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Abstract

To meet the miniaturization trend of portable devices, the dimensions of the
solder bumps continue to shrink;.causing the current density in each solder joint to
increase abruptly. With the increase of applied current, the temperature increased
rapidly due to Joule heating. Therefore, temperature measurement in the solder joint
becomes a important issue. Because the solder joints are completely surrounded by an
IC chip, underfill and a substrate. Thus it is difficult to measure the temperature
distribution around the solder joints. This dissertation focuses on the measurement of
the temperature distribution in the solder bump at various stressing conditions by
thermal infrared microscopy. It can also help us to explore the thermal characteristics
in the solder joint, such as temperature increment, temperature gradient and hot spot
temperature. We used eutectic SnAg3.5 solder joints with typical dimensions to

measure the thermal characteristics in solder bump. Two clear hot spots are observed



in the bump. One is located at the region with peak current density, and the other one
is at the bump edge under the current-feeding metallization on the chip side. Under a
current stress of

1.06 x 10* A/lcm?, the temperature in the two hot spots are 161.7 °C and 167.8 °C,
respectively, which surpass the average bump temperature of 150.5 °C.

In addition, effect of under-bump-metallization (UBM) thickness on the hot
spots is also examined. It indicates that the hot-spot temperature in the solder bump
increases for the solder joints with a thinner UBM.

During electromigration test, Joule heating effect in the solder bump plays an
important role. For this reason, the Joule heating effect at various stages of
electromigration of flip-chip Sn3.5Ag solder joints was.investigated under a current of
0.5 Amp at 100 °C. During various stages of electromigration, voids may form and
propagate. Thus Joule heating effect may vary at different void sizes. To verify the
void nucleation and propagation on Joule heating effect during electromigration
process, the solder bump was stressed for different lengths of time and then examined
by Kelvin bump probes and infrared microscopy. We found that voids started to form
at approximately 1.2 times of the initial bump resistance. Then the voids propagated
when the bump resistance increased. In addition, the temperature of the solder joints

is also increased with the increase of bump resistance. In the last stage, the



temperature of the solder bump increased rapidly due to the dramatic increase in the
bump resistance and local Joule heating effect.

Joule heating in the silicon chip generates a thermal gradient in a flip chip
solder joint. Since Al traces serve as the major source of heat during accelerated
electromigration tests, high current stressing also produces a non-uniform temperature
distribution, creating a large thermal gradient in a flip chip solder joint.

Therefore, we used alternate current (AC) to the joint to decouple the
thermomigration from electromigration effect, since there is no electromigration
effect under the AC stressing. Yet the ACproduces the-same amount of Joule heating
as the direct current dose. Eutectic SnPb and lead-free solders have been adopted by
the microelectronics industry. To measure the thermomigration rate directly, markers
fabricated by focus ion beam are employed. The thermomigration flux of Pb is
measured to be 3.3x10" atoms/cm?, when the solder bump was stressed by 0.55 Amp
at 100 °C. With the known thermal gradient, the molar heat of transport of Pb can be
obtained as 26.8 kJ/mole.

About the thermomigration in lead free solder joint, it is found that Sn atoms
migrated toward the hot end. The thermomigration flux and molar heat of transport
are measured to be 5.0x10" atoms/cm? and 1.36 kJ/mole, respectively, when the solder

bump are stressed by 0.57Amp at 100 °C.
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BIETEMS L kA LEEHSE - H Wang ¥ C. Bruynseraede % * %2004

ER o F T REH 20T B8 hdy F A0 4 B4k (damascence) § ¢ 0 I

FoREAd 1 DS R B ok BRI IR AL > FED § A F AR
FIFEFRDR ok Edew g 2 AR PR o NI Fd £ a R

Fimeg Al 2FH TR AL D HOURER AP S
¥ B pd £ gty o Nernst-Einstein 3% 24 £ 77 0k (238 -
: Nep _ «. Q
J=—L7"ID=—EZ7"|Dyexp| ——= 2-3
=102 5 i -2 e

St HphATy ¢ S iBlech B Ak ST (10,3, 1um) B ep

#EAEL164966nm ho A E i 20.73+£0.12 eV .
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2-3-2 & B F3z R (Joule Heating Effect)

THFREERPFE TR FRBFEMPA IR AR EARY YL E

|m
i
b
A
Pocid
B
=t
F_&

BALP BT AR AL R AL B A M o BRI R

RBDIAHE T A dod (24
2
J=N=|m=%; (2-4)

He |l &4 7 m(Ampere) ~V & £ 7 &(Voltage) ~ R & % 7 f(Ohm) ~J i~
7. 8B H/s-W) > ;8¢ uSIHH =47 o

b METFREA R ARERA T A At AR B AL AGE

v

(Heat conduction) » ¥ % 7+ A

- dT
Q = —K& (2_5)

HY QLH s AU p AL fBFWM) k2% Gk

(W/m-°C) ~ aT
dx

AXT 2 BATHR(C) fHAT FEALE DR BB
IR R T A BT @5_18,19,20,21 3

Chiu % + #£2006# chv e § @ dp i BAFRBAATIEr T 2 A4 0E
D H BB ER PR R NI e AP TR & B %E
BOEEET B0 d REAGE N 8 e A
Ble #rr o m BB € 8- 9 FRT et 2 o f % Temperature Coefficient

of Resistance (TCR) -

-13 -



TCR = [ R, —Ry }[ 1 } (2-6)
Ro T1 _To

Hogpenfet ¥ 2 i@ 17w BLjE w AR P > 42 RBlack’s equation sngz 5 i i

Fod RRERKD o REY iR {RITEE L P R

F
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(a)

Bl ()i » 0.59A T ik » 12 ke oh A ok BRI T i B A T o (D) » §in
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2-3-3 2+ 8 ¢ 3 (Current Crowding Effect)

B SFREOSH L BARRERTIE PN RS AR T
PP BRSO G G SR T A BARR e BIRPTIINE 0 Ak

GRS N RIS § R TR R R SR R BB %

o ¥ -2 > TRPBiEr B3 BRI FaRREATE 2 I ket
B A T A ERAEERRES LB EPEIS R FA FRITL Y M

(BRREBRLZPHF) PIF G ) Bl R L] > AT P + BE
Bd oo AR R S 4 ORI R R )

WEverett % A Pam 70 L 2 H AR S R Rk hE B A BHE
TP RO E Y A RGP IR R AT ARG R Aol T Ao 0 T d 7 5%

Lk A R P REESN LT R

\ 3<
N
Ay

FEREF NG § S AHERRY T T
FTRABEBIRNEE Do SRR TRt S AT RET IR P s e

E TR BHRBORTESN L -
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o Metal line
—p (chip side)

i¢— Contact —p

window Dielectric
Solder Ball
.
e

Metal line (board side)

z x10* Alem?
40.0
13.9
4.80
1.66
058
0.20

w
o

g
e

-
o

-
o

Current Density (x104 Alem?)
o [ -
o o

=g

BT @ UARAKAFREM TGRS TR LE D
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2-3-3BF BN LAY

dOTARATEREEN LFIT R Y ORI E R BT R AR
#BEnT fo Chiu% A 20 BB R 00 PESE » B4 R AL BB 6
ES IR U SO TEEE LY S EES RN EER L Y EE YRS
APER S TP RO A B 2 AP W ERERT UERIEETA
TRBRBETORE 0 KA ERAFocRRE- Hg I 2P

Fobou FF SRS R REFREPN TG BB o SR
VR R AT EIBI s BEP R AL ADLCE L o RN B R HE
B RS ENT R G 2HS PR B BHREP RS AR AT

ﬁj,ug _ﬁ :k:{’_ o
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2-3-4 & 488 7 B H

SEE TR RO AT 0 T E R S A HEASER PP vang &
£ 740 Sn3.5AQL.OCU 4247 528k & 125°C 7 »3f © 2.3x10° Alom? ch in @ A ;
BRI T R AR OT BB b BTN F PR s 43t
et L RS 2 B4t n B ATRET] T LIRS B AR AT 8

Fi7h A A RN B ES o T o ) Jen 4%, 0 24 7

&

FPlRREABRZEGESHEE) X T RPN FT S o B P ELfl

_ll

SN3AQL5CU & 454t 42 B o e fLpk e Al ¥ 2 Feh g B & Cu-OSP fr
Cu/Ni/Au > % 150°C T >34 IxI0T AlCm* sh T Vi & o i PR F AT 5 it
TR AR RN 0 3 RpUR S AR S UBM fogk 4R B2 I 07
XGRS B I chd R FJELE] SR ATIREEN AT R P TR Y o
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2-4 B2 P BB R %

2-4-1 B A SR

h- BRI HE LY A PR URA- BIERLAE S A L AP D

~AZEFILERALMD AL PAT 7 AR IR % HE_Ludwig &2 Soret & ix &

29, 30
o

&%

HoRPRRINRERRDH AR §EF RN Bk B e G T
@ Soreteffect £ # AFE P iXG BX kR R DIFTRT o
AP - BEHRFFOERFA Y o- BPELFHRAF 2 a3

Bz~ % BegRd o dok e 5w ks 2 T A

[=zvexp— AG, (2-7)

S AR ¢ o VEAES  AGn LBH RS BBIE i o s i LA s

“% (enthalpy){=7& it (entropy)&afe o 4ok 5R AR R ow wPF > R 3 chpt e 5 (1)

EREEARAFER T FRFIBEINE £ TR RS FE T LR

TR OoRABB AT BT T UEFRAFAS T 2 F L e A

TR BEE L PR RERSRE S TR ST N

BARBsRd S AT AR BERPAT UEHRE TS 0

BRE 4 > NP RFUE 0 AR ECER S T AT LT N
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J=C<WxCMF=clle@6 (2-9)
KT~ ox
v>EBmAE S > M=DIKT 2838 F » g it F = o

JEBBBIAL HRA LT BT AP BRAR RS T LR

J=C—2(-—) (2-10)
X
P pF > QF & 5 1B i @ (heat of transport) o v i F A (R 5N 3 (2-9)(2-10) 5 # i
TUFRQAENG P o UMDY EE 2L F BRI TS P o
M@ E AP LR T I NELE o AFe-C i > ¥ e g
CHA#BzTH IS » FPRANPFr @R fadBxg -
%1982 i Roush®) 133t 7 & 4n4F(Ph-In) s & 2 7 > LB A EARF-A B

21,200 °Clem » 3 2 oA F iR R A d FE IR T o
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2-4-2 & S ARG R B R B

%@ﬁ%ﬁ%ﬁ%%%ﬁﬁﬁmﬁ%QQﬂuéﬁ”ﬂ@%’ﬁ%@ﬁ%ﬁ
S Y FIR R AL BB @R RNERG T (TEAEY
B) @ AR BB ottt BB B R FEMY AT ERER S H
PRLGELTBTARRALERYRA BLED S ¥ - B ASHREN IR
P 7|8 # 82003 Hopkins B Fj# & 45 4045 8L 7 v 0 $1.3 x 10°
Alem® - £16°] PFiF o B R B IR E BT A ded AR e 2 Y T e
FEED P AT ANEE &Y SRR R CFRA AT R
B PRI B A R0 R R D AR OGN (2-5)F AR A S A A
S N S E&F%fﬂ?@xv AR BE % F 2 R asrE 52 FR4
AFRA N ME R T F T AR R BA RS N AR IR
WMEREZERPR A A2 AEH kBl - FHFRT e P R
THRBEREBUEF S P ARG BRI E)B B R G RGZ R
2.0 RAEINAT SRS BRI 5 PFEAEE A RELRF AP &P (F1R)
BB G o deB] N o pt ks FIFUNAT AR > Wk T BB R EE
BRIBE R R 3 AR R AT L R R
A LR AMESHFRRETRE YT AR ¥R REAY 23R8
AN TBPBRITR o d P T A HEMMNBRERFERY AR BREAL R

Feopt?h s BB/ L FEELRPEAEERE A PEER > &t ’é‘Z@L;J%
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A BTG LA E AT HORLOAT IR A T SRR R R A
%o 4e@l4 0 0o BB ETE R REBRE G S 1,500 °Clemt o 7 i o 'fv/l?c
EZEEFRS MBRELRAPR LI RE T AT FET R SRR
NIERYRE T USEAAMERZ S5 EB g E LY

Food HEBRKPETHRETS FRTELFLEFBIEN G RIS PR LA
Ao it AR - AT L crgE A o By 8 AT AL eras
(37Pb63Sn) @ A & xd b B d e X hE B 45458 (97Pb3SN) o # i * chUBM
£ Al (~0.3 um)/Ni(V) (~0.3 um) /Cu (=0.7 pm). = i@ T % i+ §_ 4 %4 4 #1150 °C
T o 1116 X 10P Alem*h T iR B 0 MR aben= N kil T o A5 PRad T RER
80 PERI ARG Tl BOuE AR T O BT (P RS R
GoBl L AT o R P T MBS A DAL SRR A R P L 148
HERIN BB NER o a4 L ARAFEDRR > M EAFSRIRL R o £33
FHIR G E F LRI IR A R R LD R FUt o B Pe FER O R
1000 °ClemerE BB T > 7 04 B4R AT B EE R IREL R TGRS I G o 2 (5 >
P * — HFE 8 47 448 47 42 8E(37PD63SN) 2100 °CT i 12 1.6 x 10% Alem?®» 1527
JPE20A B2 155 4 EHRAL T B RET BB ORGP R DA

A b o doRl S - TR o ¥R W PR B RS TG AR T A R

st

B 453 fo#t @ 3% 7 (heat of transport) 4 %] §.4.26 x 10 atoms/cm’secfr- 25.3

kJ/mole®* o
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fr# @ 1% {8 (heat of transport) 4~ %] &_
4.26 x 10™ atoms/cm’secfr- 22.16 kJ/mole = fe @ i 3 & F | * £ 8 47 4naespd

(37Pb63Sn)ch= P in gt > - B & MIEZPRBF 7 o B PREIGR S

fm

§AEEPRADRBE IS d 203 LE TR HEF RIS T

Sr 18 I e B A5 1§ fo#h 3% 8 (heat of transport) € 7“7 4 %) o
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L AR L Bk 3
L EE-A 0 B 16 -] BF ~ 1.3x10™ Alem
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Solder B Cu plate

. AP A4 EE-B o i 16 - BF ~ 1.3x10™ Alem
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143 144 -
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o= 4o
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o 136
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2 ET:" | M T N T -
- — 6o 2 4 & 8 10 [x07
incement  1: Step Time = 1.000 Distance from Al trace to Cu Plate (cm)
Primary Var: TEMP

Bli o £l0FRTmi 7 3 LA 04 8% @F4BREPINERLG (D)
We B L3RR G

SHN

=

7 &
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AccV Magn Det WD F———— 50m
200kV 1000x BSE 10.1 26

BlL- : AAET A2 BABRER G T PARE R T (0)E T @
33
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2-4-3 #4145 F L BE P EGR A AR

d A EAAE L P R I AT BT B @ F L EALE AR * o TR
BL o Tt o E LR AR RPN DEGER B IR AT T b o

Hsiao-Yun Chen% « 3% j 448 4748 4150 °C™ > i ™ % i % A 9.7x10°

Alem? o @ P05 T A A R R R AT B EER  F] 5 UBMAUSF B+ % Tl 48 B
G LA AT R BN A A B T S RIT R YRR S A

4o def] L S R e B P E d ek g RS Bk 30400 °Clomeig B R T

P

R V29 N=p- - F IR S iR &5 2-2 - g

»

&
Wa

¥ ¢ > Abdulhamid$ A% 8 F% SNAQCUEE & 48L& 3 8 T i 11 7 im0 R
Flit £ R R, BRI 4 & E4 (CuBSNS) FlE A 2kl
PR BRERT HRORUAL 0 A BLRG HAH SRS - FI 4 &

i & 4 (CuBSN5) L4 e~ kil 45 o

-31-



BlLt- i ¥ LR N
L2 5 KA ABFRYHE 6 T F FHER 1 H ()L T+ (D)
4 150°C i 1 0.55 % 322 2% . "
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YR FHmREE

-1#EFHF

A2 WEHATR Y S A B A KRR S BT E R
SHERREHERES R POLHEA WA B L 2 047 * 4 UBM(under-bump
metallization ) f&#g~ £ 3 = f&4 % 5 Ti/Cu/Cu/Ni> 5 & % 0.5um /0.5 pm /5 um
Bum > cTi/Cu/Cu> B &~ % 5 05um/05um/Sum- # ¢ Ti 2 05um &
1 Cu B £41* T3 Z4A 2 -5um Ao Cu & 3um 5 Ni BT 44
Hoo R RPN TR NE T S gt BN %]02 - 2 W UBM opening &
110 um > & /%125 um > & contact opening %85 ume# ¢ 42 & F 5 100um A 1.5
wm o 4% 45 E 8L pitch % 1'mm -

AL A * T 4R B TR UBM Fr s f A fip 4 10 3]220 TCH1L
Adb e ARG @ *FRS Ao m HEF sy A 2 1 25um gE F 4

lum £ > 7 2 4 H A 0 j2 5280 um -
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Bl-+t= :

B

®l(a) 5 um-Cu UBM 4% 4% 321 (b) 5 pm-Cu/3 um-Ni UBM
A -
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3-2 8 R E R

R e MBEGREFETIFRLHHAY 7 FEAERFIRE D35 R
B4 TBAY » FE et B kA D BRI ERE R T RS Y
FELP DG oo o R R R 0 TR R T Y B (AR AT R B
2w oo EARACT C
1 #=gFanflipchip 3 7 b~ $ok > P EIGHFEEFIS- L0FE @

B P mERI A A ERDT RS SR Lo

2. #pekm F § e P RGRE ARl moirT o

4 J1* A GRERILT S AHEIEN N FRERN o
B o bR RIS B AT
L#-Fplde A BB YR B2 4 BB o

2&/?] /PJ«JF"”LF? A BB o

BERTELHEHEQ)T vk (FI5 B BEA LLET > RIBHES S H
4) -
AIpg B4 F S2 552 (Qr) -

S h A B I A F T EL R R TR -

oy
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b3t 5 & Bg ik ;
CHF AW A f P LR T ERD R  BRER DAL BT FER 4

£ BRI AELR)

ERIEARY > L REEBMHALE LT GRERER LR

Gt REHBERCAE A T SRFREWLL

H
.
i

=F

D

4
<l
=
I

=
—
2y
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~=i
e

G R BBk T FR (A2 ERFEL)
2% 5 S Uy (P 0 IR AT B S (e ¢ iR
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*ERERF HRRE S E KQFI(Quantum Focus Instrument) = 2 4 & 2 % =

R i vh s A ik (Infrascope 1) » 4o Bl T o gt ek o R R BB S N AR R

T A .
i'glﬁ .

O

BRI AT E AL F R EFTERER c REXRA
BT AR T i BRR S PRI RS B Ra(R
21515 B= )~ F BdLie ~ b a4 Friekl ~ CCD RBIE 1L R
P15 :ECCDE B 18 ’ﬁ&m%@%l I T RGE T HCE AJT %]4 BB Bl e ¢
FXSY S Z Z phipe S RS SR T R XY AR
AREF B SRR ER KA 1256 x 256 = fhsE A CCD R R E
A58 H - #8% 5(Thermomap).»» & ¥ ¥ {22 ife? B< # & 2t (Pixel-By-Pixel)z_ 8 &
Bo RER A RILTERMCNE S 2 EHLG o §F TR 0 Fgh(Hot
Spot)ix % A~ 45 ~ BRI HFEREA TR HEFRFRALSGE o L RER
BRI FE 4 F5302 300 °C > A AT 0L °C (B THKL580°C 7)o
SRR R Y E28 Mok (B 5 515 B4eER) o
O RARRE G T R
(1) BRIBEFHRLTIPT AL IRAGERAT o
(2) 2ipl#= @& 300 °C > #H 72 it 0.1°C 7 Rt B b ik 28 Aok o

(3) FEBBLREATER -

(g

(4) BB M| RE T P8 HER T B EE RS TR A

RIBARY T RAEF L o
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o) fe rf’,,—‘]‘glzf%j_ ML AT IR T

A=

2 7w & (Alternating Current) A Ap

SRHPT A BEPPPFEFTHEL R ORI IRTAAPHLIRT AR

'l
=2

D ?&K— W ¥p L0 gg@'g&é}z\om,,@@?]w};?,.;;@%J;F:; o fE

FHRLEG Y R @R B2 £ B2 AN e 2 R Y A A

BB EAARGRT o B R A 4§ R RCL AR BT R

YoBl A AT o AR R g i E A P A RS LR R AL R
i AEV URBRILG T R BB MR A L Mok BB 2 A G 7n

SRR EL AN SRR R L R Lk

%

\\\

'rii?fikﬁ PR 2 AR%RT RERERIT T iR o
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33 B A ERIBFAERTIE

RN s ER G Y b N P S TR Y

W

LTS et B0 ‘%T{ﬁ" X FwRpARAT TR M w 3EARAT IR I — 1£3150 um
Lo fae BAERE > T T ZD1TIb4 4Rl - () 0 4FEARELS um
F100 pum o 4% 47 $5 BEY7 45 A7 R BLAORFFE S 1 mmo gt b oL < ()97om 0 &FR4 &
iR A EERGERT ) e 3 > P HET S0l FIn6 4F F 530
um-~ 100 um > bl b4 A @RI 1221 iEdr s> BRDA P A B4
=@ o JU* 2 EAF RN a5 T A u E R P12 ~ b3 hH 3
BT Is Y Bagr BRI 2@ AAE T REE A3 T HER - dofl
L (D) HE S B rne AT P o dn3 204~ T T3 R b2 ¢

B & e b3 P RRE 9 o 8AFD2 hE BT U d nl 202 B

BIE T o A EHFDINT RER T I n5En6 BRIEFR o I kR N

=

FATRB R FERRIA B RS BT TS TR

F_L
&;%v;

G P A SRR A S A AR NG, B i A R AT € M 2R R

4

et hh3 T E R o

A TERSLHERMAATL? R DT RE LB ERREL T
hKeithley®® 24002 7 4L % 3 % (Data switch) Agilent *E34970A fe & 4 = L
bz Ap g ehAgilent E34901A fice v i&h B R E A B RIPFR 2000 % ~ 100 mV

ﬁﬂﬁiﬁl]%@"f v T RO P Ii#@ Na5uVe g P T PP i gF 1L
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SO} R05 MV WB00 UV i B B A 4 2 e kel B AR AR T IR T 4 5 20
WV ep s EREAAP L G R RPRN TS AR - 2 L9
GREG LAY REBLABL FR LA L HGPIB BAl 45 e b ) i d
AT 1T R R R ERR E W e ] AR T
* % B 7k ® 2 2 (National Instiuments, NI )40 B 28 e[ 25 i+ R B4 4] 5088
LabVIEW » fr % FABS 2 & Bir4len1 & o

FI w2 P ATk B enf £ A AUEAT SR ERIR T 0 100 °Cid ~ 0.5 AshR U o

fe e U RRE R TR e B AL G I F AERR FFERT IR

BRI ET A B AR R RORI S e i B RN § P 4ed frit e 4] % UBM
i se0pum 5% £ 05ATR I B PFEERID3 4547 T e B w R iy

T &bl 47T e P A FIb3 474 [Eel2 ~ 2.0~ 5.0~ 10.0 ~ 20.0 & pF %

WE BT R ¥ AN R A LIFRLS-5 YA s R PP B (Stage 1~Stage 5 and

Stage final ) > st *F £ ¥ & A T Pk i 5 FF£0 (Stage 0)
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Hot Plate

| meter

b3 V meter

BlL = (a) woe A8 B IREI(D) Yoe AT B2 6 RIARE o
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4-1 B HBEFREP LD FTR
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AP L ABAGRET FOR ARG T R R TR KT AES R
RERAE B o AT U E BB D| Al YR IR T SR 30 P AR
BHi4e P F AT A RN 30 SEke Bl N Al N02F BT R T
DA AU BRI RS FTR B R RS F FRET R OET 2 X
fho B =g o T F IR E S PR ASSR R S F2iE r 2 BTIEEeS R

B G AUE

F_L

Bl B 1S SRR A AR AR AR o SR R T T
B RBP R s T 3 £154) ) A BRI FREAR € 5 Mol k&R g0 T

PORP AR LA MEROER I A S d RS F BAPT R

B

PR 0 AR BN 0T 103 R £101.0 °C o S L4847 LN 2678

F_L

27
FlenTioE B4 5 10°Ce A > AP AT UFIRG AT AT SARER
3R o 44T EEPN FReNT 39 R F P44 d gk 30 P w50 um x 50 umen= = poeh
T3afE o ¥ b AP EAEGNE R A AR INTIEF R4°CIL ¢ G4
GPRREEP IR B R T R AR R B A S PR e~ S
Bhg o FBEGE B & X H105.6 °C o A g g gk S A EEA - Bl A~ (b)()En
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A A B EFHFNSrT = s APT UFRARFRERES TS > TR
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BEZo fehads RAV, iz T IURRG S 938 CCemf R A3 fo FUt 0 i3
> e f R B+ 5 E543 °Clom o AP L EE R R AR Y RGPS R R

Lok SRR BSER X HET0 M . § s T P APT LR
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~
A

BRI EBEPINORELER G RP DR S o B4 AR
B R AT Bl NPT R A P T e~ R BT (AP B DB B

Ao PR OB ELE R £1246°C A T iE A 4 4 £115.0 °C- M- 1 (b))

w

L ER@E kT RAH, fod B RAV, GuR R A F 0 SE o APT U ERRT
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O

P E R AR A Z9°C o Tt 0 AR REEN NP A 4 T R T PEE g

\m:\\-

BtFR o APt T 063 > 2B (4P A P FAXFEIA
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Voo A PT U RAGHEIREPN NG Y- BRE TFL ARNDOT R
B o R BBE R BBAOERERF LRI PO RBANL ST R
MR AFH AT OTRE L ERFAP AL AR doBl o L - frn e A
SDR MR EF T UFR » deBl= L 2w c TR R BRE DT RAEL
246 x 10" Alcm* £ AR 47 2 8L N B PR B A 5 B A PFRARBR B T R
B 2217 x 10* Alem? -

AT BRI AEBE R B 2167.8°C 1 HEBAL L T L% A R R
BB o AEASBREPINEFRY - BHREG S BRI D EERELL &P R
ot HRBAETRTEER O EALRBAER T FILFATEL
Pt - BT H D B AR A S A S R RE SRR X
X 4179.2°C d R BBAF BETIN A B RAE 0 AT AP T L A SRR R

BRI % - BAEL o

-51-



-52-



Bl- - @ e Rgpd 06X OT LT R -

-53-



4-1-2UBM 5 B #8478 chiE B o % B3

Foho APEERG P UBM BB SHEFRILN INE R DP B Fhd > A
PR 2 % 4T 4442 UBM L 5 um B B gk fo UMB 5 3 um 48 4o 5 um
Ut BlD L2 FB- LT A ERLUBM 2 S5um BB 4 il 2 0.2
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