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Abstract

As random defects presenting in a system or electronic components, it is indeed
quite difficult to solve such structural integrity and mechanical problems. Reviewing the
anchor-bolt failure event of reactor pressure vessel support skirt in a domestic nuclear
power plant in 2012, at that time there were doubts about the reoccurrence of similar
incidents thereafter although the loosen bolts have been replaced. If the failure event of
anchor bolts reoccurred, the question whether there is still enough tightening capacity to
ensure safety of the whole system remains. Aiming to convince the public in an
appropriate and quantitative manner that is not extremely conservative, this research
begins with a proposed finite element model that handles a large number of random
events and improves the efficiency of the analysis. Statistical tests and other related
assessments to deal with such a random problem are also proposed. In fact, such a
problem also appears in guidelines issued by the Electric Power Research Institute
(EPRI), which is aimed at analyzing the undetectable area of the reactor pressure vessel
shourd support (the two inner and outer circular weldments aside the support plate).
However, the overall assessment is merely based on the assumption of symmetric
through-wall cracks to reduce the structural strength for conservative reasons. The
possible issue on random events is not explored. In this study, an improved analysis in
consideration of random fracture anchor bolts is proposed to improve the treatment of
cracked support plate. The efficiency method is verified with a large number of random
events. It also shows in this dissertation that the proposed analysis for the discrete

structures can also be applied to the continuous structures.

In the viewpoint of safety assessment on power plants, the random defects
problem not only belongs to the mechanical issue of systems, structures and
components, but also occurs on safety related electrical and electronic equipment. In
fact, the US Nuclear Regulatory Commission (USNRC) has issued guidelines for
environmental qualification for electrical and electronic equipment, but with little
mentioning about the microprocessor-based equipment, despite a few studies on the
physical failure of semiconductor-based equipment have been carried out in non-nuclear
industry. Those guidelines considered that even under mild environments, such
equipment should function normally without affecting the safe operation of power
plants. However, the new type of microprocessor-based equipment, especially those
used for monitoring and instrumentation continues to develop but its failure only relies

iv
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on the testing or analyzing data from semiconductor manufacturers. Most reliability
studies of the electronic packaging are based on assuming integrated structures, and the
evaluation of fatigue life often ignores defects induced in production process. To
improve the shortcomings, the concept of rational model proposed in the first part of
this dissertation is adopted, and an equivalent general formula for use in the simulation
of lead-free solder ball containing void is derived in the second part of the dissertation.
The formula results in simplified equivalent cylinders to replace sloder balls containing
random voids for use in the finite element simulation of packages. The fatigue life
distribution of a package used in electrical or electronic equipment is determined under
an accelerated environment. Its life under the normal operation of power plant can also

be obtained. The result is also helpful for the maintenance of a power plant.

Keywords: Random defects, Numerical finite element model, Electronic packaging

structure, Fatigue life, Equivalent cylinder
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Figure 1-83

Field Programmable Gate Array Illustration

Source: Altera
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(Flg 7(8.)) 80°~100° or or
3 cracks in HS:
Case 2 o 147.92° or . 150°0r 300 0.0
(Fig. 7(b)) ~ 20°~50°, 90°~120%, 327.92° 330°
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Case 3 o 147.92° or . 150°0r 506 0.0
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340°~350°
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Case 4 o 170  HO: o
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(Flg 7(f)) See Table 2 00 or 1800 2700 Oo or 1800 299 ~00
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. See Table 2 0°or 1800 210%330°, 90%or 286 0.175%%*
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*(2.98-2.975)/2.975; % = iBL, T 4 %4> » 5 330° (Eq. (3-3) result-90°=328.71°).
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=)

330°330° (Eq. (3-3) result-90°=331.38°).

330°270° (Eq. (3-3) result-90°=270°).
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AEhI BN R AR P B F Y E > 3 B F & (Important to safety) % %
> 4p M (Safety-related)2 & # ~ T+ K # 2Tk 8 %% (Environmental Qualification)*f
FEER P Bt o PP Et P YT RCGR A REAM 4TS 2 ARE
2 RALH B o SCE P € (USNRC) T 1K 2 fu #7077 7 2 B .0 47 2
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HEFTL EBMF Y 2 RAR (D ) % 2 MR Qi T2
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P HE R A o 48 3B 3" (Software Fault Modes and Effects Analysis, SEFEMEA) &
Mol R P ARG RF SR A#H L 3F SFMEA 2 % 87 2] 5 ¥
S fPAgaE-BE BV RFIRFMEAINELG FER PR &
NUREG/IA-0254[3]~ R it 7 4p B R 38 > 4ofd 8 en & s ;% (Failure Mode) 2 34
A0 T P i A fe BB ohsk dE(Fault) .25 % | b
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10CFR50.55a(h)(2), “Protection and safety systems” [6]® B F 4% % ¢ & 5 iR i ~
Tz 7 F (R F )R AE AP & IEEE 279-1971 & 603-1991 4R 2 ik i o faﬁ%i
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ﬁ;g?ﬁ;; perge | WP Lawais IEEE 323-1974
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REE | apt ) | AW £k IEEE 323-2003
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Bl 4-3 PR B A &2 k47K % (Computer-based instrumentation and control systems)

(% %k [17])
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i ik 10CFR50.49 (1983 i 5 #)

SE-E NUREG-0588(R1) Regulatory Guide
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4-2-1 Regulatory Guide 1.89 2 4 “u 3P (%35! * 2 NUREG-0588 Part1 %
IEEE-323-1974)

% Regulatory Guide 1.89 » P! & = f#g%|en® 2 I M E & T §F K L 7% %F -
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4-2-2 Regulatory Guide 1.97(3 &7 # = it & Fehip))
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sideie % & 10CFR50, Appendix A 2 2- ¥ i e0% i & & = I0CFR 50 Appendix A *
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H
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Q) EAETREEFACEPT A AL DRE A ORERA R
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7 152 (Criteria) ssf %) > &= A7 oo W AP35 H 43 2R E Kcnd & ik
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e
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Regulatory Guide 1.89 12 2 NUREG-0588 3F 2 #73lsfienph % > % 3853 Jf 5 &4 23

>

TotE PF(1983 E) % Z R E R SHACAST B friF 2 R B A 0 2 % Regulatory Guide

1.89

A

[Ey

DR EFRA PR TRHA AR ST I RE T AR E AR
R B T A A R -
P AR 4RY BRAE YT REATRAALRARR I 0 B %

S

YRR o ¥ oobx Bif 0 g H R g hd > Regulatory Guide 1.97 e9% 3 i3 37 5% i@ =
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Chip) #hs i 27 $rgf~ > 3F 5 20 2ARM Ak A L 5§ MAJR B end i e

V- BHYAYEFRALENRIL AR ABAA N ORF B ek A

50

d0i:10.6342/NTU201800430



AN

T ERALARY PR & S e ks B LSRG b p (B a0 R
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NUREG/CR-6479 iz 2 7 HF L 1 & d = PR FFHREF I 52772 RER
%= 5 B 77 % % (Oak Ridge National Laboratory, ORNL) ~ & i 7 & 77 % %
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D &b

Rtk iR et i

Bl paE Locih i) 2

s

F13 o
3y a-—-ﬁ,";rﬁ';

it s¢ (eV/molecule) ;

Boltzmann's constant (8.617 x 10™> eV/K-molecule) :

L
v

Loxdd H- (P BF f)erilAe o Ak ol - SlcF 4 69
B g R R grea Hik,

ARTESE S p S

434 Fd - B F B e R(d s e B g T

i e
Z04-3 LR AP AR B 2 A o]
E,= apparent
Device association Failure mechanism Relevant factors Accelerating factors  activation energy for
temperature (eV)
Silicon oxide and Surface charge Mobile ions, Temperature 1.0t 1.05
silicon-silicon oxide accumulation voltage, (depends upon ion
interface temperature density)
Diclectric breakdown  Electric ficld, Electric ficld, 021010
temperature temperature
Charge injection Electric field, Electric field, 1.3
temperature temperature
Metallization Electromigration Temperature, Temperature, 05112
current density, current density
arca,
gradients of
temperature and
current density,
grain size
Corrosion (chemical,  Contamination, Humidity, ~03w1.1
galvanic, electrolytic)  humidity, voltage, (for electrolysis)
voltage, temperaturc
temperature
Contact degradation Temperature, Varied
metals,
impurities
Bonds and other Intermetallic growth Temperature, Temperature Al-Au:
mechanical interfaces impurities, 1.0t 1.05
bond strength
Fatigue Bond strength, Temperature extremes
temperature cycling in cycling
Hermeticity Secal leaks Pressure differential, Pressure
atmosphere

Eyring model # * »* 4 g R b e B4 - H30 ok T RINFL TP RS H

PE (tse) A R R B S > PRAZHEART 12 Erying model 40 3% A7 7) :

0
tso = AeKTFyF,
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A S FTN K

@ &4 (eV/molecule) ;

T 3R R(K)

Fy % &R R # %]+ (Humidity Stress Factor) ;

E, % % BJ& 4 %]+ (Voltage Stress Factor).
@ Erying Model ¥ — B 4 7 F Jigi Fenzt 3 > g
F i 5
_ a(T)S
R = Csinh [ e G
2o

a(T)=kTy(T) > %%y (T)H >t 1t04.5;

k % Boltzmann's constant (8.617 X 10~

Q=00+ a(T)Sp: SpaBaf A 2xf2 5+ & Qya 1
FRFTGP AR LDER > 1R FICAHRT PCH

PR ERSNICT

—}-f#_

Q

I s A SRR AR KR T T A
AL L TE I R ey e W

AU EHG BRI RS RS 0 T Generalized

,,47

-

PR

R r TR
Garofalo % % »Tis % 5 2> 5% (Generalized Garofalo Creep Equation) [26] » I fiz
% s & 2 Coffin-Manson Jg % & & F 5 & 58 ki=im )
TR BRI RS 2
Leer Clsinh[Cza]C3e(_TC4)
e
Ci~Co~C3%2 Cy 5 1 S8

o » &k * (Equivalent Stress) ;
Ad€cr v 44

ot » FTER R
Tz8HER K-

* 7 (Equivalent Creep Strain Rate) ;

59

é“ﬂp\"Rﬂ—\lL

LA IC A 12 2

% 4T

(4-3)

> eV/K-molecule) ;

L

& it 5 4p R %‘iﬁi °

FRL A TR g B Bed N2 g B4R fL2 5 R IR[25] B4

R BTk TR Y

TIHER 4T

&%
THHEAHIRFZ 6

(4-4)
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d  Engelmaier #73 3% Jgf & &4F 322 2 & ¢ Coffin-Manson Ff i 2 54 [27]

1, Ay\2
Nf = E(E)C 4-5)
C=-0442—-6X 10_4Tm +1.74 X 10_21n(1 +1) (4-6)

He S NeaRHFE 6 Ay=V30ei BT RFERF > Aes SR ¥FER Ae s kY
it g ¥ (Fatigue Ductility Coefficient): C 7 J& % 2 & 45 # (Fatigue Ductility Exponent) ;
Tma % A BRSSP ERZL TH (O):afi-APLHBERATK
(cycles/day) °

DEFENSE AGAINST
COMMON CAUSE FAILURE
Internal External
System Resistance Causal Influence
(hardware) Reduction
Environment Human Activities
(Software)
Quality | Diversity
Segregation mThy Diversity Quality Diversity
Fire Seismic Environmental
Protection Qualification Qualification |
CURRENT METHODOLOGIES ISSUES ARISING WITH
e T SRSl
E OF DIGITAL I&C
Analysis Operating Type “
nce Testing Prioritization of
stressors liely 1o affect
dighal equipment in
nuciear power
Anbient prassure and lemperature
Relative humidity Resclution of need for
Dectrical lﬂ‘:'!: and lliﬂll: mild -mtan.:-n: =
Chemical spray I
Standards applicable o
Aging etiects
dighal IAC qualification
— Resolution of need for
Including smoke In
Qualification program
[Operating Basis Earthquake [OBE) Approach to minkmizing
and Sade Shutdown Earthquaios (SSE)] Imoke susceptibilty
Non-seiamic vibration Cruatif < ation philosophy
for digital 1&C
Fire/Smoke detection
Fire suppression systems
Fire
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4-3-4 ALk R A RKARE D 2
NUREG/CR-6479 % 2 % 3 ¢ » H 31 B ehp % o d K A1 L8
(IEEE323-1974 # 557 1983 # 45)iE (70 3 i & B 45 T4 & im Ak sk 2 =

H
=

RGP > B AR FS R R TR AT R L RSB s A
kS RFZAAAI O EAREERT R (bldeo 2 s BF S PEFFSH BT

FIFI R a0 FBRE 2272 1558 ) IEEE 323-1974 P fad £y it 7 @ * ok
SRR FCE ) 3 F ERE LR S 0 1983 KRR E S P RE(UIE ) o A
BtAR R H G RN R R W I MR B K K K e ol 0
BB FIERGTRGOTE > 4 F FTRUKREL P G0 T A RO LA R B D
W - BRERAFAETET > LIRS BTFFET > FlARRAR S ZHHA F 40 MR
B2AEMM Ay ECER IRy AR T - Sz [28] 0 § RY BREBEB PR RE
BT RRIRE

R LY It S S PO ST T ER Y R

-

oo iRt Ap R enRY 38 5 A TEEE 323-1974 daRfs =t & o BT AT - A LELP X
e d - & AT 0 IE KA 0 A EE IV E B R S lp e N
RGEAFIEARE X > a B BT 7 EASHRORET & FRE L) F o
FERETEX P T BB EMR I oRY 055k ok X0 F &2
Wil e X HWEFT TR NFRAFLAL NG E  RGEELTEI L &
% Pl2. % it >z i5(Condition Monitoring)F 48 % b i 13 o 3518 R v3F 2 63245 ¢ >
Bk BT ROR R g A — e % KR R SR R AR R (BORGR & R %R EE o
g AT F ) B AT A A v MOt § FRK A 9 Class 1E #ap & ok o

tiz ~ NUREG #F £ Bld& 21 7 4p B e522 3% © Regulatory Guide 1.89 #f jv3F ek it 3%

e * ;% ! Arrhenius #-3] £ Bk 4 »c 8 d H - S¥(C B F B)rilde > L FHEHE T F
HHREEEET s LR P T AR 0 %AF L 2Rk Eyring #3) o
Bhoh S E F ARG G0 N (F i F Rl Bt R E RS S T

S A e X i * Eyring 2

Bk o P R enE ﬁ‘—éﬂﬁ 72 ; »* IEEE 323-1983 § 6.2.1 & h¥ 3 fe% B % it ok
70 o KPR S TR AT Aok AR W R W IR > - B R OE
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PS¢ ERERF L ELRF e HB AR Pr{oP A R XK REBSE > 12
ADBE R TEZHNEFREE 250 BB LA DRI doe £ 1 EBFP BT 3
BRAR A 1974 E AR A B 632 E Y bk I W RSEHFF > ek
LR E AR (WK A D B R G2 g )8 22 ok K0T ¢ R
Xk % 1 Class 1E #4 5t & % crc %75 F]pb 0 22 1983 #AK A — %0 1974 %K & n3F AR BB
/,;ﬂ—:#”%i on s > dok B e 83 £ & cho pb¢h » & IEEE 323-1983 #-8 fofh it 2
TEEITRBIFEEfoPREIEER? 2B iEE > Ak REE- R AHT R
et a o ofHE4e P ARfedkE  FL AL TFHHAEE 2 JIBREPE ) 4
FIFERE P 08 hIRZT 8T GG R AIRB Y ovE - PR SR AR T )4 ?réi ]
&&ﬁﬁﬁﬁ%iﬁﬁ%&ﬁTiﬁﬁfﬁ%“ﬁ%°
TR A 2234 s =R~ R
TBAEIRAPERc R I EW AR DL WRPUALF R _maléwaﬂtté’zfﬁﬁvzﬁ%
AR ETRE N~ @%ﬁi%iﬁ‘?Wi%%ﬁﬁ&“r’&j'dﬁﬁﬁﬁﬂﬂﬁmi
&

BT b B pro sk BRI L

W
=
e%
%‘3{3

LIS S 4}5 g 4}5 #Bf}ﬁi"&mﬁl&’]’ w.}i'f‘f'/&)i I AFwigerT ';%l—é
BB E LR AR PR AR A A E B A B2 B B
=

TERTERCBEEHEER CHY R A RTAGEFEFER

3

v
&
L
&=

)

=
+
)}

—
“\

5T R ﬁﬁqmﬁf,;%{ﬁ’Aﬁiﬁﬁiﬁ
# ¥
B CHR e ¥ R T K o Bk T iR

Bl L AR Bl s otk g2 ’%‘3%15’113}352 CARERE ) LRI
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e
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T
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Secondary shield
Control room
(benign environment)
containment
Auxiliary building Containment building Turbine building
(a)

Category A
locatian

Includes (but not
imited to)
containment
(harsh)

E.g.. turbine bay,
non-ventilated equipmeny/
cable rooms

(b)

B 4-5(a) - HTRMAPETLE (DRSS

&% 6 kit > NUREG/CR-6479 A7 4 4 4% 117 A = 8 s wlendic i Rir 4 &

S AR RAIMPN FE A 4l BERNEA 440 LFFEREC
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FS%EL BRI RBAE T ENE ol TR AT R EREN N CHERRE
Sl f SRR KR FHENREE (P F RN RITER ) NEP AT > AR E R
FEPRRERY oA ENELRBR R Y IRE ERTEAPF RS
FTRB IR U R EH O ERRR BT AL IRL 2B A Y ST 2

BB R R

AR AERER T TF RGP BT ULP IR EFLRAREMY
HiEEY E o NAFE T HRIKEE CRFARGEE A R A% RET BB
1ﬁﬁ?%£ﬁ#’jéﬁw&?%%ajﬁ%ﬁfﬁﬁd&éﬁﬁﬁg’%%&a%
BB PR R SRR A2 gE R (AR 4 R > dost B E T AR el R
AR ETRIER T ZF 2 i o
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% 4-4 %% NUREG/CR-6479 &5~ 5 % 2. %#F & R

KAFEE | Fuel By B | EinR 31 $RIZHRE
Bov BB
: R.G. 1.89
B Fe A B A SRS REE | RAR IEEE 323-1974
LaKaE Rk A FENTC, RAFFT0%
Ak > L RRT IR LB | BHAT R S
4 s} JL'ff'I%FL N / &k R ETE s T Hp A
[ re %y SHE(E B HRE) T kT CHATER Pok7d ~ T ¥k
13 BB R % ,
AR EE E T O A R.G. 1209
[y R.G. 1.89
SR ER | B p BA RS TSR 23R R.G. 1.97(E RI% %)
X R FE:LTC, BAE #F:T70% IEEE 323-1974
Gela® -~ Ao | FIreag et BTk B
% _‘1/1’1_' éﬁl%% %fu ig; iﬁ‘ N fg‘—)ﬁ ¥ EE ‘" %% o, ‘w %% o, :}3 C J’*“q\ s _:lyl)cB R' G' 1'97(-%; /EIJ\):")I{ %)
Bt %) s ’mé?"gi 14C ’mé?"gi 1;5 " A IEEE 323-2003
: BEFEFS0% | REFF:20%
Iﬁﬁ) 45 ‘?w 4
BEa Iy R. G. 1.89
) e g B A SRS 7R B R.G. 1.97(& I # )
BRI E:ITC, BAEFF:T0% IEEE 323-1974
L EME R et
(& 5254 G,f;]i 5 Bk A R. G. 1.209
;ﬁéﬁ 8 !;t& X g%.:‘ BJ"_:—/‘T‘:V)’% . . .‘ )
1) B} T | BARR C 4k 4 B SRR GLT(E )
hrd g bz ERPE14C |EAFF: 11T P LR IEEE 323-2003
229 REFFS0% | R F:20%
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AL ERAARET S AR KES IR
d %] & i i & NUREG/CR-6479 84 ¢ - H $450% 2 A R 5 % % 2 432
LRIy el AR TS ST R T A S

(«)cp
2%
S
s
e
?
‘?‘1
\:\R
|
=
?‘L\
3

2 BRSSPI RETLRYE SRS
f# P

ART > FIR N2 AL R A AR AR EITT R T EH 2K
FH 2 ARBER S RS e BFRPIF > RET /3
N R AdcE A LR A #

>

i‘?“&%’

4-4-1 BEBEHREX

B E- T3 RA AR FRNE R FR AFESN e+ EGH
B Flaf F sz & 8 0 4oBl 4-6 #7515 & J NUREG/CR-6479 #78 * 2_ %1 {4

Aok PlE 0 3 3%3R 2 4 4.2 (Assembly process qualification testing for plastic
packages)#772_ JESD 22-A104 TM (Test Method, p|3F > 2 )FEMNEFH L 472. &
& o

Bl 4-6 & Flen FHE#s2 IC {7
66
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B4 88 4 4L 4.8x4.0%0.4 mm’ 0 &

B kTS G 13x13 A2

95.5Sn3.9Ag0.6Cu # 448 3¢ (1 248 2 = ) 6x6 mm?) » A2 % & 152 43 L T A4

2B 25 025mm~ B R 5 0.16 mm > BB EES 0.4 mm > B8 7 & 0.66x0.66%1.0

mm’® 2_ &) T B AR (Print Circuit Board, PCB) » & & f| & B

mm M EFZETR T S

z. ¥ 35 ER& 0.015
SHRES R B4 d & (Ti) - 4F (Cu)~

4 ND= & Hrresa i k £ /% %% (Under Bump Metallurgy, UBM)> Fr &

B L
ElEl‘l—r

=2 &R R4 T K (Dielectrics) » A & # F 5 K fie I *%(Polyimide)

[31] > @ e & &b A h3ta B L Ik ¥ #Ha (Epoxy)#re h - BEHIE AW G 2 -
A RS HENAT £ 0B 47 {48 A AT AR F Aok 4950 3%
A AR T e & 4-6 T 5 B ARF TR vt e L BT IR IEGE S AU .

% 4-5 B v+

LRy LR R/ E R sy
THEA~E (mm) (mm) (mm) (mm)
Chip 4.80 4.00 0.40 —
Cu Pad — 0.096 0.015 0.40
Polyimide 6.00 6.00 0.02 —
UBM — 0.096 0.02 0. 40
Solder Ball
(95.5Sn3.9Ag0.6Cu) 0.125 0.16 0.40
Epoxy 6.00 6.00 0.43 —
PCB 0.66 0.66 1.00 —
% 46 PR R F32)
gy # < fic¥c | Poisson’s FOEE A b E G Lo
T A (MPa) Ratio (ppm/K) (Kgm®) |  (W/mK) | (JkgK)
Chip 131,000 0.3 2.8 2,330 110 703
Cu Pad 68,900 0.34 16.7 8,300 401 385
Polyimide 2,500 0.34 20 1,420 0.12 1,090
UBM 118,000 0.34 18 8,300 401 385
Solder Ball
(95.55n3.9A20.6Cu) 49,000-70T 0.35 21.3+0.017T 8,460 50.9 150
Epoxy X-direction 20,400 XY:0.11 125 1,840 0.38 1,150
Epoxy Y-direction 18,400 X7:0.09 114 1,840 0.38 1,150
Epoxy Z-direction 15,000 YZ:0.14 82 1,840 0.30 1,150
PCB 27,000 0.39 18 1,938 13 879
T 2#H~ER(C)
PP RTRZ TEM A PRI ERARF L PR AF AR R F R
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WU L B R AL ABFAE BT o KA 2 Bk F R

3

FiEE o K PER EIE R T 2R 4 H?’“¢%§”ﬁ¢miﬂ% =i
EHROB R AR 0 FIRERR R TL R R LAY < HERHFEEEA
TOLERETERIIETEP R a gRTERFE R - P A

ﬁﬂﬁwﬁ{gﬁg%g;ag?%&ﬁﬂ’%@giﬁ%awywmsmf,%
RAHEMMLHAERY o8 IC K YT FHEPL s L
‘?%i&ﬂ%’ﬁﬂ@ﬁﬁiiﬁ%ﬁ&$ﬁ${ﬁ%ﬁﬁ’

- AR F A AR T LSS BRAE DR H e EA 1T S

VR AT BERALR I AEEERP 0 B BRREERLEL e
(Redistribution) {7 % » AFIRPBFEF R T AL K (A A FEE RV DL B2
—om ALY BT AERFTG P 51 Generalized Garofalo B R % F o 5%
4ot Ezo 250 (15) 5 d A ar 2 m e TR E R S A 5 95.5Sn3.9A20.6Cu  H
s fo2 FEUE £ BN G 498K BB BEREBEFE S B MR B2 -
LS HEREMBEERE L o HWE K 95.55n3.9A0.6Cu & 44T 0 A
Generalized Garofalo % = 42.3% #1142 S8 A Whe & 4-7 #7577 [32] -

95 2 W R 2%+ € (American Society for Testing and Materials, ASTM) ¥t
RFDTE L TE MR L EF 2 ERP Y F R A B2 EAR 0 3%
AR R R L R RN S BAS AT AR 0 2 AR A SIE S
2R A R DA e AR AR MERELT > HRYZEFRE G
"% A K 7 % (Strain-Based Approach)~ v £ 7 % > ;2 (Energy-Based Approach)-
A 2 2 (Fracture Mode) % 4§73 % s 2 4 #ic#t%  (Distributed State Concept
Modeling) % $4g - H ¢ » R AR > 22 BN EAAS 2 FEhFREHE™
Bk 2 2 - 4§ B enCoffin-Manson k3 & 38 5 & 3% 4o b & 2. 238 (4-5);
Fd Be* 118 Coffin-Manson k& & &30 & 2 3% » B4R it 4 2 ¥ AU ST #
BRE AT AL BRI R RIGRERRFZ 60 7 A BB

IR RS

68
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% 4-795.5Sn3.9Ag0.6Cu & 445 ok % > 258 2

11 5-45[32]

Parameter

C; (1/sec)

C (I/MPa)

G Ci(K)

Value

500000

0.01

5 5802

Polyimide
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4-4-2 HoA) 2 *
SIRRIFRZRF E 0 ALY F G U & S0 ANSYS & 7 3t
FRLT = S WA 0 %3 SOLID 186 i ff » & /4 ¥ Y o]

vB"r )

e

4-9 #7512 A B ® 5 109453 B > & BLgcp 77 F iE 474983 B o B R iR 2 ik A

TR A TR PR B hiT g S RIS o pr b HALG RN R
THE AR M EG P AR TAAIAME AR PLEFTER
LS PHEAMI Rl pd A2 P T S o

£

TF

3.;
fﬂ

“*:’;

fi
I }=’
IS
g

B 4-9 1/4 HHLH & FliadH 7 4 377

EA R RIS G o P F a2 JEDEC R B FEERE P o
JESD22-A104C .7 > Ir PFEZKR P R IRBE R 5 29815 K530 3 F 2 Rl d35 4 2
BREBRECETAN AR 4-10 0 7 TH L AT -40~125 C 2. £ 5%k §
Pod B R 2SCESSE > F- ks S04 KHEAIFREI FE
FAMEIEE IS A A AR REMERAPFERFIEL 10 242 FFR o Ao
B 4-11 #7771 > TR iFe £ #HHE (Cycle) o d ZFRFER QSCO)VF 4> - £ %
T d T it e B Load Steps #7ie s
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I.Ramp Low : ** 15 & 4ap » d 125°C "% 1 -40°C ;

2. Dwell Low : i%4%-40°C 10 4~ 43 ;
3. Ramp High : ** 15 ~4&p » d -40°C 2 1 125°C ;
4. Dwell High :

P e KRR o~ E R %

3 125°C 10 » 45 ©

2

1=

AR E B BT

D: Steady-State Thermal-04,/20-full
Temperature
Tirme: 12000 5

B Temperature: 298.15 K

SIS VI SRR

X
HEms Fadr BEe BRIFER2VEFERY > BEAHEE B R

fuse
4

& @

v

3.000 {mm)
0750 2.250
Geometry A Print Preview ) Report Preview,”
iraph 9 Tabular Data
12000 | Steps | Time [s] |[v Temperature [K]

19818 1|1 0. 298.15
178 2 ]1 54545 39815
5t 3 |2 11455 39815
: 4 |3 2045, 23315
= 5 |4 |2645. (23315
»e 6 |5 3545. 39815
s 7|6 4145, 398.15
8 |7 5045. 23315
1318 g |8 5645 23315
56545 1458 a8 248 38 A 3008 M8 a5es a5 LU S35 20048 1048 12000 10|19 6545. 398.15
11 |10 7145. 39815
: 2 s ! ! Bl » d ! < Bl 5in ems. 23815
Maccanas  firanh 1312 8845 23315

B 4-10 R R R 57 & B
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140-_

120 N N N
100

= N 2
=== )
| I |

(o)
(—]
|

=]
]

Temperature (°C)

o
S
1

>

|
-
-

U

| ! | ! |
0 4000 8000 12000
Time (sec)

&
S

B 4-11 #% b (4 Cycles)

443 SHE% 2 & SIER
FIp SR EARAAPFEREASITIE 0 AR SRR 5 12,000 F5
PE A R heBl 4120 R A HA% % 60 Rk kAT 0 1B 5 MR &

SH

T F A AR G2 Ao i s T o A S el A A S
A BTG A bt R R OB R LN A& ¥ (Chip)T * Bt Floui
PR EF S AT T [33] % o

-

EEATER TR ABRTYEE- BRABRTLEE S CEREREE
H R R LR L do] 413 M L G SRR Y A bire
P E o Ed 1% 3-1 & #r4cit 2 Modified Coffin-Manson & % & & 238 > ¥ j&
(T A B TR T AT T KL 2 TR f S e & 43 7010 3% 2 8 (4-5)5(4-6)
gt Sl A¢ Bfe- TRIABRIEES

# 4-3 Modified Coffin-Manson J ¥ & & o ;% % ¥«

Parameter | Ay (mm) |c T, (C) |f & N
(cycles/days) (times)
Value 0.0207* -0.417 42.5 28.8 0.325*%* | 603.18

*RA-13 505 - DRBRLBERIECRELE S
*ep &k ¥ 4 B T dic(Fatigue Ductility Exponent) » & 5531 E ©
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2043 ERNEELR[ERLE 165CT ORBEP T § ik
(N=603.18 &) — 4x @ % » &L p BTk 4o i RIE % % 0 & %% NUREG/CR-6479
SRR R Y CCHBNEfRE B VR TORAFRS 16270
B MAILE L S P CHMRR T ECFRFER 5 68C 1 7 iFd S dciE 24
PoaN@G-DER ALY CHRE TR S A 5N b FlF gty o0, 3
Al at@) v 2 ST R0 BhRaEME R LA LS
Norris-Landzberg 4c & F]+ 2 38[13] 2 4o F ;4 #77)] ¢

Nrield AT, ffield: 1414 1414
AF = field _ test 11.91) fie ]3 ex [ S — Max] (4-7)
Ntest ATfield ftest Tfleld Tiest
—,ﬂ ¢
AF f—;» 4 i 5‘:]; ,ATfieldﬁATteStl"\ V—:‘J :—; B /FJ Fé‘I%\ J”_ ERE ﬁ& r’E /E_ /E Z

Nfjgrg # 7 Z BB T ¥ KX Jadh=c i ;

Nyost & B38 05 7 = #c ;

frieta ™ # — = P RX BFR T H

frest Bl 2 — % P BIEK #

THEE TME RS w4 0 ¥ RBT 2 PRE TR F AR -

244 0% 5 200 B BEXRDCHERRE  FARPEEXA T X EN

F_k

FARZDPTME LA TR iﬂﬁﬂiﬁﬁiiﬁfi‘fﬁﬁg BEWRE > F Al
w

TR R o R R Bk 2 b T .
F04-4 BR 2 CHRBIER 2 355 2 4eid F]5 & # R HK

RV TR #E 5 BBEAE N
LR |/}-: £ ﬁ,\‘\ M .
A - (cycles/days) (K) AF (times)
- A 52
%
(B PE %)) (B 158 16) 1 341.15 5.33 3331.97
- A 41 X
(Bed 2 ) (% 138 27C) 1 341.15 14.88 9305.02
e 46.5
- g (4538 21.5C) 2% 341.15 8.18 5115.36
Bplde s E PR FE I BEERMASLERA S F 8
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E: Static Structural-04,/20-full
Equivalent Creep Strain

Type: Equivalent Creep Strain
Unit: mm/mm

Time: 9965

0.054412 Max
0.04837
0.042328
0.036286
0.030244
= (.024202

{ 001816
o217
0.0060753
3.3205e-5 Min

0.000 1.000 2.000 (mm)
[ EEaa—  SSS—
0500 1.500

Bl 4-12 3c+ 60 B2 8752 24 B A S E ¥y

0.07
/ ‘. ”
0.06 '
I 1y 3
' ‘ ' ‘ ‘! ‘ N
= o005 1 1 \ Ul
E . * ‘ ' x ' A ' ‘
E | | | \
g v v
£ 0.04 \ 1y - I e
= ' v \\ ' Lxxx.-x v ‘
W " N, \J
2 I \J
 0.03
# |
w |
¥ 0.02 I
i
001
|
I
0.00
0 2000 4000 6000 8000 10000 12000 14000
pF & Time (sec)

B 4-13 BR F R FR R
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45 |

4

AR R ERPE € (USNRC)# 3 # 2 %7 # p| Regulatory Guide 1.209 12
% #4751 % 1 NUREG/CR-6479 ¢ B>t 3 L H Mok ® B3k i s J ek d3n o
R F o s kyx NUREG/CR-6479 #1i dkehdeid ipl3# 2 B frih B 5 2 (C 5k 5)
B BRI ERNT I RECA P LART R A TR AN RN R Y R 4
(B a0 L@ 1T s T > BHR LT - ZA2FEA R 6

B R F AR chE piE G Rt F K% R 22 3% * Arrhenius model)

:‘}vlw

7 2
RS R- R A S R LY/ T miiﬁﬁéﬁ%iﬁﬂﬁﬁiﬁﬁéﬁém%%ﬁ%
B BAERBRERDELSEES 0 Fl- a0 KERCR A RZLKFP
AFAHLFp LA LR REREPIRTIRRER &AFHUET BRI ~E
BREURRET b MEARG FRERS R ¥ e Pl 8 R 2 BOUR T
WL BEP(%F 4 46) FHATRERT AR dvbidd Ay E
AT e TR EEMRE BEE R RFEOP A N A AEXDERE T
T ¥ LA i o @ fpd REFRRFRETS o

TS FN RRER S & FURFCR 2025 £ 2 R B2 Fo 0 ig S W AT R R
2R EN G EFFEEERE 5 L A ) ",ﬁ? PAERFEE S PEAR ) TR NE - PR 2
% B F LG B 2R DEF LT RAER RS
oA - F AP AREPA L 2PEREE R A AP TROLS 2 R
RABPRAFIHZ R XA AE2ZRELHTEY AR L T ED R
HEFZRFTLE A ARZELOP DR ERRALIBEREG R gk o
PRl e v R ERZTRKA L o

AFFL TR EHNEXEL X 2T T F KA RERENMN DR
PR AR PR AT i %WB¥?4ﬁff¢ﬁ¢r o
BEA A RE S 2 BEALTHBRETE 2 G2 SRR
A ¥R E AR HENG FE 0 iRy B REAF AT REE

T RIBWERE LR OE 2P AT Ed Rl 2 mBEE AR ERR D Y E T

u:

Ag_
1‘2
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Typical safety-related electric equipment or systems

LA 2 APRET KA kAL
Engineered Safety Feature Actuation Frrk® 2R E5H 4
Reactor Protection FOE B4 ks
Containment Isolation FIFERE PR &k St
Steamline Isolation P g M Ak

Main Feedwater Shut down and Isolation

Emergency Power

Emergency Core Cooling

Containment Heat Removal

FIFE A8 e 2 45 “/T‘ K

Containment Fission Product Removal

B 12 A S a s A A F 75

P
/,5 U

&

Containment Combustible Gas Control

R AT 7 5 AEpH] s o

Auxiliary Feedwater

BB ARk s

Containment Ventilation

FIreg8id b % 5%

Containment Radiation Monitoring

I B8 £ B 18 R % AL

Control Room Habitability System (eg., HVAC,

Radiation Filters)

5[”#]:.-1-\2 ,, B

Ventilation for Areas Containing Safety Equipment

DR REFER KA

Component Cooling

Service Water

Emergency Systems to Achieve Safe Shutdown
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Au Wire Epoxy Mold Compound

Chip
Plated Copper Conductor
i | / Solder Mask

Signal Via Substrate

Die Attach Thermal Via Unlead Solder
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Location of Voids in BGA Solder Joint after Reflow Soldering
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2: Planar Microvoids
3: Shrinkage Voids
4: Micro-Via Voids
5: IMC Microvoids
6: Pinhole Voids
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BV ikl - Ra g 0 SRApBRERCERENEE -
#. 5-2 Modified Coffin-Manson J % & & 2 ;% %#
. I3 N
Parameter | Ay (mm) c T, (C) (cycles/days) g (times)
1/4 Solid 0.0207* -0.417 42.5 28.8 0.325%* 603.18
1/4 Cylinder | 0.0200* -0.417 42.5 28.8 0.325%* 653.03
Cylinder 0.0019* -0.417 42.5 28.8 0.325%* 733.93

¥ 521 ERMAEZIE AR - DR BE IR A
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PR bR s S ekt (DA ENRBI(FRATIEA RS

1/6) » @ flgts IRy AL Q) B CTE 3 2 8 <Ft(z i 8
IR TF)F B 12 Q)M CTE + 2 o oxfHLf(Z 3 AR
98

d0i:10.6342/NTU201800430



EBRAOPEO)FNRBS D AF BT PR BN E 2 I RE 2
F 2 Ao 526 7 0 A 54 5 BRI R NI A 2 (Case )2 R F F FFR

% 0 R S527 L=

PRSI R pey X3 3

4053 (BN S0%A A3t 3 MERER T £ 100% 3 5 A A S %

AE Bt % B % %A E RFEE
(hIp A (mm/mm) (mm/mm) (mm/mm) N (times)
A/1.64(100%) 0.0475 0.0236 0.0240 421.16

A/1.64R1(50%) 0.0492 0.0248 0.0243 406.30
A/1.64R2(50%) 0.0485 0.0242 0.0243 405.64
A/1.64R3(50%) 0.0490 0.0247 0.0242 411.83
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Clean |
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% 5-4 Case 1-100% ‘¢ %

3

L

(283 z MR

B34 E o 1/6)

BARR® | R

¥ % | BRAE | R¥ES | ALERR¥
(Events) (mm/mm) | (mm/mm) | (mm/mm) | N (times) Z 3V
R1 0.0499 0.0237 0.0262 338.771 D
R2 0.0497 0.0233 0.0263 335.166 C
R3 0.0495 0.0231 0.0264 331.699 C
R4 0.0497 0.0235 0.0262 339.030 D
R5 0.0495 0.0235 0.0260 344,775 D
R6 0.0494 0.0230 0.0264 333.309 C
R7 0.0492 0.0231 0.0261 340.847 C*
RS 0.0492 0.0233 0.0259 348.734 D*
R9 0.0497 0.0237 0.0260 345.230 D
R10 0.0494 0.0231 0.0263 336.135 C
R11 0.0492 0.0227 0.0264 331.388 C
R12 0.0497 0.0237 0.0261 342.964 D
R13 0.0493 0.0234 0.0259 347.320 D*
R14 0.0495 0.0230 0.0265 330.644 C
R15 0.0489 0.0230 0.0259 349.838 D*
R16 0.0494 0.0232 0.0262 340.432 C*
R17 0.0494 0.0230 0.0263 334.344 C
R18 0.0496 0.0235 0.0261 342.542 D
R19 0.0496 0.0236 0.0260 344.451 D
R20 0.0497 0.0235 0.0262 337.360 D
R21 0.0495 0.0231 0.0264 332.928 C
R22 0.0495 0.0230 0.0265 330.919 C
R23 0.0494 0.0233 0.0261 342.610 D
R24 0.0496 0.0232 0.0264 333.724 C
R25 0.0497 0.0237 0.0260 345.932 D
Bk BT
TinE 339.244 f?‘if;‘i;
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2 E 47 15%) 4 5-6 % o Case3 thd AT 8% » [ 5-31 5% = 8% 22 Ba s
@%’ﬁﬂf
% 5-5Case2-100%% § Z 3% (2 2 2B RS F > F CTE R 3 IR F)
EAE BAORR | R R% | RRAE | RY¥ES | AZ2ZER
(Events) (mm/mm) (mm/mm) (mm/mm) N (times) | % 7 3* %54
R1 0.0493 0.0234 0.0259 348.813 D
R2 0.0496 0.0230 0.0266 327.302 C
R3 0.0489 0.0226 0.0263 335.379 C
R4 0.0499 0.0236 0.0263 337.202 C
R5 0.0493 0.0233 0.0260 346.195 D
R6 0.0496 0.0231 0.0265 329.539 C
R7 0.0499 0.0236 0.0262 338.281 C
RS 0.0490 0.0228 0.0263 336.106 C
R9 0.0499 0.0237 0.0262 338.771 D
R10 0.0496 0.0236 0.0261 343.155 D
R11 0.0498 0.0236 0.0261 341.640 D
R12 0.0497 0.0232 0.0265 329.677 C
T iaE 337.672
% 5-6 Case 3-100% % 7 Z 3 (L83l 23t g I > K CTE 3 3 DB )
¥ B | Bl R® | BRLAE | RY¥ES | A2ER
(Events) (mm/mm) (mm/mm) (mm/mm) N (times) | % Z 3t #7)
R1 0.0490 0.0233 0.0258 352.169 E
R2 0.0476 0.0224 0.0252 371.813 D*
R3 0.0485 0.0230 0.0255 361.556 E
R4 0.0496 0.0235 0.0260 344.170 D
RS 0.0498 0.0236 0.0261 340.581 D
R6 0.0495 0.0235 0.0260 344,999 D
R7 0.0486 0.0232 0.0255 362.725 E
RS 0.0476 0.0224 0.0252 373.668 D*
R9 0.0486 0.0231 0.0256 359.440 E
R10 0.0490 0.0233 0.0257 356.408 E
R11 0.0492 0.0233 0.0259 349.121 D
R12 0.0492 0.0234 0.0258 352.026 E
FE 4 5o E
T 5 355.723 f‘ . ;f:;
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PR~ 5 E%GN(]) 3CTEfR+ 3 NI 1E2 2)MCTE R+ 3 Hms s
BRI T2 3 CTE R+ 3 W F(Cased)> & > B S-33 =710 2 4
E];z:mﬁ%ﬁﬁﬁ’a$mE%4ﬁﬁ%&LLQuBaEﬁy;ﬂ,g

A F 5 (CH 17%3% D #F 32% > B4 A% 12% ~ B %7 5% E #7 34%% F 4

0%) > % 5-7 % ¢* Cased chd i B % o

%57 Case 4-50%% 3 234 (L 453 2 E S RS % - 8 CTE 5 3 M %)

i B RR B % % EE R¥EH A2 BN

(Events) (mm/mm) (mm/mm) (mm/mm) N (times) Z 3t
RR1 0.0527 0.0256 0.0271 310.888 D
RR2 0.0498 0.0231 0.0267 323.734 C
RR3 0.0522 0.0257 0.0265 329.679 D
RR4 0.0517 0.0250 0.0268 321.697 D
RR5 0.0524 0.0259 0.0265 329.886 D
RR6 0.0498 0.0231 0.0267 324.794 C
RR7 0.0501 0.0235 0.0266 326.730 C
RR& 0.0502 0.0236 0.0266 327.495 C
RR9 0.0499 0.0236 0.0263 337.042 D
RR10 0.0517 0.0256 0.0261 342.674 D
RR11 0.0524 0.0258 0.0266 325.901 D
RR12 0.0499 0.0232 0.0267 324.020 C

TiaE 327.045
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% 5-8Case5-50% % § £ (L HAZI P NRPF > M CTE 5 3

3 ¢

EAE B R B % BEREIE R¥EH |A2EB LR

(Events) (mm/mm) | (mm/mm) | (mm/mm) | N (times) |%¥ % F“#3]
RR1 0.0490 0.0233 0.0257 356.408 E
RR2 0.0474 0.0223 0.0251 376.401 C*
RR3 0.0484 0.0242 0.0243 407.820 A
RR4 0.0481 0.0226 0.0255 363.567 C*
RR5 0.0504 0.0250 0.0253 367.559 E
RR6 0.0478 0.0226 0.0252 372.877 C*
RR7 0.0486 0.0242 0.0243 405.662 A
RR& 0.0480 0.0232 0.0249 383.840 B
RR9 0.0481 0.0227 0.0254 365.362 C*
RR10 0.0488 0.0243 0.0245 399.385 A
RR11 0.0480 0.0231 0.0250 380.650 B
RR12 0.0502 0.0245 0.0256 358.212 E

FhoS B

TiaE 378.145 | R I i 4
s
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R Yiaf | HEYEAG | §F sk ¥ e Hiy a6 EREEAT 3R E
o ¥ /HHT @
Case W/o /O B/6 W/ % W/ % /4 .
Casel | 339.20/6.42 5.82/0.02 | 63.50/342.12 | W 5-38/% 5-10 | W 5-39/% 5-11 | W 5-40/% 5-12 | | 10911 920/1.403
Case2 | 337.57/7.30 5.82/0.02 | 55.63/340.82 | W 5-41/% 5-13 | W 5-42/% 5-14 | W 5-43/% 5-15 | | 55171 500/].826
Case3 | 355.72/11.59 | 5.87/0.03 | 36.65/360.70 | [l 5-44/% 5-16 | [ 5-45/4 5-17 | @1 5-46/% 5-18 | 1 599/0.607/0.500
Case4 | 327.04/8.09 5.79/0.03 | 44.36/330.86 | W 5-47/% 5-19 | W 5-48/% 5-20 | W 5-49/% 521 | 345703 306/3 766
Case 5 | 378.20/20.04 |  5.93/0.05 |22.40/386.82 | M 5-50/% 5-22 | M5-51/% 5-23 | M.5-52/% 524 | () 951/0756/1.181
Wi F A2 TI0E > 02 FB M Wi HEFEA B2 T8 0,2 R8 8, B 7 OARZAMK2E 05 & 2k
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% 5-10Case | # fi &~ # st 2 &
LRRBERB TR Bl B |FEY BB P T E
| 4 7 P P =
ERER % zi = (yi-n)/o P » TR B 2
335 8 -0.6550 0.2562 0.2562 6.4058 0.3967
340 5 0.1240 0.5493 0.2931 7.3277 0.7394
345 7 0.9030 0.8167 0.2674 6.6849 0.0149
370 5 4.7980 1.0000 0.1833 4.5816 0.0382
x% = 1.189
% 5-11 Case 1 $t#cH it A # s34 2.8
L REBREB FEH B2 R FEY BB HENRTE
o q . s . , P B
EREFR % zi = (yi-pn)/on PR " TEHp B 2
335 8 -0.6565 0.2558 0.2558 6.3942 0.4033
340 5 0.1271 0.5506 0.2948 7.3701 0.7622
345 7 0.8992 0.8157 0.2652 6.6290 0.0208
370 5 4.5993 1.0000 0.1843 4.6066 0.0336
x? = 1.220
% 5-12Case | & A # siitig 2 &
ERFEREZR | BEZ R |FEY B & ¥ st
LREIR | J F T BB -
i s b X
335 8 0.2312 0.2312 5.7796 0.8530
340 5 0.4901 0.2589 6.4724 0.3349
345 7 0.8176 0.3276 8.1892 0.1727
370 5 1.0000 0.1824 4.5588 0.0427
X% = 1.403
4 5-13Case2 ¥ ft A~ # itk = &
LERREBERB TFH B2} \FHRE2ZS T
v q . , . . P B
LRER % zi = (yi-p)/o PR % Y RE 2
335 3 -0.3520 0.3624 0.3624 4.3490 0.4185
340 5 0.3330 0.6304 0.2680 3.2162 0.9894
345 2 1.0180 0.8457 0.2152 2.5827 0.1315
375 2 5.1280 1.0000 0.1543 1.8521 0.0118
x? = 1.551
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% 5-14 Case 2 ¥ ¥ fe ~ 7

Bitte T E

LR BBRRB T BEcZ B (TR PR T E
| 4 7 P P =
ERER % zi = (Yi-Mn)/Gy P » TR B 2
335 3 -0.3553 0.3612 0.3612 4.3342 0.4107
340 5 0.3296 0.6292 0.2680 3.2158 0.9899
345 2 1.0046 0.8425 0.2133 2.5595 0.1223
375 2 4.8596 1.0000 0.1575 1.8906 0.0063
X% = 1.529
% 5-15Case2 ¥ oA # stk 2 &
FRERZR(ED R | BB Brntg
LRELR | gt J v r ) TP TR d S
3 3 X
335 3 0.3188 0.3188 3.8256 0.1782
340 5 0.5832 0.2644 3.1733 1.0516
345 2 0.8608 0.2775 3.3303 0.5314
375 2 1.0000 0.1392 1.6708 0.0649
X% = 1.826
% 5-16 Case 3 % fi & # it 6 T &
LR BBRRB FEH BEcZ B |TEH PR I E
|4 7 P P =
FRELR % zi = (yi-p)/o 5 48 & Y R 2
345 3 -0.9255 0.1774 0.1774 2.1282 0.3571
355 3 -0.0625 0.4751 0.2977 3.5728 0.0918
365 4 0.8005 0.7883 0.3132 3.7585 0.0155
405 2 4.2525 1.0000 02117 2.5404 0.1150
x% = 0.579
% 5-17 Case 3 ¥t #c ¥ it &~ F tizt ¥ =8
LRETBRRPB TFH B8R |GF RIS ¥ 2§
|54 7 o P P =
ERELER % z; = (Yi-Mn)/Gn i " (R IRE S 2
345 3 -0.9282 0.1766 0.1766 2.1198 0.3655
355 3 -0.0464 0.4815 0.3048 3.6580 0.1184
365 4 0.8108 0.7913 0.3098 3.7175 0.0215
405 2 4.0200 1.0000 0.2087 2.5044 0.1016
x? = 0.607
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% 5-18 Case 3 & itk # itk T &
LR BRER | TR BHc R (FEY P Tl
LREIR | J F T BB F
& i3 % X
345 3 0.1777 0.1777 2.1320 0.3534
355 3 0.4273 0.2496 2.9955 0.0000
365 4 0.7862 0.3589 43068 0.0219
405 2 1.0000 0.2138 2.5656 0.1247
X2 = 0.500
7% 5-19Case 4 % g~ # izt ¥ 2 &
LR RER Y B2 R |FFH BE P ot
13 ’ - P P =
LREFR % z; = (yi-p)/o P + TR Bk 2
325 5 -0.2295 0.4092 0.4092 4.9109 0.0016
330 5 0.3320 0.6301 0.2208 2.6498 2.0845
375 2 5.3855 1.0000 0.3699 4.4393 1.3404
X2 = 3.427
% 5-20 Case 4 $1#c % o & F kit ¥ 2.8
LR RER Y B2 R |FFH BE P P
13 ’ - P P =
LREFR % zi = (Yi-n)/6n P + TR Bk 2
325 5 -0.2164 0.4143 0.4143 4.9722 0.0002
330 5 0.3443 0.6347 0.2203 2.6440 2.0994
375 2 5.0386 1.0000 0.3653 43838 1.2963
2 = 3.396
% 521 Case 4 & i+ A i T8
LRBRRR | TRy BHc R (FEY P& Tl
LREIR | J F T BB F
& i % X
3175 5 0.3641 0.3641 43687 0.0912
330 5 0.5897 0.2257 2.7082 1.9393
375 ) 1.0000 0.4103 4.9231 1.7356
X2 = 3.766
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% 5-22Case 5 ¥ gg & %

Pt T E

LREBRBR FEH R B2 B |SEHP B2 1% e ntd
ﬁ?}'ﬁ?.}} v Z; = Vi~ /o :”gﬂfﬁﬁ -
370 5 -0.4090 0.3413 0.3413 4.0952 0.1999
395 4 0.8385 0.7991 0.4579 5.4943 0.4064
460 3 4.0820 1.0000 0.2009 2.4102 0.1443
X2 = 0.751
% 5-23Case 5 H¥cd oA F it 8
EREBER FY PEc2 B |FEY B2 B g
LREFR | T 7 = (Vi-1y)/60 Y Bk =
370 5 -0.3956 0.3462 0.3462 4.1546 0.1720
395 4 0.8559 0.8040 0.4577 5.4930 0.4058
465 3 3.9786 1.0000 0.1960 2.3520 0.1785
<2 = 0.756
% 524 Case 5 & ik # %t 2.8
AR RRB| TR BE R |TFH PR IS HwENTE
%"V?FFE'I&_"yf v ;Egjf?& 2\'
i v B b X
370 0.3089 0.3089 3.7067 0.4512
395 4 0.7978 0.4889 5.8666 0.5939
465 3 1.0000 0.2022 2.4267 0.1355
x? = 1.181
y= ORE 53(?);—53.848 e Casel events
2.5 =
2 @
1.5 - ! - i = o
. | | _ P
0.5 - f _d
N 0 | Fs '. .'a |
-0.5 o* 2
[ g
1 . Q-
My
-1.5 @
22 [}
-2.5
325 330 335 340 345 350 355
N

B 5-38Case 1 ¥ & b2 F L FEIZ
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y =52.889x- 308.16

R? = 0.9623 e Casel Events

2 ®

1.5
1

0.5
0

In In[1/1-F(N)]

U579 58 581 S8 58 S84 585 586 5.87
InN
B 5-39 Case 1 & % & &2 8 ¥ L85 Bl
y =63.496x- 370.51 .
, RZ = 0.8985 Casel Events
[ ]
1 /i 4
0 Pl
. B il
-1 7
L ]
2 .'/
3 .
L ]
-4
579 58 581 58 583 584 585 58 587
InN

B 5-40 Case 1 A% & &2 % O F @2
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y=0.137x- 46.247

R2=0.9768 ® Case2 Events
2
1.5 ®
1 /
0.5
[
[ ]
N O /,0/
-0.5 ®
[ ]
4 / /
-1.5 .
2
325 330 335 340 345 350
N
B S-41Case2 ¥ & b2 ¥ LT EIZ
¥=46,233x269.16 o Case2 Events
2 - -
1.5 o
1 =
e
0.5 - /‘/
N~ 0 /'/
0.5 ,/‘.('r
-1 b /
1.5 r
2
578 5719 5.8 581 58 58 S8 58 58

InN

B 5-42Case2 B ¥ 2 b2 ¥tHc¥ L5 B2
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y=55.627x-324.38

o Case2 Events

R?=0.9433
1.5
e
1
05 e
30 D
'q:-O.S o
< 1 g
T-15 —
£ 2
-2.5
-3
-3.5
5.78 5.8 5.82 5.84 5.86
InN
B 5-43Case2 ¥ & /25 OB FEZ
y =0.0863x- 30.699
R2 = 0.9709 ® Case3 Events
2
1.5 *
Fa
1 ]
Pl
0.5 -
N 0 /
L]
-0.5
L]
-1 g
-1.5
-2
330 340 350 360 370 380
Times
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y =30.86x- 181.26
R? = 0.9735 ® Case3 Events

1.5

0.5

il

~

[y

&

5.82

5.84

5.86 5.88 59 5.92 5.94
InN

B 5-45Case3 B ¥ 2 b2 ¥tHc¥ LS B2

In in[1/1-F(N)]
: =
(%)

o
(¥

y =36.647x-215.78

R?=0.9162

@ Case3 Events

=
=

L
a2

o
n

.

o

® =

:/'/

=
v

|
N

N
\n

'
w

5.82

5.84

5.86 5.8 59 5.92 5.94
InN

B 5-46 Case 3 A % & F 2. % O F @
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y=0.1123x- 36.727

InN

R? =0.9061 + Cased Events
2
15 =
1 /
-+
0.5
L J
0 "/
P
05 /.‘
L J
1 s
15 A
2
305 310 315 320 325 330 335 340 345
Times
Bl 5-47Case 4 B ¥ & b2 F LT B2
y =36.722x-212.61
R2 = 0.9057 @ Cased Events
2
1.5 / ®
1 /
0.5 :l/
L ]
0 @
N /,./.(
-0.5 :
1 /.
-1.5 ®
2
2.5
5.72 5.74 5.76 5.78 5.8 5.82 5.84 5.86

B 5-48 Case 4 % % & &2 ¥H#c¥ L85 Bl
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y =44.356x-257.34

R2 =0.8818 ® Cased Events
2
1.5 ~
1 //l
0.5 .

o i
[ ]

n In{1/1-F(N)]

=, O

vl =n
{n

-2 / / [ ]
2.5
e
-3 L
3.5

5.72 5.74 5.76 5.78 5.8 5.82 5.84 5.86
InN

B 5-49 Case 4 B ¥ & & 2. % OB F @2

y = 0.0499x- 18.872 & CASE5 Events

Rz =0.9313
2
1.5 >
. /.

350 360 370 380 390 400 410 420
Times

B 5-50Case S ¥ & h2 ¥ LT @2
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y=19.14x- 113.58
R? =0.9378 @ Case5 Events

N

./

5.86

5.88 5.9 5.92 5.94 5.96 5.98 6 6.02
InN

B 5-51Case S B 4 2 b2 ¥#Hcd L B2

In In[1/1-F(N)]

=
n

y=22.402x-133.47

Case5 Events
R?=0.8573 ®

[y

o
o

o

o
n

|
[

-1.5

N

-2.5

-3.5
5.86

5.88 5.9 5.92 5.94 5.96 5.98 6 6.02

B 5-52Case S ¥ & b2 & O FEZ
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£ i PN )] B
Flow Col
13 E] B (P |:1 I‘ |5 |5 |? |3 |9 |1u |11 |12 |13 ]
s TR EQY""’"- 1 A N N N NN N N N N N N N
es
3 09
@ No 2 N N N N N N N N N N N NN
RURIGHRLEL 3 N N N N N N N B N N N N N
Create ‘
] N N N N N N N N N N B N N
1 |A 014
5 N NN N N N N A N N N NN
2 B 027
3 c 035 5 N N N N N N N N N N N N N
4 D 080 7 N B N N N N N N N N N N N
5 3 1.00
8 N N N N N N N N B N N NN
3 1.00
9 N N N N N N N N N N N N B
M N NN N N N N A N N N N N
r i n N 1] D N N N N N N N N N N
| Generate iI
12 N N N N N N N N N N N N N
13 N NN N N N N N NN N NN
|
R <L - 2
B 5-5310% & 5l 573 g E 22> (3 CTE %+ 3 I8 5, 45%)

5.6-2 4cig 5
3% 7 4-47 R (Sn-Pb)2_ 4vi# F]F enfiCA] » A% #p f @ * Norris-Landzberg 4
# F]F 2 N[23] 0 he T A
AP = = e G e a6
Ho o,
AF G 4vig T4
ATfiorg » FEBBETE AL EZREL S
ATpest » RIFHRBE T E A~ 258 REL
Nfieta 5 F % RB ™ ¥ KX k= ¥k
Niest & B3 V5 B =% ¥ ;
frieta ™ # - 2 PR BFFRHE
fest M1 H_— P PIEE B
THE S TME S w] S 4 b d ¥ RBET 2 RIRE TR FER -
OIS B 2 B4R et id B HOAIR T 44 Salmela $% ) e id F)
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BRI [24] 0 e B HCA G F Y8 SR 8 sk @ L 5 (Flip Chip Ball Grid Array, FCBGA)
AT FHEAE S AR RF AN E i TS 4 R A (R 1L)M FE S
FEAPMANZ LD » Rd o AT PR T g A ~F o EH QP D
WA ARy £ R RERALS o

3 )*%[25]“ » Vasudevan EE;;*%‘:! FEEEATIE I G F AR AT TR 2 Sk TS

&

A 5dc X gL AEH TR £ 8432 Norris-Landzberg 4¢ i# #]
FHAFE AR L R ORI B AT RN 1T R RS A

B is 2 0 e S

Nfield AT fieldy—pn f field— 1414 1414
AF =L — n Mex - 5-6
Ntest ATtest Jtest p [T}:’gf& Tt"gﬁgx] (5-6)
2 m=0.33, n=1.9°}% ;% & % #38 + ¥7 Norris-Landzberg 3| ¥ & * ~ ehZ B >

5 b frion/ frost T HCE 5§ B0 5T fR G- MR § AR EWE S A 4
GEEE T BT RS SEEaTE i SRR R LR = (RN P N
=R o

T~ ’Eﬂ
#0542 WPE € (U.S. Nuclear Regulatory Commission, USNRC)#74 {7 2

NUREG/CR-6479[26]3F 4 ¢ » H AT R i = 2 CH(E{r)RE - 2 ER

AERHFETFIRATERDEHEP BTV ERETORRFRS 16~27°C 7 2
HEMASSHEETECHBEKEAFEAR S 68°Ce Td JESD22-A104C 2 4c i ip)

SEALRIHE S P 2 AFF(REEPER S 12000 £/ F P 9 5 28.8 %) X B HEE

a?ﬁ,__:}"”rfi IR B Y FpER AR ROk &Y d'\(56)3f =K I‘%‘%Fkr”

D

525 Bl % & Cases fdeid Bl28T T3ok ¥ & & ordf b2 boid T3 20 d b 4
5-26 % Norris-Landzberg 4vif ]+ 3] 3t 5 dean® g & 4 0 2 & p hf )t )i
5-25 2. %% o
e Rt bl e s g
2 2R - B EATRLARREATY P AR R R ARG
RER I DRSO REZHASDERAY UL LT 0 A FRY A Raz HFrk s
d = AP AR > P T F F I AT IR AT

T AT R &Y o A A

ERFLL 0D FETFE o
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# 525 Bk 2 CHpRBiFE 2 PHH 2 4eif F]F 2 # %Rk

Case/L 354 oy #E F .
BARE 2BEE (K N;
#REE A AT 'jw' (cycles/days) TMax jpMax AF (tifllle:si)
Ntest (times) field ffield field’ ¥ test
52 .
(B2 16C) 10 341.15/393.15 22.00 16149.28
&z 41 ¥ 341.15/393.15
(733.93) (3 iE 27C) 10 34.56 25367.06
( ﬁ,m462'15 5C) 20% 341.15/393.15 21.65 15887.62
= .
52 341.15/393.15
Bz 16C) 10* : : 22.00 7464.67
N
1 41 10%* 341.15/393.15 34.56 11725.40
(339.24) (% %8 27°C) : :
( i,;}.;g‘fsoc) 20%* 341.15/393.15 21.65 7343.73
52 ¥ 341.15/393.15
(B2 16C) 10 - : 22.00 7430.08
2 41 ¥ 341.15/393.15
(334.67) (B i 27C) 10 34.56 11671.07
( ygi;g'fjoc) 20* 341.15/393.15 21.65 7309.70
52 * 341.15/393.15
(2 16C) 10 - : 22.00 7827.47
3 41 10%* 341.15/393.15 34.56 12295.28
(355.73) (3 118 27°C) : '
( ﬁ,w462'15 5C) 20% 341.15/393.15 21.65 7700.65
= .
52 341.15/393.15
(B2 16C) 10* ~ ~ 22.00 7196.245
N
4 41 ¥ 341.15/393.15
(327.05) (i 27C) 10 34.56 11303.76
( fa»;;62'15.5°c) 20* 341.15/393.15 21.65 7079.65
52 341.15/393.15
Bz 16C) 10* : : 22.00 8320.641
N
5 41 10%* 341.15/393.15 34.56 13069.95
(378.15) (% %8 27°C) : :
( ij.w462‘15 5C) 20* 341.15/393.15 21.65 8185.828
= .
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% 5-26 3 * Norris-Landzberg 4v i# F]+ #7338 2.

dvig F]F 2 H T i

T 354 ] #E .
CoselZ8% | nami SRS Ty Nyt
EpEE S AT (cycles/days) TMax Max AF (times)
Ntest (times) field ffield field' * test
(ﬁkm;_z 16C) 10% 341.15/393.15 10.95 8034.41
£z 41 X 341.15/393.15
(733.93) (B i 27C) 10 17.20 12620.34
( iﬁ.~a462'15 5C) 20% 341.15/393.15 17.02 12489.34
= .
(&%;_2 16C) 10% 341.15/393.15 10.95 3713.74
1 41 * 341.15/393.15
(339.24) (B i 27C) 10 17.20 5833.49
( i’—::;;62'15.5°c) 20% 341.15/393.15 17.02 5772.94
(ﬁx%;_zmoc) 10% 341.15/393.15 10.95 3696.53
2 41 X 341.15/393.15
(334.67) (B i 27C) 10 17.20 5806.46
( i,g‘/.;g'fsoc) 20% 341.15/393.15 17.02 5746.19
(&%;_2 16C) 10% 341.15/393.15 10.95 3894.24
3 4l 10% 341.15/393.15 17.20 6117.01
(355.73) (3 18 27°C) : '
( i’—::;;62'15.5°c) 20% 341.15/393.15 17.02 6053.52
(&Mf 16C) 10* 341.15/393.15 10.95 3580.197
N
4 41 10%* 341.15/393.15 17.20 5623.723
(327.05) (% R 27°C) : '
( iﬁ.~a462'15 5C) 20% 341.15/393.15 17.02 5565.351
= .
(&f»a»1216°c) 10* 341.15/393.15 10.95 4139.594
N
5 4l 10% 341.15/393.15 17.20 6502.416
(378.15) (3 18 27°C) : :
( ﬁ‘.‘fg’f 5C) 20* 341.15/393.15 17.02 6434.923
=i .
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5-7 1 %

AR 3 RIFH O BATO S 1A S Fls § 4 X (Fan-Out Wafer Level Packaging,
FO-WLP)~ i¢ » ¥ iﬁ%é%ﬁ_%%f’i Pt AT HERMAERY E 6
§ - kP el R AT | Aed Tk 2 B L ~ HOPE Gl N
SRV 0 s SR A B AR T LA TS 2 A TR
BAmEfs Rt T I RESCPORFEE ARSI RI K

b T AR B b E R WA AT
(1). #7422 — 52 B & 5 4 °£ 7 (Flip-chip Ball Grid Array, FBGA)#: %48

0 F A e Attt D IRAIATTR R R o3 F 0 SURR ¥ TR H AR

ReFrRlky  BEXRPBEIHC] T4 o - a5 %= Bk

fo R BT PARSY € EibrjTar 0 (L b 3P a4 irt FBGA 0 R

e BT IENL R Tig A o AAFOBER %R IR R T IE

BRI FERAS S > BERIORBFREEET DR RS

JeARP BE -

(2). A% 52 G MERAAH AR P TR LR LA E R

BREVERH BT AFHER SR LB A ST P E

T 4 Ae(1) B B o
(3). Bttt 47 C e B E 5 (Isec) AL B BB 2 pramy

TE - FARPHRSERLR 10 B 100 BEaphmT > FEHP LR H

HRREEFDOFEEFRET IR PR » Iy T R Al

o
(4). $EIE L F OB EHES T LS /4 H 28R 75 103

(Sub-model) 3 B > FFu it & A 5 H AR L8 TR D B AR &

e BRI FHAER T LB ESPLET 2 PR > b e

BRI ORRE > 4 T R RE O o EUEE 4 KarhaR Ik 5 R0

L2 B3 23 ok 3 (B e AR P e ) BERZ IRt Y

2% D13 o w2 BEAM CONSTRAIN & PCB en% A, 8 k £ e % »
Wi £ B A ARITY 2 B A e % o

MR B E R TR S PR BT R 2 gy

o
=
P
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¥
¥l

MEREFRAZF AR AL RARHEY TS BT R 0lE R

ARF i S BEHFELF AN - RAZEP > B Ag o L5 3R

SRR AR T R Y R AT SRR APT L A Atz
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ﬁ}vw

AREBWE 2 A2 BB M CTE 3 DM F I T3 6 0 % oy
7 A 2 7 8 B~k (Latin Hypercube Sampling, LHS)sh#% £ [27] » 4- ] 5-54 > ;ﬁ d 73t
Al ARG A KPR oy AR - ARG 23 R - e
T
FAEA NS IR PRE S 100 A AEME LS P X B AR

C A R G EB R Y AT BRI A F S R o LA e el 4

Ly

FEAE R AR S AV TR A B2 2 VA MRS 5 A > dol BER B T
W F kR M - ¥R R AR RT S 4oR 522(1250 46 ) 0 AW
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s
MR MRS E A d(dcd 530 F EAKZIH TR RF] ARk
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ZREEAPE R o A P ERERF AR R FEOIEB LT AP mﬂu‘gﬁ 5 ke
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