 10.6 9.95 12.5 0.38 6.69 1.5

[GPa] .
Poisson’s ratio [ - ] 0.32 0.30 0.35 0.31 0.30 77.9 035 0.33
Tensile strength [MPa] - - 53.1 45.9 62.7 57.2 -
Fracture toughness
[MPayri] 1.83 1.78 1.65 2.15 2.28 2.34 1.82 2.54
Hardness ) ;
(Rockwell H-scale) ) ) i ) ) )
Coefficient of thermal
expansion [10°6 /K] 39.9 36.0 332 32.7 29.3 36.0 - 434
Themalconductivity o5 997 094 089  1.04 1.24 0.94 1.30
[W/msK]
Specific heat

kJ /kg K]
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Fig.4-10 'Photograph of crack propagation in a color checked specimen.
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180 . :

M:{f_

160}

2140"

N
|—-
<0 o o o o*““/\-

neat resin

O émckpmpagéted

@ crack did not propagate

_ A crack deformed plastically ]

100 . .
Plasticizer 10phr

80 ! !
0 0.1 0.2 03
¢/R (-]

Fig.4-11 Thermal shock test result of 10phr plasticizer modified epoxy resin,
disk size ¢$60X 10mm, dryice-pentane bath (-70°C), cooling period
300sec. , : critical temperature difference of 10phr

plasticizer modified epoxy resin. — — — — — — :critical temperature
difference of neat resin (B).
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Specimen

(c)

Fig.4-12 Photographs of propagated and deformed notches. (a) crack propagated,
(b) initial notch deformed plastically, (c) comparison between before
testing and after testing of (b) specimen.
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180 . .

@ crack did not propagate
\\‘ A crack deformed plagtically

160+

100 .
Plasticizer 20phr

80 ' '
0 0.1 0.2 03
¢/R (-]

Fig.4-13 Thermal shock test result of 20phr plasticizer modified epoxy resin, disk
size $60X 10mm, dryice-pentane bath (-70 ), cooling period 300sec.

— — vt e mmmam |

— — . :critical temperature differences for crack propagation.
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QO crack propagated
1 60 B @ crack did not propagate -
A\ crack deformed plastically

140

X o

_ 120} :

< v
) ~ . - // ’

\
100f \ ;
\
i \ ]
\
\\ plasticizer : 20 phr
80t #120 Disk_~
0 phr/ \\ P
~ —

, ) | ,
0 0.1 0.2 03
¢/R (-]

Fig.4-14 Thermal shock test result of 20phr plasticizer modified epoxy resin, disk
size $120X 10mm, dryice-pentane bath (-70°C), cooling period 1200sec.

. critical temperature difference of 20phr plasticizer

modified epoxy resin. — — — — — — ! critical temperature differences
of 10phr plasticizer modified epoxy resin and neat resin.
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il e el i

(a) before heat treatment (b) after heat treatment

Fig.4-17 Photographs of notch in same specimen (R2-35),

(a) : before heat treatment and (b) : after heat treatment.

0 20 35 50 (phr)

CTBN R2

122
120 E
hsd
>
16~
4 g

11.2

0 10 20 30
Volume fraction (%)

Fig.4-18 Effects of CTBN content on critical temperature difference and

fracture toughness at room temperature (R2).
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Fig.4-21 Comparison between experimental and calculated nondimensional stress
intensity factor K* for 30phr CTBN modified epoxy resin (R1), disk size

$60 X 10mm, cooling period 300sec, and dryice-pentane bath (-707C).



- 123 -

*(D,0L-) yreq sueuad-901£Ip pue ‘29500¢
pouad Surfood ‘Www(T X 09 9218 JSIP {(TY) ursax Axods paygrpow Ng.ID dos : (q) pue ydgg : (2)

10} 131 10108] A31SUSIUT SSANS [BUOISUSWIPUOU PIIBINOMED Puk [eruswLIadxe ueamiaq uosuedwo) 77- 811

-] ¥/ -] d/°
€0 <0 10 0 0 €0 ¢0 10 0
(09) 24 NELD (GE) 24 NELD
parededaad Yoem jrews Q) B ﬁO porededoid YorD JrRWS
pzn (P _auhx pozen (P
Areonserd pounozop Yor1> W Apreonserd pounojop yov W
orededoxd 10u pip yornD @ . = oededord jou pp oD @
S AR A e
OO0 @ —_
/m mOO | 0 ¢ L
oo g o
e © e |
¢ O - (9)




124 -

_ "goeyIms amyoey yoed Jo sydeidoloyd INFS : (P)(9)
‘98ueyo oouereadde ooeyns oreym ydeiSoloyd NHS : (q) ‘90BLIMS 9IMIdRY JO
MaTA 9[oYM : () ‘ursal £xodd pof[ly BUNUNE JO 99vIINS JInjoey Jo sydersoloyd ¢7-

.

Siq




- 125

1004m . 104m

100m R 100

(c) A4(150) Thermal shock (-70°C) (d) A4(150) 3-point bending

Fig.4-24 SEM photographs of fracture surface at the tip region of notch of alumina
filled epoxy resin. (a) : 150phr of A4 particle filled specimen (A4(150))
after thermal shock (ice-water 0°C), (b) : A1(150) after thermal shock (0°C),
(c) : A4(150) after thermal shock (dryice-pentane -70°C), (d) A4(150) after
3-point bending at room temperature.
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Fig.4-27 Effect of alumina filler contents on critical temperature differences at
normalized notch length ¢/R=0.2 in dryice-pentane bath (-70C).
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Fig.4-29 Effect of alumina filler size on critical temperature difference at normalized
. notch length ¢/R=0.2, in dryice-pentane bath (-70C), using Al1~A4 :
150phr, A5 : 100phr contents. -
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254m ‘ A 504m

(a) S(50) Thermal shock -70C) (b) S(150) Thermal shock (-70°C)

50um

(c) S(200) Thermal shock (-70°C) (d) S200 3-point bending

Fig.4-30 SEM photographs of fracture surface at the tip region of notch of silica
filled epoxy resin. (a) : S (50), (b) : S (150) and (c) : S (200) after thermal
shock (dryice-pentane -70°C), (d) : S (200) after 3-point bending test at
room temperature. - :
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(¢) S(200) Thermal shock (X 1000) “(d) S (200) Thermal shock (X 5000)

Fig.4-31 COm.parison between SEM photographs of thermal shock fracture
surfaces of alumina and silica particles filled epoxy resin. (a),(b) : alumina
A2 (250) and (c),(d) : silica S (200) specimens.
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Fig.4-32 Thermal shock test result of 150phr silica particle filled epoxy resin
(S(150)), disk size $60X 10mm, cooling period 300sec, dryice-pentane

bath (-70C).
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Fig.4-33 Effect of silica filler content on critical temperature difference at
normalized notch length ¢/R=0.2, in dryice-pentane bath (-70°C).
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Fig.4-34 Thermal shock test result of silica particle filled ortho-cresol novolak type
epoxy resin, disk size $65X 10mm, cooling period 300sec, dryice-pentane
bath (-70°C). . critical temperature difference at

V§=0.55. — — — — — — : critical temperature differences at Vf=0.44
and 0.25.
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5pm

(b) Si3N, (270) 3-point bending

Sum Sum
(c) AIN (207) Thermal shock (d) AIN (207) 3-point bending

Fig.4-35 SEM photographs of fracture surface at the tip region of notch of ceramic
particles filled epoxy resins (Vf=0.342). (a) : SizN, (270) fracture surfaces

after thermal shock (dryice-pentane -70C), (b) : Si3N4 (270) after 3-point

bending test at room temperature,(c) : AIN (207) : thermal shock, (d) : AIN
” (207) 3-point bending test.
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(a) Thermal shock ~ 50mm (b) 3-point bending 50pm

Fig.4-37 SEM photographs of fracture surface at the tip region of notch of aluminum
hydroxides filled epoxy resins (146phr). (a):fracture surfaces after thermal
shock (-70°C), (b):after 3-point bending test at room temperature.

(a) Thermal shock 10um (b) 3-point bending 104m

Fig.4-38 Observations of crack propagation process by SEM with vertically cut
specimen of aluminum hydroxides filled epoxy resin. (a):Crack propagation
observed in thermal shocked specimen, (b):obseved in 3 point bending.

120 . =
— i o |
X 100 o 5
. oo |
— 2 —
< 80 I ATe - O pmpangted
S L

0 01 02 03
: c/R (-]

Fig.4-39 Thermal shock test results of aluminum hydroxides filled epoxy resin (146phr),
disk size $60 > 10mm, cooling period 300sec, dryice-pentane bath (-70°C).
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Fig.4-40 Comparison of critical temperature differences ATc of hard particles filled

epoxy resins (V=0.342).
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Fig.4-44 Comparison between experimental and calculated nondimensional stress
intensity factor Kp* for alumina particle filled epoxy resins, disk size ¢60 X

10mm, cooling period t=300sec, dryice-pentane bath (-70C).
(a) : A1(150), (b) : A2(150) and (c) : A3(150).



0.3

- I
(a)S(100)
o
& T Rt
.— O _
o o0 -
— O O crack propagated
L K]*cul @ crack did not propagate

.0

2 | (b)S(200)
®
oo 34° o
i o 83 098 O |
0.2 | ... o -
%%~ o
/<Kl*cal
0.1 ! '
0 0.1 0.2 03

¢/R

(-)

- 143 -

Fig.4-45 Comparison between experimental and calculated nondimensional stress
intensity factor K * for silica filled epoxy resins, disk size $60>X 10mm,

cooling period t=300sec, dryice-pentane bath (-70C).

(a) : S (100) and (b) : S (200).
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Fig. 75—1 Shapées and dimensions of the aluminum
ring model specimens. (a) disk type and (b)
hole type specimen.
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13.751 13
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Fig. 5-3 Geometry of butt joint

specimen with Al /
epoxy molded joint.

Fig. 5-2 Geometry of the CT specimen with Al/epoxy molded joint.
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Table 5-1 Resin systems and shapes of aluminum ring model specimens.

Resin systems

Number Resin / Hardener / ~ Shape
Plasticizer
AR o Disk type
ARy g . Hole type ( ¢ 25)
ARy Mm DGEBA(n=2) / PA / none Hole type ( ¢ 30)
ARy, Hole type ( ¢ 35)
ARy xL Hole type ( ¢ 40)
AR, , DGEBA(n=1.6) / PA/
g none
ARj 5 DGEBA(n=1.6) /PA /5 Disk type
AR, 10 DGEBA(n=1.6) /PA /10
AR, 5 DGEBA(n=1.6) / PA /20
Table 5-2 Mechanical and thermal properties of materials.
Specimen ARy ARy g ARyj0 ARyp
Aluminum
Materials B, B +polygrycol
Ophr  10phr 20 phr
Young's modulus  [GPa] 3.67 3.29 278 272 68.6
Poisson's ratio [-] 0.387 033 0390 0336  0.347
Tensile strength — [MPal 456 70~140 812 792 659
Coefficient of linear :
thermal expansion [10°6/ K] 66.0 29.0 49.1 70.8 68.0
0.2 236~240

Thermal conductivity [W/m K]
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Specimen

l@@@

Start

Hot bath

Fig. 5-4 Schematic illustration of heat cycle test method with aluminum ring model specimen.

PVC Al ring

R,

Silicon packing

Fig. 5.5 Schematic cross section of aluminum ring model specimen.
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Table 5-3 Dimensions of debonded area in aluminum ring model specimen.

Type of specimen AR; o AR;g ARy ARy ARpyp
Hole diameter [mm} 0 25 30 35 40
the major axis radius, r; ’
8.85 15.2 16.5 19.7 20.7
[mm]
the minor axis radius, 1, i
4.4 6.6 7.3 8.0 8.5
[mm]
debonded area, S [mm?]  61.2 158 189 248 276

Aspectratio, 1y /1y [-] 0249 0217 0222  0.204  0.206

(a) CT specimen

(b) butt joint specimen

) Fig. 5-8 Failure surfaces of (a) CT specimen and (b) butt joint specimen.
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Fig; 59 (a) Histogram and (b) Weibull plots of number of cycles to
failure for "AR, " type specimens at AT=76 K.

: fitting curve for Weibull distribution.
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Fig.'5-10 (a) Histogram and (b) Weibull plots of number of cycles to
failure for "ARg¢" type specimens at AT=76 K.

; fitting curve for Weibull distribution.
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Fig. 5-12 Weibull plots of number of cycles to failure for "AR 4"

type specimen at various temperature differences.

Table 5-4 Weibull parameters of "AR " type specimen tested with various temperature

differences.
Specime Temperature  Thermal Weibull parameters
p difference ° Stress _
[K] [ MPa ] m n MTTF
60 7.02 1.08 64.35 71.4
64 7.49 , 1.08 22.84 22.1
ARy o 68 7.96 1.08 11.65 14.4
72 8.43 1.08 9.78 8.95

76 8.89 1.08 4.74 4.75
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Fig. 5-13 Weibull plots of number of cycles to failure for "AR, " type

specimen at various temperature differences.

Table 5-5 Weibull parameters of "AR ¢" type specimen tested with various temperature

differences.
Specime Temperature  Thermal Weibull parameters
pe difference Stress -
[K] [ MPa ] m 1 MTTF
68 5.41 0.70 11.88 16.15
AR, ¢ 72 5.73 0.70 11.83 15.09
76 6.05 -0.70 3.67 4.35

80 6.37 0.70 3.42 4.27
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Fig. 5-14 Weibull plots of number of cycles to failure for various hole
sizes of specimens at constant temperature difference (AT=76 K).

Table 5-6 Weibull parameters of various hole size specimens tested at constant
temperature difference (AT=76 K).

Hole Temperature Thermal Weibull parameters
Specimen diameter difference Stress

[ mm ] [K] [ MPa ] m n MTTF
AR 0 - ‘ 8.89 1.00 4.73 4.76
AR, ¢ 25 6.05 0.753 3.66 4.35
ARy m 30 76 5.03 0.477 14.71 322
ARy, 35 3.95 0.415 31.60 95.2

ARy 40 2.87 0240 5200  1.61x10°
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Fig. 5-15 Weibull plots of number of cycles to failure for "AR 54"

type specimen at various temperature differences.

Table 5-7 Weibull parameters of "AR, " type specimen tested with various

temperature differences.

Temperature ~ Thermal Weibull parameters
" . Specimen difference Stress.
[K] [MPa] m n MTTF
52 5.28 0.64 5.19 6.21
56 5.67 0.64 2.27 3.86
ARy |
60 6.09 0.64 0.830 1.18

64 6.50 - - -
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Fig. 5-16 Effect of plasticizer content on Weibull plots of number of
cycles to failure for "AR," type specimens.

Table 5-8' Weibull parameters of "AR," type specimen tested with various plasticizer

contents,
, Temperature  Thermal Weibull parameters
Specimen  difference Stress
[K] [ MPa ] m n MTTF
ARy 60 - 081 4.16 4.68
ARj 19 60 7.62 1.70 27.2 24.3

AR, g 66 7.82 3.00 17.0 15.2
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Fig. 5-18 P-S-N diagram of thermal cycle test with hole type
aluminum ring model specimen., '
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Fig. 5-19 Cumulative distribution of thermal cycle test with hole type
aluminum ring model specimen.
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Fig. 5-22 Relationship between debonded area and thermal stress of
aluminum ring model specimens.

Table 5-9 Debonded area and apparent fracture toughness of thermal cycle test with
the aluminum ring model specimen.

Type of specimen ARj o ARpg ARy ARyp ARy

Hole diameter [mm] 0 25 30 35 40

- Aspectratio,r /1y [-1 0249 0217 0222 0204 0206

debonded area, S [mm?] 61.2 158 189 248 276

Apparent fracture toughness,

K;, [MPavm] 0.502 0.504 0.452 0.411 0.321

(bc)/b [-] 1.000 0.561 0.474 0.386 0.298
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Fig. 5-23 Schematic illustration of elliptical debonded area.
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Fig. 5-24 Effect of epoxy / Al thickness ratio on apparent fracture
toughness of aluminum ring model specimens.
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FOE TUIZULRHABET VL DRBTA ) Vil

= 6. 1 #%5

4 WRETR Bt & OREEH DT A+ VHIRES O FEEFMICOV TR S, Y~
- ZARIREES Ui R % L MBSO EF VIOV TEORFZET - 700 L LENS,
. — B AR HEE T\ MR S AR D RO BHE 7 & RMERIE R I HA A TR TH D
- EOEMEHORENFEET B, T2 Ty FETRI D0 o 7o HHAS B DY W i 1k
E REEERBUT, THIZVAREMBMCERAAREF VLD, ZOBRERET) L8
| YA 7 VRBRET O R EWHORE % H > A+ 285 O BTN T

BEd 5,

BEEMSBEIEEHREERKRDONSIZDIC, TOHIEHIZODOTH, AIXZEMI L
BESVPOLIBWEFBCHELUOBERBRICAE LA TRESE L, Thoid. BRLOE
HRPBY A I NVITHLUTHORELEREZRIATZ27.HDDSDTHEH, Bu#ERTH
B1DICERNEBRITPHFMIED T,

Flho, FEFEBFLSIHSVLS I, XSKRULSTEO)BAIRERLVEATS
D CNIREPR>THETOTAXPRELHED FREVHPIEMTI2DIC6BHL5T
HIEULBBONMEPBERINTEY F4HEMICH UTEHEORENBEREINATET
WhH, TORMNT. FHAFFIKERERBFERIMO L7201, HIEHIZH L THHE
BHRUENEREN S,
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6. 2 BERER & RBR T
6.2.1 BBH & ABRA

AETIH., HALBEDEYEEKH LT LR AN IMIBICEM ZHAAZEH RO #FHER
CABY AL I VEBE, HEIERICETFVELUTRET S HDIC, UTIRFT LI AR
Bb ok L HBRA IR ERIRU I

(a) BEHBRHARA .

MR OBRIIEZE 60 oo, EX 3 om OMBEMEL. COLEHAAMITHR
B, EHERE., MIC7— VA2 OEAFBREEFERA L (U#, 4208, A%, R
MEMT)  CHOoDHRBABIRE ZOTEEZE Fig.6-1 K79, HAAHOBRELRALS
BB, STHEOBENRYELA B LT, K2 ORBRA OBl m 1< 3 E LW O HH
NELLHB LI LT (Fig.6-1, Table 6-1 M)

REHMEBOBIBICIE. BEEXHEZHRTIO0PESNERORERPFONSERA T
REVHBIBILEDERET o7, COEMAIRFUBE., ERFOFLIHEICE S H
hBEEOREOHHN S, F2BETHOERRIREFVHFEEEZXT =2/ - VAR AR
FUBMEAEERBSULHIBICEK Y FVBRAE/AAE U TOMAEA IS BIE (552
BED As/Bs ICHYT B) 2RV,

HOABMEICIE. MITOESIPHIELOHMAEDLHILB T SMPRROBHRIDS
Ty AA4 (JIS A 5052) FMic, BAHMOEEE, $#400 ¥ FR—=—TK
R A — & Uicts, BB 2 iE U7z, BIRE MALHMOBMOEEZE N EXALZIESH
BTy COBRFLIEDZEMU S OUMC. ARBASHIZDONTRY Y F7 5 X ML
MES Y avdA) (EEAD) REFEMEO - DOERFMAIET > 72 b DI DT AR
U7,

HRBHOEMBROFEIETIT oo £, ZRMABET > LHAAME-XZT ) 4
Ye— LOERFRICESR LT, ChEBLMEERFRUALBICHBEER U, BR,.
Fig.6-1 io@d <tk (BX 8§ m) IKEEMNILU. 75 v 7 2BETEHLDHDOLDIIDO0T
X SIS Y FR— S — RPN 74 LT EE L, BRRICKDPOBRERE. K&
HMTEAKRETZHBT, 120CX8 hr DAV TF 4 Va2 T-7s

(b)) B&8Y A1 7 IVEHERA ‘

BEY L7 VRBRIEBOTIE, X#AMIZEREFERUABRAZRACFHTHAER LD
Oz, HE 60 mm, EX Tom OFBEAHEELL. EZIZO0TRE 7,8,9 mm K
AL X Wi, A USRS AT, BERHREFL As/Bs BXUT NI LG
&b L. HWALHBRIAMOSE Ui, |

A MO LRI, RBRAFEROMBENS, MHOAISH Y FT 52 MLEZITO,
chABRELeE (MY /ooy v ORMERMTE 10 nin 36 BLTTF A <v—&
i /s RmUTH N, /o, BALAMOREMELEZ ScHIT, F FT 52
FAATISH LI OV THEERVLD, HEIVEFTITAT—BATEZLETOHD A
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M Ut, X510, RBEOHIETHEE LS RBHOMEHEICODOTHRHET S 01T,
SREAITHEd BRI 80°CHD A A LA HUKPICH 120 hr BE&LTH S BT A 7 ViR %E
ﬁofco

(c) BB oK - BRPEYE
mmtﬁ%ﬁﬁﬂwﬁm-%mmﬁgéT@mﬁ@uﬁio::f\¥§¢ﬁmf~ﬁ
AV LRBEANY I U= K5y JHOBEHTREVBIE (VY ARFHETA) &
YU, )~ FI7 L —AMBO42%Ni-58% Fedd GEHR"42T 0A") 220 THHEKD
bt%?o:miﬁ\ﬁﬁuﬁwTM%ZEfibt\&5mmﬁﬁ®ﬁ&fﬁbkM%
BTHh. HABHIT OO TR M@ 40 D &2 Ui BROBRBEIERIZONT
MTMA(%&W%ﬁﬁ.ﬁﬁﬁﬁs%mm)\ﬁixﬁ%ﬁﬁmomtﬁTMA&Ds
C }(%%?@;‘&ﬁﬁ, HEME 5°C/min) Kk D EIE L (Fig.6-2(2)) o ZHh & HTg=145C
L UTLBOBA IV, 2510, MIEOAMEEET GA (BERM) K& ->TK
Wi, EAEEEE Fig. 6-2(b) KRd . AL MIEE 300°C [fED S B2 ICARERD.
380°C HETIRHESE TERNRT S, ChE DB EY 1 7 VHARICK T 2B ME
FRE A 300°C & U7z,

6.2.2 MBRFH*

(a) BEREMRE

Iy ARHALEFILOBERRBRIIROFIETT - /oo BMBAZ Tig.6-3 IR
xS0, REBF OMEASMUIIKHBA NNV HEREL, CORBRNZ 1 hr DB
BE (SR s Ug. BE (ER 2MELTHE (BEER) BRI
WAL, 2OEE 20 min MBH L CREHREE . RBRAEZMOHLUTRELL
XBEBEL. —HOLOKDVTRHITI—F xz v 7 ET >l SORHRBIZOVTE,
MIRTEROE R EBEH RO MIEME (5.2.28R) K& VAR ORENFEH—ICE
Z2F COMRBELE XL IITHRDI

(b)) B#8Y A7 VBT

BEH A ZVRBICOWTHRA UM #ORBT, BROBMEKROFMICKE
A LTHDE URMERESZ B HETITFo/o L. JOBAITE, Wb 2L
YT HI &I D BBAICEE L, |

SR Bic BB INERBRAENENSTH T, RIEBH L, IhEH-TI
P4 E Ul Bl B4 7 VECERBRAICSEIRE ULTWOADENEHERL LN
5. XWRHRAINAE T NERDE LU, RBBY A 7 VRBRTTEEENICR LR
LD Fig.6-4 IKRT,

EORBE LTIk EH (8560%/5040%) i EENEE Lt JOFHOMAEK 185C
TH BT, EBICE 200CL FTO&ETIHEITEA L, TOHFITE. MW 12CO
[EEEE (Food s metal ; £ A7A50% /41 I9410%,$513. 3%,/ 6126.7%) ZH /o, £ D
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iz S— 7 F Y =—5)b+ (BUF PFPE &S BE3) . B M 3t 2 S&UE R Chn#
F) bBEOHEH L, KEMZ., -T0CH 50 wTiTPﬂT%U%%ﬂFf@
CRGEEE RO,

B . EmB. EEEREB. PFPE BIX >0 TiEE—5F — ZPIDHIEHT & H £10°C
DI THT » oo BHOEGHME L CRAOZEMITZ . B SN T3 HARIC i Y ST 7
UPW%@K(EE%inwﬁﬂT~%ﬁ§K%%bkom%%&@%ﬂﬁﬁmﬁbfﬁ\
7w=:vAﬁ®ﬁ§Eﬁ®M%(%ﬁ>#é\7»£:WAE&&H$M%%5PM%
HIEEITIFITET M & Uy Wi B EE ., KEPEES BLY PFPE BEAWIE
L1013 30 min, MBI ASEEEEZHCLZEAICE | hr KRE L

fro—o Ao RYz—-F): LS 1 O Sl MR % 4 2 OB - BB RY A7
LRER (ChEBEHRERRREV D) BICBO TRERICER NS ®E T {5 Rl

HOWBH
CF3-[(0-CF(CF3)-CF2)a-(0-CF2)n]-0-CFs,
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6. 3 THIZHARBRAAEFIVOREHRED

 RKHTRTNIZVAFEAHET VSR HBEHEERIT S L EDOWIHEIENZ DOV THR
L7,

6.3. 1 BERICK S HEERE

BHRRBRBOWEOR I EBE L EZ A, WEORBEIMZZ2HECFTONSC
b otz TD2ODOWERBOMKE &R EWLH % Fig. 6-5 KR T, Fig.6-5(a),
(¢) KATHEBERBRIHEAAZMOLy VICB->- THERBOESRNEELTED . —7 Fig.
6-5(h), (d) TIREAAMOLEHMEZMYZFBAMOXARNEL T 5,

— BB, BAIE Fig.6-5(e), (f) IWRT LI, AAMEREFRESH &RV
RELTOWANR, Boc ks U3 2B PERAOERAN N, AAFAMILIR
WML, bbb, Fig.6-5(e) BAFHEXBOFRELRELTLEOT, Thoild "H
X" | F7z Fig. 6-5(f) TRIEBRFHOEIBAERELTLEOT, Ihoid "W
mEH THBEL,

6.3.2 BEBBICE LIZTTHASIMBROELE

HALMIZRNE, RB (SFE) . AROH BMEOBRO DI >V THAERABRZ
FFolo CORBERI DHAAMBREWEEBOBBKICOVTHRIET 5,
ﬂﬂ@ﬂb&4fﬁm\m&&fwaﬁﬁfmﬁéﬁmwﬁ%%%&okob#bﬂﬁ
b ZORBATEBEHAOSEGRAELTH D (Fig.6-5) « O HICEMIED — 8N
HRTEd0HH 5,

REHALZHIZZDOAMEHOBKICELIRE, R5, R2D3FEHICO>VTHIF LI, &R
FIHGA B HORBEICBIE XN AW EEES Fig. 6-6 1279, R 8 BHRA ORI
ABERBICZCORBA T (8) OXHKMNEIROBHERBEE > LML, LD
PORBAETIE (D) KRTLIIK, BAMSIBAETT OO OH o7, IHIT, (2) DLD
HOGERERAIHOT —VOBAOHRMFENSAFRIFKELTED . —F (b) O
IO HARERIT - VHEERHOBERICEVE IADSFIRFMITHEL T S,
REMABMEFOPIBIEES . HEAMICEIR ST EFAEEIT () OXIUWPHERNE <,
(@) O3 HHARESBIVEL, ELEROREBHHFEAREMEFETH 572, R2W
Tit. ABMPRE, REFMERKED, () IKHRTEIANAMSBOBBERED S
XA HNRTOEDECHEIN, XBOFRAFHEIHREO ZDORMBEFLE TS » 7o
L. MG (o) WRLEEIIL, AMEABRAOMNEERELTHALHMO
Ty VIR THBRMICERL THS,

MBTIR. ATORBRA THARIROWHERE L oo, SHIBRABHOM O
PORELTHED., RAELLSBBEEALOBAUBTLERET S,
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HABMBERAE L L ESITRE L2 OORBERBEERTHRRAOK. 3LUTOM
%% Table 6-3 ICFE EHTHRT,

6.3.3 MBI LI TAWLROLE

HEASHRBE AR NT, O LBOBRIEE I EMH U TELE | OHALH O/,
OBIHEDERN AR LI®E [HVFTI X MRE] &, OMIREOEHENEHDH 5
MR A | o 3 EEICREMAEFE L T, BAAMOREAR, $HbEREEED
DEBIZOWTHRE Uiz,

WA MO LYY F75 2 FUEERE L 2RBE QMY ZHEOEEE Fig. 6-7
(@) KR, 2HEYY FTIRA MABLARRA TR, 2TORBA THAREROW
fﬁ%%’%%c‘: 2 ko
W LER A5G U 7o BRBR M 1. BB S BEIC B BRI O AT LT
G (ELER) Uik d i BERARBTOEN -7 S OEHANRE LR
BRAORTA Fig 6-T(b), (¢) KR, —BiIcTAF VBIFOBARIEIZINEE & ST
OB LT, BB ORELAENSZRAOBHBETELLESREBELLIL
RTE 5, KNRORFRRBRIUAHAFRC X M FOBNHTH B 2 L2ERTHIE,
WAL e L 2 - M RRR TRAE L3R EIHMBERRS 5 EEA 605, B
AL A LR A TR, Woh KNS RoMEERTH S,

ABEASH O RAAREEZ L HEEORE U 2 DOBBREET LB O,
B EOHEE Table 6-4 [N N S

::T\Lﬁ@%%%%%%ﬂbfﬁfﬁ??%bk%@%FmﬁﬂK%To:ﬂi@
RIZERTHEBENRDEIERDN S,

(DRTVMAAHAABEABOFEOBRELEZLSZ E, HRASHOTBRIAIS S MBI
HZlr->hT. BEOEBEIMNEGSRL O NARZHEOFVELPT L,

(DHABH EBIEOMOEZENE. > 75 A LR > RO > iRFLARONTS 5
LEZLE, EENFBOEESAMIBORBEREIECSH
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6. 4 TIIZUARBEAAETFNDEEY A 7 IVEE)

KETRESHEERAHE. ROELOBFHFEYE TNV I v AR BASLETIVICAT IO L
EEOEBITOVTRN Lic, BRI EREHEHOMBAERAMRTHEZMI LT 2 b
PEBTRF BRI TEMH T v / BFMOHOEARRTHEAV T 7V b Ty
Ur—RBRIEBOT S, BVELOBRBERIRAINA TV, JHE. BEZHRBREHI
o TMERRET S & BMIEHMEDEL TAMIN A bEOEREZRIET
B ED DI IA TS, Lo T EBICHEERET I BEAIKE. Ih5
OFMBRICH L TCHOHEETETII0EMRTIIENERENE, 22T, KK
FHEECMBAI NS LEERHEHEZERLT, SR, HEVREZAUTORERE LR
EHEROMOBEY A 7 VRRETO. TOWEEHITOVTRI L,

6.4.1 kM avy /7 HRICKITIREIFTOREKLE

(a) iERRZALO N E

B A 7 VIRBRAT 5 WIS BB O B ZAL R Uico BBRA O MTRMIT & 3 1254
AHPRICBENFRAALGOET DT ELTAL. JhE (COESERMNTE
BITH o fothy WRW 200CORBMEATITHAL, TOREZMENE L (Fig.6-9
(a) 2 .

COWEERE Fig.6-90b) KAT, SHLD . LIHOBREKIEOTHEEALH
BIERAC AR Uy W (KBS E ., PFPEAEME LB 810134 20~25 nin TEFK
E L. SHICH U, REREETRESICGET S TIK 50 nin Uk 5 I EHRD
S5, COREED, KE. EEEE. PFPERHA T3 HA0KBY A 2 VBRI B
BAMEEOMBY A 7 VR ESE 2 30 nin, ZRMHITIC L B MBS 1 7LD BE
60 min &EYE L. ZLIBBHFIC LB HHY A 2 VMBI ER UIKBE L,

(b)) HIRERKEIC L 5 BEEMN

ST, FRELaL 2F— 4R (Incomplete Cholesky Decomposition) & 3&f% &M
# (Conjugate Gradient Method) Z#AEHLHTMLFIE (I CCGIR) ZMHANT.
z MO BEENHREZICEMLT, ZABIREZOY VS ETF TS FRERIKICTR
EZEBN A/ S—Y FNa L E2—F —ITIT > 1,

RATIZH o Tz o CREFBO D, WIREOBEEELBERTES L L. BEWEMIER
B AEERE Ui, £ zMicH T sMENHRRIETH S EEM LT, Fig.6-10(a)
R T LI -z TMOBERSHCE B2 V7 E=FVICE DM Uico RH ORI
HABAS T I oy A EET BEREN. MR HBUTOL I ITB O, AINZRE
HREBMA N EE—EEE L, BRI BMAICEST ST (222, =R 06—~ EO IR
BEKTMBARNEINSEL, MR ERSMOT (z=0) ¥, z 8 (r=0) 5

-iﬁh& L7ze
B—EE (0°C) oMk, Bk (200°C) Moo BEEICL D MBI S G%E, Bix
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EEHE h=5~800 /0K OBICOAVWARKELTCHBELLEZD ., WBEMD 7 IV 3
ZOLARRRBSOEEREOHEERE, REUCBEEFRKE N A% L LT Fig.
6-10(b) IZFET, '

(c) BEBEOHEKREELOLE

FREREBICIDA OBEEBRBICB T 2 REREZHE L, ZhERITRLET N
ISULREAOBEBEOEMEREFRBA TSI EICL D, FH, KEFH. PFPE.
FUPEGBHASHEORGERRERB LI ENTE 5,

Fig.6-9(b) IR U7-REHEERE L Fig.6-10(0) WKRUCHEKREZLBET S E.
N, R HB OBEEGEEIE 200~800 W/m2K, PFPE &34 80 W/m?-K. 2250 Wt
Wid# 40 Wm*K LHEINZ, ThoDfiid. FIHITEOTK-KRBLIL 54742~
NIVROBHBICEY 3 T RE VRO BIEEGRED 100~200 ¥/n*-K THBEI LTk
BMUTRYEMEEZI SN S,

6.4.2 WHY £ 7 LRBRIC B 1 B ML

TNIZYLIRABABEFLVOBBY A 7 NVARICENT, BRI L mERKD
MATHE LU, ELERPOBEICLD, BHNKOWRERIHNBHELEZ 1% 20~2
5 min BIEID, ZHICKHULT, MBAROBRBEIMAFRELS X LEHK (1~3 sec B
) KRIBIEIERIN, COMBFOMEE.. BHEENICLIT. METRE200
CULDEEZITEID. ThUNORHETRIELAERDONTED - T,

BWEY A 7 VRBRIZE Y ZWIHEERE Fig. 6-11 KRTA4BBICH T 6N B, §7abB,
Type A: BRBRA O XHNEALMO LM TRAAMICERT S350 T, AHEEHBRO M
BICHY TS50, Type B: RBRHA O UM EALZHMOADSKESL DT, AU BFH
MEER DN A S E BT HNE T B 0. Type C: A O RN ASM OB L2 #Y 5 L
A LTHEL D, Type D: SHROFANWUATIHIFRAKEIC. LM HBEHABMOED TH
ETBEHDTHB. DD B, Type A~C ZEEED . Type D BMBKOWIELBTH 5,

6.4.3 BB EHFMATH

YL I NVRBICEA3EREZORRICE IR FEHEZFEM T 572D K
BROWEHEGP ZRYELBRERHO A TVAHEICHES SO E UT, ERET M Rt
Mo FERIHEIZDOOTEERIT - 12, ,

Fig. 6-12 (3B 201 BIC > THEESS 240 K (240°C20°C) TIT » 7 BBAKS S 4 7 L
f(QERA NS A, BLUMTA TN Ty bTH B, Tig.6-12(b) IR LT AT
Foy MNP -2l TH D HHEEMIMTEINZIEBBZXLIC L, Zhid.
W AMB, BH TR TRE . PR TOMMBEBEMAL TV &K E
E2z2 o053, FZT. WHIER (Type A~D) I 47V 7oy P LI2dD% Fig.6-13
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(a)~(d) ITFT,

Fig.6-13(a) 179 Type A OFMII. BRUWOKY A 7 NV TRIEBEALSHATTIC, 6V
A7V OHBED. L0 A 7 VHEAPLIEAHLTNS, F—F B LMD -
TNBZEE, BEALORBREOWEN6Y 4 7 IVEUBKEETHEI ENS. 3K
TATNVAETHBEEZONS, TCTHERN 2BLAXKELTHE 0y b5
Eor=5 OB (B KRELEBENLIC, ChEZAVLTERBEmERD S E m=1.73 &
Kb, COWBEBIBEBRENEEZLI SN, |

Fig.6-13(b) 12~ d Type B 3. HEDOY A 7 VEITEFETIKHBE LT, ILWHFawa
fiddDo LOLENS, T4 TVHERKEICBOTF—43 t=15 1 7 VEHIITh
WMTEMNINABRTHEINS. 2BREBOEETATNVAHELTHMiLic, SO&EED
mOEE., FIEBRETENREN m=1.42, 2.79 THH. EH55 bmOENILLETH B,
BPEEBOTIDERRERIBITLTNEEbDEHL SN S,

Ffo. Fig.6-13(c) & b Type C THEIT IHRBRFOHFEGT —FREZDEEAEDNIY A
JIVHOWET, m=0.4 XD MPHEBEHOAMERLT 5,

X 5. Fig. 6-13(d) o MBKWED Type D OFEMITOVTR. 11 2 VE (RE
BIIAEE) DRI EACHEY T, 2~3F A 7 VHKREEVBODICEHM T SFEROMK
El ot CITREAENSEDREIAVLIENG, OO LEZMMBE LT, t=20 %
WETEHETATNAHE LTHMTZE. mOERTAEN m=0.68, 2.08 L7 5%,
oT, MMHEBHOBICERKBEROSHICEDLIE LT S,

PLEDXEIIT. FLIoAFHRAAEFIVICL BB EY 1 7 )VERRE R, BRI R
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Table 6-1 Shape and size of the aluminum chip molded model specimens.

. . Specimen
chip shape chip size [mm] thickness [mm] Surface treatment
sand blasted
Disk chip $25 8 no
with silicon oil
R8 D=23, R=8
R-type chip R5 D=22.5,R=5 8 no
R2 D=22, R=2
7
Square chip 22 8 no
9
Table 6-2 Mechanical and thermal properties of materials.
. Epoxy resin . o-cresol %
Materials (As/Bs) Aluminum novolak EP 42 alloy
Young's modulus  [GPa] 4.15 68.6 15.7 144.8
Poisson's ratio “[-] 0.37 0.33 0.31 0.33
Tensile strength [MPa] 68.0 70~140 72.0 640
Coefficient of thermal
. . 22 .
expansion [x10/K] 39.6 23.2 4.3
Thermal conductivity
[W/mK] 0.20 280 0.74 15.9
Specific gravity [-] 1.24 2.73 1.80 8.15
Specific heat  [J/kg K] 1500 900 1020 430

% : 42% Ni - 58% Fe alloy .
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Fig. 6-2 Results of the thermal analysis; (a) DSC and TMA, (b) TGA thermograms
of A5/B35 type epoxy resin system.
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Resin .
Specink -

|

Insert
Tape— |t

~Heat insulator
(Balsa)

Fig. 6-3 Schematic illustration of thermal shock test method of aluminum chip molded model.

-----------------------

o o MM
Specimen Heat insulator - [Cooling bath |- - - - 27
/ S
-

Fig.6-4 Schematic illustration of cyclic thermal stress test method of aluminum

chip molded model.
Heating bath ; solder, wood's metal, PFPE and air. Cooling bath ; air.
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(a) - | (b)

Fig. 6-5 Schematic illustrations and photographs of two typical fracture patterns
observed in thermal shock test for aluminum chip molded model.
(a),(c),(e) ; circular pattern. (b),(d),(f) ; diagonal pattern.
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() (d)

(e) ‘ (f)

Fig. 6-6 Photographs of two typical fracture patterns observed in thermal shock
-~ test for R-type chip molded models. (a), (b) ; R-8 type, (c),(d); R-5 type
and (e),(f); R-2 type. '
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Table 6-3 Relationship between molded chip shape and crack pattern in thermal
shock test for aluminum chip molded model.

R-type chip )
i i S h
Disk chip RS RS R2 quare chip
Circular crack 11 12 9 5 0
(92 %) (80 %) (69 %) (42 %) 0 %)
) 1 3 4 - 17 7
Diagonal crack o', (20 %) (1 %) (58 %) (100 %)

(C) ‘ - |

Fig. 6-7 Photographs of typical fracture patterns observed in thermal shock test for
aluminum chip molded models with different surface treatments. (a) ; sand blast,
(b) ; with silicon oil, (c); side view of (b).

Table 6-4 Relationship between molded chip surface treatment and crack pattern.

catment sandblast no treatment silicon oil

type of crack
. 0 11 61
Circular crack © %) (92 %) (100 %)
. 7 ! 0
Diagonal crack (100 %) (8 %) 0 %)

T : crack observed in curing process
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Fracture pattern

(a) Effect of chip shape
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R-8 e

RS [ TEE O

69%

' ' PRNCICICICICICICE -y S S A

R-2 | RRRRRRRRR 3 By

2%
'*'_-‘-_'[_.'.:'»':l'.‘:.'.':_:"_.'-.‘.'-:'.': ',\':4'.":.}_\‘"_'.+"__"."'§ :' .'.: .‘. .': '-'.:'.'- 2 '.':g

Square . EREBEsssssrsssssssess sy

0%

(b) Effect of surface treatment

;A A AR RNR AR R AR AR AAAANA N JENES
Notreaunent A A ADAANDSAEAANDN A A A AN LIS .
AAA A A A A A A AL AN NN ANRNN N A 3
92%
g L S S T S P N A I I T LI
ATATATATATATATATATATST 4 TaT AT A A P
Silicon oil e RSOSSN |
100%

Fig. 6-8 Fracture pattern tendency observed in cyclic thermal stress test. (a) ; an
effect of chip shape, and (b) ; an effect of surface treatment.
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(a) 4——— Thermocouple (T)

Heat insulator (Balsa)

Specimen

1.00 @ -z 0.00
(b)
0.80 -1-0.20
— —O— wood's metal heating
1
—@— wood's metal cooling § | 0.40
~——jk— solder cooling
—{J— solder heating
—— air heating ~-0.60
~—l— air cooling
~—fx—— PFPE heating J.0.80
—&— PFPE cooling
. - L -1.00
30 40 50 60

time [min]

Fig.6-9 Measurements of temperature chane at cyclic thermal stress tests
with aluminum chip molded model. (a) schematic illustration of
temperature measurment method, and (b) results of the measurment.
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Fig. 6-10 Temperature analysis. (a) Mesh patterns of FEM model for temperature

change. (b) Results of temperature analysis by FEM.

T

% heat transfer
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Type A

Type B

Type C

Type D
(Heat cycle)

Fig. 6-11 Schematic illustrations and photographs of typical fracture patterns
observed in the cyclic thermal shock test for aluminum chip molded model.
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| Fig. 6-12 Histogram (a) and Weibull plots (b) of number of cycles to failure in cyclic
thermal shock test, 240°C (solder bath)<>0C (air bath).
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Fié. 6-13 Weibull plots of number of cycles to failure at 240°C(solder bath)<>0C (air

bath), (a) type A failure, (b) type B failure, (c) type C observed in cooling
cycles, and (d) type D failure observed in heating cycles.
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Fig. 6-14 Effect of heating bath condition on life distribution for aluminum chip
molded model, 200°C<>0C(air bath).
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Fig. 6-15 Effect of heating bath condition on Weibull plots of number of
cycles to failure for aluminum chip molded model, (a) type A

cracking, and (b) type B cracking, 200°C<>0°C(air bath).
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Fig. 6-16 Effect of temperature range with constant temperature difference;
200%C and 240 °C on cumulative hazard plots of number of cycles to

failure for aluminum chip molded model, (a) type B cracking (PFPE
bath), and (b) type A cracking (solder bath).
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Fig. 6-17 Effect of temperature range with constant temperature difference;
200°C and 240°C on MTTF for aluminum chip molded model.

Table 6-5 Weibull parameters of aluminum chip molded model with constant
temperature difference; 200°C and 240°C.

Tempe.rz'nure Type of m n MTTF
condition fracture m, m, Ul n,

-70 =130 0.65 1.30 32 20 (19.0)

-40 =160 0.65 4,13 17 15 11.9
Type B

-20 =180 0.70 4.88 105 18 16.8
0=200 : 0.75 3.70 129 33.5 30.1
-40 =200 1.0 - 3.2 - 3.2
-20 =220 ‘ 1.0 - 4.4 - 4.4
0 =240 Type A 1.0 - 7.3 - 7.3
20 =260 1.0 - 5.9 - 5.9

T 40 =280 1.3 . - 5.2 - 4.8
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Fig. 6-18 Effect of temperature difference with constant cooling bath (-70°C)
on cumulative hazard plots of number of cycles to failure for

aluminum chip molded model, (a) type A cracking, and (b) type B

cracking.
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Fig. 6-19 Effect of temperature difference with constant cooling bath (-70 ©)
on MTTF for aluminum chip molded model.

Table 6-6 Weibull parameters of aluminum chip molded model with constant
cooling bath temperature; -70°C.

Temperature Type A Type B
condition m 1 MTTF m 1 MTTF
70 =120 - - - - - -
= 1;50 2.45 24 21.3  0.87/2.10 30/23 21.2
=140 2.33 14 127 0.85/2.10 30/16 15.6
=150 2.30 11 10.0 1.25 8.0 7.5
o= 160 2.50 7.8 6.9 1.30 6.5 6.0
=170 2.78 | 5.7 5.0 1.35 5.2 4.8
=180 3.00 4.2 3.8 1.40 4.8 4.4
=190 3.15 3.7 3.3 1.45 3.3 3.0
=200 (3.18) (4.2) (3.8) 1.70 2.5 4.8
=240 - 135 34 3.1 - - -
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(b) Without sandblast

(¢) Immersed in water at 80°C, 120 hr.

Fig. 6-20 Photographs of typical fracture patterns observed in cyclic thermal
shock test for aluminum chip molded models with different surface
treatments and moisture control. (a) ; with sand blast, (b) ; without any

treatment, (c) ; immersed in 80°C water for 120 hr.

Table 6-8 Effect of interface treatment (sand blast) and water immersion on MTTF of
aluminum chip molded model, at 40>240C test. Inter face treatment condition
were with and without sand blast, and water immersion condition was in 80°C

water for 120 hr.

interface . without water
with sandblast ) .
treatment sandblast Immersion

MTTF - 17775 5.375 8.750
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Fig.6-21 Effect of specimen thickness with constant temperature condition;
280°C(solder bath) ¢ 40°C(air bath).
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Fig. 6-22 Effect of debonded area of an aluminum chip / EP surface on fracture
types of cyclic thermal stress test. Photographs of fractured specimen with
debonded area. Shapes and dimensions of the debonded area of an
aluminum chip (a) top surface and (b),(c) side surface.
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(a) . -1 (b)

petw

Fig. 6-23 Comparison of surface roughness of side surface of moded chip
which showed fracture pattern A (a) and B (b) with 240°C (solder bath)

[ 25pm

«>0C(air bath).
600 . . .
500 = 00—0~Reszy -
: i O\O\O\
© 400} | heatcycle -
| | 0°C=240°C
' |
300 :

0 10 20 30 40
Number of heat cycle

Fig. 6-24 Effect of heat cycles (240°C<>0°C) on Tg of the resin.
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Fig.7-1 Rciationship between (ATexp/ATcal) and (dgo/A) for hard particles
filled epoxy resins.
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Fig.7-2 Schematic illustration of the method of A measurement.
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Fig.7-5 Relationship between 1/(Kl*cal)max and 1/B.

Table 7-2 Comparison between thermal shock resistance calculated with thermal
shock fracture toughness and experimental one.

Epoxy resin systems A A5/B5 Al/B9 B

(ATc)min (calculation) 83 84 91 96

(ATc)min (experimental) 80 70 85 110
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Fig.7-6 Effect of metal or carbon fillers on critical temperature difference at
normalized notch length ¢/R=0.2 in dryice-pentane bath (-70C).

Table 7-3 Thermal conductivities of metal or carbon particulate filled epoxy resins.

fillers A" Cu@Si02) Carbon  AIN
filler content [phr] 149 250 (+30) 10 181
thermal conductivity of filler ‘ N ok
[W/m s K] 240 400  4.2~42 320
thermal conductivity of composite
[W/msK] 1.29 0.61 0.30 0.97

* dsy=22.51um, ** theoretical value
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Nomenclature

: thermal diffusivity [m?/s]

o

a :outside radius of aluminum ring
[m]
b : radius of aluminum/EP interface

for aluminun ring molded model [m]

¢ :notch length [m]

¢ : radius of hole for aluminum ring
nolded model [m]

d : particle diameter [ o]

dso : weight mean particle diameter
(at 50wt. %[ m ]
f (t) : probability density function

h : heat transfer rate [¥/m%-K]
k : thermal conductivity (W/mK]
1 : crack size [m]
m : shape parameter [ -]
r : distance in radius direction [ m ]
t : (cooling) time [ o]
u : displacement (x) [m]
v : displacement (y) Tn]
B : specimen thick ness [ m]
C : constant [ -]
C, : specific heat at constant
pressure [J/kgeK]
E : Young’ s modulus [ Pa ]

F : surface parameter for
elliptical crack [ -]
F(t) : distribution function
G : energy release rate in mode I
[ Paem ]
G .:fracture toughness rate in mode I
[ Paenm 1
H(t) : cumulative hazard function

J :J integral [ Pa'm ]

- 241 -

J i :Bessel’s function (i:parameter)
K :stress intensity factor in mode I
[ Pasa/n 1
K. : fracture toughness in mode I
[ Pasa/m ]
K. :apparent fracture toughness for
aluminum molded modelin mode I
[ Pasa/n ]
Ki*:a: : nomalized stress intensity
factor in mode I [ -]
L. : thermal conducting distance [ m ]
My : back parameter for elliptical
crack
MTTF : mean time to failure
N. : solution of proper equation
Q : shape parameter for elliptical
crack
R : disk specimen radius (m]
R, : first coefficient of
thermal shock resistance [ Kea/m ]
R: : second coefficient of thermal
shock resistance [Wea/m /s]
: span for bending test [ m ]
: temperature [ °C ]
¢ : Tinal temperature [ °C ]

; +initial temperature [ °C ]

S
T
T
T, : glass transitoin temperature[ °C ]
T
W : specimen width [m]
Y

: compensation factor for K. [ - ]
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™ R =R ™

>~ 3

: Biot number

: surface energy

: location parameter
: strain

: scale parameter

: average distance

of filled paticles

A (t) : failure rate function

[

(4 1)

U

T:

: Poisson’ s ratio

: coordinate on notch surface

from out-side of specimen

: specific gravity

: stress

tensile fracture strength
: tangential stress

: radial stress

: Fourier number

J integral path

AT : temperature difference

: coefficient of linear expansion
[ C ]

]
J ]
-]

]

]

[ S s B s Y s B s |

[ Pa ]
[ Pa ]
[ Pa ]
[ Pa ]
(-]

[ K]

AT. :critical temperature difference

(ATc)min

difference at c/R=0.2

[ K]

:minimum critical temperature

[ K]
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