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ABSTRACT

Design of Drilled Hole Cu Pillar Bump for Solder Joint and
Thermo-mechanical Reliability Evaluation using

Finite Element Analysis

Kwon Yong-Hyuk

Advisor : Prof. Bang Hee-Seon, Ph.D.
Co-Advisor : Prof. Bang Han-Sur, Ph.D.
Department of Naval architecture and Ocean

engineering

In accordance with recent trends of miniaturized, multifunctional, and high-performance
technology, considerable research has been conducted on finepitch flip-chip applications that use
copper (Cu) pillar technology. The development of 3-dimensional (3D) packaging technology, such
as the multi-chip package (MCP), the importance of certain technologies, such as a Cu pillar or
through silicon via (TSV) technologies, has been highly noted. Some advantages of using these
technologies is low latency, high performance, lower power consumption, increased bump density
of the single footprint, and increased bandwidth due to short interconnections between semiconductor
chips. CPB is a next-generation interconnect technology. The Cu pillar flip-chip interconnect has
complications such as a lower mechanical strength and bridging between solder bumps due to a low
standoff height compared to the conventional flip-chip interconnect. Nevertheless, CPB has many
advantages, which enables a more aggressive die-to- package design rule or smaller package footprint.
The extreme fine pitch on silicon package is lowered to 40 Im for TSV and chip-on-chip. Nonetheless,

even these microelectronic packaging assemblies cannot avoid the issue of thermomechanical
iv
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reliability. Owing to the aforementioned reasons, microelectronic packaging assemblies typically
face thermal excursion that ultimately damages joints while packing structures are fabricated,
assembled, and used. As a result, a coefficient of thermal expansion (CTE) mismatch occurs between
various materials. To mitigate and resolve this issue, in this study, a hole was drilled in a CPB.
Because the Drilled hole Cu pillar bump (DCPB) had a larger junction area than the original CPB,
the ductile part of the solder, which was not covered by the intermetallic compound, was expected
to block the spread of the crack, even if there was an initial crack. Moreover, a decrease was expected
in the shearing stress while an increase was expected in solder quantity. This alteration in junction
structure realistically has many more advantages than switching materials of the thermomechanical
design. This is because an excessive amount of time and cost is required for switching materials, as
it involves developing new materials and examining their properties of matter. Therefore, even
though various materials may conflict, this study altered the junction structure of the CPB to increase
its thermomechanical reliability.

Accordingly, the elasto-plastic and viscoplasticity behaviors of the two structures were
subsequently compared through finite element analysis. In particular, this study demonstrated
thermo-mechanical characteristics through elasto-plastic analysis. Furthermore, this study applied
the Anand model in order to verify viscoplasticity, which addresses both plastic strain and creep
strain, as well as a submodeling technique to increase the accuracy of the analysis and decrease the
analysis time. In addition, this study confirmed the superiority of the thermomechanical reliability of
drilled Cu pillar bump (DCPB) through a hysteresis loop, which showed the equivalent stress versus
equivalent inelastic strain of the solder joint interfaces. Moreover, the study compared the inelastic
strain energy density values. The results demonstrated that the drilled copper pillar bump does indeed

have a smaller inelastic range and a lower inelastic strain energy density.
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Fig. 1.6 Bonding mechanism of the CPB and the DCPB
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(b) Dimension of Cu bump

Fig. 2.4 Configuration of FE analysis model for numerical simulation
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(b) Solder of CPB type

(a) Rough-meshed model (c) Solder of DCPB type

Fig. 2.5 FE mesh division of analysis model.((a): Global model, (b)(c): Submodel )
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Table 2.1 Physical and thermal properties for FEA [5-10]

materials p (kg/m?) a (ppm/TC)
Si -40'C @2330.9 -40C @18.97
0C@2330.3 0C@23.596
125C @2327.8 125C @32.403
Cu -40°C @8966.2 -40°C @15.88
0C @8948.9 0C@16.45
125C @8894.8 125 C@17.67
96.55n3.5Ag -40°C @7354 -40°C @20.93
0C@7350 0TC@21.85
125C @7338 125C @24.39
2.2.3 Bauschinger& 1t 2t 0|S&3t 0|2
O™ MZ2It IEHOILE 2= ZLOotM &0 st ot=2 MAHE =
AEO BHUHEECZ GtE2 JIot0 ChAl &=2 42, S StsLEHAML
SE2SYE0 MEG Z2 S=ESZUM =S ¢ AYNMOZ ZEE([Y
SA2 Bauschinger&dtet)  StCt [11] Fig 272 gt das &
Bauschinger& lt= &StZ & (single crystal)OlLt CtZ & crystal)2] ==THZ 0IA
2LEECH  0ledst A2 0™ IS A0 & 2| & (dislocation
G
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(a) Cyclic loading diagram

Isotropic hardening
Kinematic hardening

(ol
. AE
- "-‘r‘_ -----
D !.'l 0] B.D -
- ,‘I _______ - T
Ci.nau- C
(b) Stress-strain curve of uniaxial cyclic test
Fig. 2.7 Bauschinger effect at cyclic loading process [12]

Fig. 2.7 (2 22 FIJI1& IHidt(cyclic loading)E 2= CH=BHS Al & (uniaxial cyclic
test) il A S &HH Sh(isotropic hardening)= Fig. 2.7 (b)2 && OABCDEE & HSS
22 2A0ICH SHAICH HRE2 MHzs2 Bt=XQl dt= GtolM Bauschingers 1t2|
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das 2| HEo S2&E 2 (isotropic hardening mode) 2= 01248t MHE2 EHS
BIAGHAl 2&tCH [M2tA =Xl olsHAe S28-BsE 34642 Il OABC'D’EQ
AMS 22 210ICH Eg. 2-4= Bauschinger =S D48t 01Sd sh(kinematic

f= f(al],au) = aeq(aij - ai]-) —o, (Eq.2-4)

OIIM o= =2ES 2 (backstress; shiftstress) =20 22 €l A (2" order tensor) Ol Ct.

ajj = & (Ei)l) (Eq. 2-5)

Uil

(plastic flow) OI=

O
MEIS UENHCH T8 XS0l S22, 0,0 = 0,2 WABI0 o —ay 2 A& DO

Fig. 2.8 Example of kinematic hardening (von Mises case)

Eq.2-49 £9222 Holsts RAYHAIN S Pragerdt MOHSH Eq. 2-6[13]2F

-31-
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da;; = c®del; Prager’smodel  (Eq. 2-6)
da;; = du(o;; — a;;)  Ziegler’s model (Eq. 2-7)

2 ¢ a0l
StCtH SFeE LEte = ACH 1l du=
C

£t M=ol

i

da;; (Ziegler)
da;; (Prager)

Fig. 2.9 Prager and Ziegler kinematic hardening shown in a Tresca case

Fig. 280l Zieglerel 220 A & S22 B2 2 (deviatoric stress)2 2
T AIGHH  Pragere 20 ol&t o

o
20| &= 212 20Istth. et Ole
g

, von Mises &t=X

[

IMe & JtXIe 24

X
Ch. SHXICF Fig. 2.9 2| Trescal &E#=ZXH0 M= Prager 2F
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N
N
AN
3
rot
0)
>
%
Jx
1o
40
o
o

2 dJ30AMe #4899 Hss HEG6HI
€tA Al ==(Young’s modulus), E2 Poisson2|

2200 ZelotALt,

Flotd 20
0

HI (Poisson’s ratio),vJt Z2ot0H O|E Table

O|Z=XOQ|
— — T —

Table 2.2 Elastic properties for FEA[15]

materials E(GPa) v
Si -40C @195 -40C@0.28
22T @188 22T @0.27
140 C@175 140C @0.26
Cu -40C@130.11 -40C @0.336
0C@127.53 0T @0.335
125C @120.08 125C @0.3349
96.55n3.5Ag -40C @59.562 -40C @0.347
0C@52.11 0T @0.353
125C @28.823 125C@0.375

O
?1ot0d Eq.2-82F €2 A1t &5 HetotRAL

&, =C,o™

D p (Eq 2'8)

=0l 222

HIIM C,2t m2

Fig. 21082 Eq. 2-8= Mathlab(software of MathWorks)S 0| &

180IH C,2t mE Darveaux2l afz= g2 WMRCH
-33-
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Plastic strain

Fig. 2.10 Plastic strain curve of 96.5Sn3.5Ag applied for Darveaux’s constant
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TN

20

T~

10

Yield strength of 96.5Sn3.5Ag (MPa)

-100 -50 0 50 100 150 200
Temperature (°C)

() Yield strength of 96.55n3.5Ag

J\
J\
IERERN

10

S~

Tensile strength of 96.5Sn3.5Ag (MPa)

-100 -50 0 50 100 150 200

Temperature (°C)

(b) Tensile strength of 96.5Sn3.5Ag

Fig. 2.11 Yield and tensile strength of temperature dependency [17]
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Fig. 2.12 Multi-linear stress-plastic strain curve of temperature dependency
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23 21t &

[
10

23.1CPB & DCPB £H&EERS St € dHESH

Point A
= y
0.000 15.000 30.000 (um)
[ I |

7.500 22.500

(a) CPB solder

Point 1

X
0.000 15.000 30.000 (um)
L Ea— ES—
7.500 22.500

(b) DCPB solder

Fig. 2.13 Position of data plot for CPB and DCPB solder
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2 PR oMM E THSH)| SISt JIELE: SIS (Equivalent stress)E
S35t ALH Olr=z2= SIHSE 2 A2t FEE XL UI| 20 S5 %
SSHES DotAl 20tE EIJ| WRO0ICH GHXIZH Ol &AM ZHDIZ0ILE
SdEXHE BHol=0 SEoXe B0 =2 &2 I J| M (fracture mechanism)S
mtetot= Aole RsotAl &ZO

SA0IZ2 setoll &0 AHEHo SotEge 229 fXe Aol Met CHEXA
SHMSHCE MekM Fig. 2,130 GIOIEHE 2R (plot)otdl st RAXE HIoHULH CPB
SHABES AXl= JHEALt SSFRE 22 point A, B £8F DCPB= 2212 HEH 0l
ek point1,2,3 2t1) &G CH

I

Fig. 214= A Jog <LAXUAE ZA0IZ2 S UHE=SIHSEH(transient

equivalent stress)2 LIEFH T2 Z 0| Ch.

- — —Point A
Point B

50

eq

Equivalent stress, c_ (MPa)

T T T T T T T T T 1
0 2000 4000 6000 8000 10000
Time (s)

(a) CPB solder
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- — —Point1
50 ---—-Point 2
Point 3

1
40 | 1 !
1

eq

Equivalent stress, o (MPa)

T T T T T T T T T 1
0 2000 4000 6000 8000 10000

Time (s)

(b) DCPB solder
Fig. 2.14 Transient equivalent stress under thermal cycling

Fig. 2.14 (a)2 CPB =HUA2 SItSE 2 point AWM 44.13MPaZ JtE 2 gt
20IH, Ol A BM AIOIZ AlI2b JIE2Z2 2044~2872s0l1) 2&2= -40T2
M2R2t0ICH &8t 0 ZWME Sot N2 RANS2E: 20 M2 RAS2Z0AMS

SItE8830l 34.25MPa &2 =2 gt JtES =0Iotth Ol M20lM2 Cult

J&

=) BA —\|_8
029 ZHWEH 4 2 XI(CTE mismatch)2| Xt0|JF ECF 37| H&0|2t M2EICH,
s &0 HEH2 =Y AXIC! point A= point B2t Bl W3IAZS W HF22HUA

H
19.9MPa =220 A 2.8MPall SIS g2l X0IE ERUACH £8F CPB2L DCPBE
ZHHME SotSE S Bluol 29 point A2 1 12l point B2 30| Hlw a0l €
= UL zUSIHSE (Maximum equivalent stress)2 J|E2Z point A2F 10| 2F2f

44.13MPa%t 44.02MPa2 248t X0l2 g2 20| XIBH point B2t 32 22t 24.23MPa%t

30.81IMPaZ2 DCPBUIA 2 2 JIAS 2 4 QUCh GHXISH 2 XX SIS
2WOIO2 EO| AIAHS BESE 202 HRE BOOICL HUSHH PEO
NEIHZ BESD FolAE XMESE, A4S deln SYUEE S8
ZEMOR DA S0{0F 510 MR0ICH SHTSRUAN MHSH0| HHN2AY 22
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TSR0 JtE dGes £ IIs40l U= ZR2=E 20 HHS Met 8 ADldsE
ALY 210ICHL 1O Olggese 2 =J|Z<(initial crack)0l 24 Gl X2
SHHEERUA IHE FAS £ HHY IIs4H0l =10, Letdoz FHEO| HHAIAQI
&2 sHAHHS Met Y43 =010

r
i
010
Ju
==
=
i

gdats J&EoJl ot Fig. 21501 SHE=ES

=
ol & Z Dt CPB2l point ACIAM = CH& &ES2 (maximum shear stress)2l =J|Jt

Ty 82 & & URUCLL 5ol 1y, 7, 2F IMPa 0lot2 HMHSHEAE AN 22
1072 MPa, 107* MPa ==Z2| gt0ICt. point B FAl XUASEHS AIIIt 1), >
Ty > Ty 22 2O0IKIEH 7, 2 20l =0 255MPa X2 57MPaZ CE H=sit

<
g

HlWot 2= M WX 2 8SE g0l 27 ZIALH

0.000 15.000 30.000 (um) 0ooa 15000 3_0|DUDMJ
L S— SS—

Fig. 2.15 Stress components on CPB and DCPB solder interface

(left: CPB solder, right: DCPB solder)

SE2 YHe s2gEsS I gl Eel 8N Selgs Il U
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o
Jlotst® 2ol oiaol X §©lhs=

3 Jl(magnitude) 2t 2&F
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=
21 = (Parallelogram law)2 2 L& &l
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yz

=3 (principal stress)2| &= T AIGH)| S & 0ICt. Point ANIA ZAGH=
FSEE 7o)l RIGHA 1,0t HE =2 ARl 204452 HFGIRA20 0lHe 2=
M2 KRXN2EQ2 -40COICH Point AOA Al2F 2044s Mo SEH=2 22

0,=43.813MPa, ¢,=43.587MPa _Ic|1] t,,=25.489MPa0|Ct.

2
oy +0, 0y,—0,
— Yz y "z
= 4 (_

=) +1,2 (Eq.2-9)

Eq. 2-92 2-102 y-z UM = L L 2O gt Yas Fotd| st
A0l 9= =SH0| AZot= =8 H(principal plane)2| &&= LIEFHICH [19]

o 1

Eq. 2902 So5t0 HAS 2D ZHIHES, 0,262 60.189MPaZi Ol X A
[m:

=52
242 1821MPa0ICh T8 FHO a0l 9,2 Z2F5HI| 9I5H0] Eq. 2-102 0123510104
8

P =2
87°2+ 135.26°0|AUCt. GHAIGH O] & JHel &HH

oyto, O

+ 2200520 + T,,5in20  (Eq. 2-11)
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Eq. 2-11 S0t o3 =69.189 MPag [ =EHO0| 44.87°, -135.26°A= & = UYL
Ol2 Fig. 2.180i LIEHLH ALY

Principal plane

’

7’

- .. Maximum
principal stress

0 vy orientation
60 T
40 -
Maximum
%4 principal stress 44.74°
E vector
E 0
220 4 K-._ _
-135.26°
-40 + -
-60 T T T T T T T
-60 -40 -20 0 20 40 60
y (MPa)

Fig. 2.18 Principal stress orientation on point A of CPB under plane stress state

=289l Yet2 a4 & gt2 0°% 180°A0I0I /U1 CHE 8t g2 180° X0I2
180°2+ 360°AtOI 0l RUCEH

XNSMA =28 2M= &0 AHEHe & XNES 2Xd BHSHAJEZ JtEs
0171 =201 OIE 3XH& S3 HEHOUA 2H=E 2RIt UL Ol7Z2= point ANIA

A R 9 20171 201 &AM =2rek(principal

Rl

Ho
ST
X

A3 o, 2 B0l RAl

direction)0] x=2| &a2 I
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Fig. 2.19 Normal stress of x, y and z of point A in CPB
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231 Z==(principal axis)2| 248F2| &l A I J|(tensor notation)= Eq. 2-122+ 2¢CH.
(0ij—6iS)a; =0 (i,j =x,y,z) (Eq.2-12)

jE SEEE, §;= AZUIH ZEHKronecker delta), S= FSH, g

FEW 2 x, y delld z HES 2t2] a0 S (direction cosine)OICH (I 22 UIA
Bt 6;= Eq.2-131 20| E2&= GtLhel J1S0IC [20-21]

=
[a—

= 5= 3% 8 SALS0A Eq.2-149F 20| Holg & UCH

Eq.2-122 HEZ XA HEHZ2 HEolH Eq. 2-158EH2 LIEFLHOI &ICEH
(ox —S)ay + oyya, + 04,0, =0
20y +(a —S)a +0y,a,=0 (Eqg. 2-15)

OzxQy + 04,0y, + (0, —S)a, =0

Eq.2-12 £= Eq.2-155 S, o;2 H =2 @22 (determinant)0l 09 =/ 01 OF2t
ol o =622 Eq.2-162F 200] LIEH 4= QUCH

Eq.2-162 HE A2 UEIH HEi= Eq.2-172% 220 o

= xy = Txyr Oxz = Txzy Oyz =
0,22 HII00 LIEHY 4 2UCh

(Ux -S ) Oyxy Oxz (Ux -S ) Txy Txz
oy (0y=8) o |=| 1. (0,=5) 1, |=0  (Eg.2-17)
Ozx Ozy (UZ - S) Tzx Tzx (Uz - S)

Eq. 2-172 Sarrus® =l (rule of Sarrus)S O0|20t0{ LIEIWHEH Eq. 2-181 20| 3Xt
SHA SHEHZ LIEHE == UCH [22-24]
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S3—1,S2—[,S—1,=0 (Eq. 2-18)
L =0x+0,+0,
I, = —(O'xO'y + 0,0, + azax) + (T,%y + 15, + ‘[sz)
Iy = 0,0,0, + 2Ty Ty, T,y — (0xTh, + 0T + 0,75,)
01 J1 M Eq.2-182] ol SOt =S, 0y, 0y, 030l TI22 Eq.2-198 S8 4= ULH
(07— 5oz = S)(o3—5) =0 (Eq. 2-19)

0l 2200 Eq.2-192 Eq.2-180{l JIB'GtN I, I, LE LIEFHY Eq.2-2022 2tEH|
LIEtE = ULt

11=0-1+0-2+0-3

I, = —=(010, + 0,03 + 0304) (Eq. 2-20)

zoe FEH S B0l BA TS AS IIANCL WM Eq 2202
TEN S 20l BA e =22 AS UELIO0F BTL 0128 0182 &,
= NS

21 S(invariant) 0l 2t £ ECt. [25]

o, = 43.587MPa
| .
AD
LN K
7,. = —0.25MPa +
%
A

T,, = 25.489MPa | 7

——t
/ o, =43.733MPa

cry=4-3.813MPa

Fig. 2.20 3 dimensional state of stress on point A of CPB

at 2044s in thermal cycling
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lMPa (Eq. 2-21)

—0.25
25.489
43.587

H

3.65%x 1073
43.813
25.489

43.733
3.65 x 1073
—0.25

|

=)

FEFLHDE Eq. 2-212+ 2L

Txz
Ty 7
Ox

El
Tay
Oy
TZ X

Fig. 2.200l CPB2| 2044s2! [ point AN £
=

<r
R0

-

10

HM Eq. 2-172%H Eq. 2-18%t 22 3%t

otJl 9l

s 2

F(invariant)! 1, I,, 1e2l1]
(Eq. 2-22)

2
S

tof =H

[¢]

UM Ol M Eqg. 2-1801 <

A
T

=

LH

EHE LIE
§3—1,8S* - 1,S—I; = S — 131.1335% 4+ 5082.18S — 55,100.116 = 0

=
I=}

oI
KO

uy

ol
Al
Al

L

= 59 U2 g, 0, 121D o2 1 30N et

o !

Eq. 2-229)

Ol

43.733MPa,

69.19MPa,
69.189MPallt H|w!

L

2
=

L

2
=

=
[a—

oft

ZFES

J2ld o3 9

02

H
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o1 ,
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F
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Ol Ct.
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U
IH
0
A
010

O

SZ HXIot UEFHE Eq.2-23%2F 201 LEHE = UL

(]
1=

(o

i0J

x
o

(Eq. 2-23)

-48 -

(3.65 x 1073)a, — 25.377a,, + 25.489a, = 0

—25.457a, + (3.65 x 10~3)a,, — 0.25a, = 0
—0.25a, + 25.489a, — 25.603a, = 0
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Of M LIEtHOXI=E ay, a,, a,= =S8 HEHI Y& 0IC
3F HMIX+AE 2 A Al(homogeneous simultaneous system) SEHAS & = QUCH LH Eq. 2-
232 34 LEHA F 204 YEAO N2 SEHOEZ ay, a,, a,2 HE F5HII

QTHAE YOOl HEQ Eq. 2240t HRSICH

o2 Eq. 2-232

ai+ai+ai=1 (Eq. 2-24)
Ol M Eq. 2-24= YHSHES2 &F
24EXI 8 4002 HH A

otXIgt 0l2] oHE Fot= A

2 Eq. 2-239] Z&A! 3042t Eq. 2-
S (direction cosine)2 & = UL

H Z2=

o =4

of Xl &0 f2 22 He bldgds Zgobl
o

=11

o

H=ZO0ICt. 28 =Xloi&E2 S8t 2 Ao (approximate solution)S F& =& JUAXIS O]
ol £2&2 Asmz gl FIHHIIKNE RUotHL EE2 253k (coding) It
ZRole 2 Hd2 MOt LAEC et 2 AF0M=E |2 &2 =EE9
HSHSE S 6t RAGHH =S G HEHE 0188 =89 HH LSS
ol &4 & 2 &H(analytical method)S =0t o Zot 1A+ SHCH  [26]

N =N-f=N(a,+a,j+ak)=WNa)i+ (Na,)j+ (Na)k = Nei+ Nyj+ N,k
(Eqg. 2-25)

Eq. 2-250lA N & =S8 s M 7
vector)0|Ch. S8t NO 3J| N= Eq.2-262 20| LIEIY & A2M N,, N,, N,= Eq. 2-
279t 201 E8 JisotCh

N = |N| = J/NZ + NZ + N2 (Eq. 2-26)

2 Fggo =P ®E (unit

Ny
Ny=N-a, - ax =35
Ny
Ny,=N-a, - ay =37
N,=N-a, - a2=% (Eq. 2-27)
=49 -
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G2 SHZ Eq.2-230l NS 2SS0l ZotH Eq.2-28%2F 20| LIEHE = ULH.
N{-25.457a, + (3.65 x 10~*)a, — 0.25a,} = N - (0)=0
N{(3.65 x 1073)a, — 25.377a, + 25.489a,} = N - (0) = 0 (Eq. 2-28)
N{-0.25a, + 25.489a, — 25.603a,} =N - (0) =0

Eq. 2-282 Eq. 2-272 H2/0fl 2Jot(d Eq. 2-292+ 20| LIEtE =~ JAS2H, 0| &
SEHE LIEHLSE Eq. 2-302+ &L

~25.457N, + (3.65 x 1073)N,, — 0.25N, = 0
(3.65 x 1073)N,, — 25.377N,, + 25.489N,, = 0 (Eq. 2-29)

—0.25N, + 25.489N,, — 25.603N, = 0

—25.457  3.65%x1073 —-025 (N 0
3.65x 1073  —25.377 25.489 [{Ny =40t (Eq. 2-30)
—-0.25 25.489 —25.6031 (N 0

E 0 20 2 Y29 giarbitrary value)2 2 HEiGtD 0 O
g2 22 g2 dEgsS S Nl d=2¢ Ny, Ny, N,E FE = A0 StXIg 0
OM 78 =250 M LEA HUAM N2 =0
C

b 2tef 0I2 S=EOUE Eq 2-292 M E=2S2%H

Eq. 2-2922H A HMeA S M LEAMHNM N, =1= SEGIH UHA
HE22 350 B¢ Nx, Ny, N,0l 2t2} 1,-103.799, -103.343 22 2 4 QUUCt 0 O

| N2 ot 2™ 146.4750|Ct [2tA Ol &ot Eqg.
2-2701 CHer Zuel Zatds OlE SotW -8 6,, 6,, 6, E Table 2.20i
LtEFLH ACE.

y
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Table 2.3 Direction cosine and principal angle on point A of CPB at 2044s

Direction Principal
. a;=cosb;, i =x,y,z 0, =costa;, i=x,9,z
cosine angle
a, 0.00682 0, 89.6°
a, -0.709 0, 135.15°
a, -0.706 6, 134.91°

gdegs ¢ = AL 0 3%

Table 2.3 Z2H 3XNSNHAS FEt&
S st Z01 Fig. 2.210]CF

v

% +60 40 -

o 20 40 20 ¢ 2
20 40 60

60 40 -0
60

40

Maximum
principal stress
vector

.'/’
~T X-Y plane
projection

Fig. 2.21 3 dimensional vectors of maximum principal stress on point A of CPB

at 2044s in thermal cycling
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(a) Perfect crystal

Starting point

b
#
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(b) Crystal with dislocation

Fig. 2.24 The Burgers circuit for a dislocation in a screw orientation [28]
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Fig. 2.25 Tresca and von Mises criteria under biaxial stress [29,30]

Fig. 2255 2A & JHXl &€=X22410 A8dis 2WHE0HL 0
Trescall &=0IE2 von Mises?| &=0/E0] 22 ZUHAMHSAD HISHUMUX L Ot
2.252

P01 2HH=ECh= ZO0ICH E£8t Fig.

ol

&t s wsEg ¢ Uf= & o
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;*?/_;_.
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(a) Burgers circuit and state of stress
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Fig. 2.26 The Burgers circuit at point A in CPB
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Fig. 2.29 Principal direction of interface 2 in DCPB solder
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Table 3.1 Elastic constants for solder alloy [2-4]

Solder Ey,GPa E{,GPa/K Specimen type
95.55n3.9Ag0.6Cu 53 0.08 Bulk specimen
95.5Sn3.9Ag0.6Cu 18.6 0.0206  0.18mm thick solder joints deformed in nominal shear

96.55n3.5Ag 193 0.06895 Soldered assemblies employing

both shear and tensile loading

OtXICH B0l HAE =FUHE ZFES(permanent deformation)0l Z=CHH 0l
HIEtA Bi1E(inelastic deformation)0lct) F£204, 012 =244 B E(instantaneous plastic
deformation component)2t AlZ2+t2lEH & 1S (time-dependent creep deformation)2 2
AE2E = QULHL A="E4d A HHS(time-independent plastic deformation)2 Eq. 3-2%F
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e = O (E. 3-2)

b

o 0x

HEE

ogr

rr

HHSHE, A

rir

Eh 2 2 &l ==(monotonic

HIIM e, 2 AMA=EH o
strength coefficient) 212|310 n2 2% & 3t Xl =(strength hardening exponent)S LI EFH LY. [5]
oleist AdRde  OoItX el  =MMol=d EAQ  Fid=zs=

o140l

O

& 3t(bilinear kinematic hardening), Ct& & 3h(multilinear hardening) 2t Ci&d

0
ton
x
o

t(multilinear isotropic hardening) 22 S0I UCH Ol&dAZEE 21219
A2FA el EAH=2t & & H=(tangent modulus)E [HECLH.

HISEE HMEHN SEAZE X

(s

3
o
)=

rmon
0x
x
=

e 4

10

rir

B>

W 0x
1
© o

s

g
0

C

mio

2

0l0

1

[

rr

b o

0x

S
Hu ogr
FE
el
o
a
a
x
(=
o
oy
ton
o
ne
ro
(=
x
(=
o
oY
ol
o
ne
H
a
Pe
> 0l
4

H
rer
0
nr ¢
o
Q

. 0 2E2 0ld0ISES0A
(@]

H
g
ol

-71-

Collection @ chosun



& & €3

Fig. 3.1 Generalized multilinear model of elastic-plastic behavior in solder

alloy

Fig. 312 SHMI0AM EA2dHz2 ddst & O 22 (multilinear model)S
B0Z== 1O0ICH 0 J8UAE A4 Hs2 339 Aoz HEolYeH, Jis
ottt 2 HBECOZ Us0 J&EE =2 = UL WIIHAM=E = B (0,0)0A
(g,00)2 U= HFH F2t2 EBEHS2 UEHUHDN S B 28 (g,0) U A (g,0,)E
ZJ| A H(initial plasticity) M B (&,0,) OA (e5,05) & HA2 I SHA H(saturated
plasticity)S 22 LIEHHCE

OISd30AM=E g=H I €F otXIS =530 0lSotAH =Ch 0l248t
OlR2 ot=ss Y= 20 Mt Mot SREEsS 223101 g 0l 235t
St g5HE 0l&Q otE2 Jtet 2501 ChAl BHIHEES GHES JiotH &=H0|
HSE2O XA S0 ot=2 JIotA0tA B8 H S (viscous deformation)E2 2 2 I
EICt Oledst A2 bauschinger S3tct) 24 Mol LBt o=z 0|He SHMZS
Hs2 0l=Z3E Soll LIEtHL B0 S2dst=s 8588 80 2280 2 &otH
st=0o HANQ| LXSHH SIHStCL CAl 2ol 0l O 0l M2 s=5s5™
==& (yield stress level)0| £485tD| Ol MK &=0] 2MotXl 2=Ct= 2010/ M0
SYHESFILEL S bauschinger 2 HE DHE £ QICh

KNSNA et 2dHEE A0 SHQ M2 HAsS=S UEHE I MQICh
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otXIgr  THEJIF A2 St 2HESHN =EH=s ZE2R0= Al 2E=HQ
BIgtdB®edES 10 of00F &Ch Olelgt ER0= A8AHSS e FEZ2E0
Z 20t Fig. 3.200 Al2H0l Mt 3JtX SHS Sd= 20l JdEHS2 SH=
LIEHLH RACH
Creep Strain
et
Tertiary
Secondary Creep
Creep
Primary
Creep
Time (t)
[Note] Primary Creep: Fast decrease in creep strain rate
Secondary Creep: Slow decrease in creep strain rate
Tertiay Creep: Fast increase in creep strain rate

Fig. 3.2 Typical creep strain rate curve [6]

Fig. 3.2= MY AQl JEHIE X T2 (creep strain rate curve)2 S0 ECH = B
1A I B (primary creep regime) A= M S It HE EZ SH(strain hardening)E 34 11
ool M Z2W=2 AlZtol et HEE=EIF 2480 H A& EH 3 E(steady-state
creep2 2 LAl S B HAHS 28K AEEH
S (creep rate)Jt L EGHCH Ml EIIH
regime)fi M= HEESTIE AlI2H0l T2t Sotote EEIE 20 2= Mz 2l Oh0l

=

s s0Mz2= dE8X0 S-IIHE MMotAEHoHHA EAABIYEEE, =
[e:]

(secondary creep regime)Oll A=
o]

llgdoez g5 3CHAH A= QY Altertiary creep

=

AZHO SEEQ ALBEEN AZH0 IEHQ JEHE2 &2 S& &(dislocation
motion) Z& JI=& JI&0U 25t ZASHCH BHHOI 2N AJGHRE LR
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ES0ICH  Anand FPAEEEA
[==]

HA2 =
(temperature sensitivity)E HEE=5012 S Ji(strain rate history effects), B &

& 3}(strain hardening) 2t =& 3| =(dynamic recovery)2l BF&t1HE (restoration process)2
LIEFHCH ZuNo=z BHEMNE=S 20/dt= ISV, s = Eg. 342 20/ St
Hicdlot Al LIEFLHOf &ICH

Oeq = Cs;¢ <1 (Eq.34)

HIIA c= LB 3
012 HOol524 Eq.359

o

E5S AENAM P28t M= 0HIH S 2=(material parameter)O|
Ol LIEFLHOI &ICH.

my

1 . _qrfé m
czgsmh 1[(‘:7’”eQ/RT) ] (Eq.3.5)

HIIM &, = HIEBEBHAEEZTOI

i 1 A= & X=X (pre-exponential factor), Q =
=

&4 310fl 4 Xl (activation energy), me B & &= & 012 & (strain rate sensitivity), {= S22

& ==(multiplier of stress), R2 JIM& = 102l Te EUHEEE 22F LIEHHLH

&, = Aexp (—RQ—T) [sinh(¢ g)]l/m (Eq. 3.6)

Eq. 3.
=]

3 =

CHEH BtH 2 MEXQI Arrhenius& S AF20H
_i
S
S

s={h0|1—5 |1_S }s a>1 (Eq.3.7)

s* = §[%pe(Q/RT)]” (Eq. 3.8)
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Fig. 3.4 Stress-strain curves of 96.55n3.5Ag [10]
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Table 3.2 Thermal excursion ranges for selected field use condition [13,14]

Applications

Thermal excursion range, C

Consumer electronics 0~60
Computers 15~60
Telecommunications -40 ~ 85
Commercial aircraft -55 ~ 95
Military aircraft -55~125
Space -40 ~ 85
Automotive-passenger -55 ~ 65
Automotive-under the hood -55 ~ 150
Implantable medical electronics 37~40
Ol2t 2t&HAGIH Table 3.2= 2 A2 & [E SHSHAS UEHH HOICH Table
3201 UEIUHAHE EH2tAE2 -55TCRH 150THHA Chgst HlunE H2 2E-8HRE
SHELL 2 H70NM= SA0I2 2& 89S JEDEC A104D &2l AIFEZXZA GOl
O|J1gt AOICH Ol -40CHRH 125TCS 2&89I2 JHMIDl, AFH, S4lJ[7],
agE &30, 2Fd 2 MuddEs oz dIDIDIE B ZSEE2ZM AF0A
HFst SA0I2 2240 et SHSHUNN HESes 2=
stH HAM HA0M AFE & Anandid = & EtE A4 2 poisson2| HIE Table 3.1,
3.2,3301 22t LIEHLHRUCEH
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Table 3.3 Anand’s model constants of 96.55n3.5Ag[15]

Constant Value
A st 177,016
Q, J/mol 85,459
£ 7
m 0.207
ho, MPa 27,782
8, MPa 52.4
n 0.0177
a 1.6
So -0.0673T+28.6 [T: kelvin, K]

Table 3.4 Young’s modulus and Poisson’s ratio of Cu [16-20]

Temperature E
() (GPa) Y
-40 130.05 0.33612
-20 128.81 0.33596
0 127.47 0.33544
20 126.02 0.33505
40 124.81 0.3346
60 123.7 0.3342
80 122.58 0.3338
100 121.45 0.3334
120 120.31 0.333
-82-
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Table 3.5 Young’s modulus and Poisson’s ratio of 96.5Sn-3.5Ag [21]

Tempe rature E

(T) (GPa) Y
-40 53.55 0.3477

-20 52.24 0.3504
0 50.88 0.3532
20 49.4 0.3562
40 48 0.3595
60 46.47 0.3628
80 44.88 0.3663

100 43.23 0.37

120 41.53 0.374
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MEst EH2 gz 2 HH et H(nner Interface), WI(Wall Interface) 12l 1)
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w28 ARH ENKlE 22 22~125TC 52572 125TC RA2E+24 125~-40T
St 2& 72 -40TC RAREFR2, -40~22TC SL2E 7242 LEIHUHDK & 332 A0I2
BF SLXTA2Z, 2t F22H E AI2HE Table 3.60 LIEFLHRUCH
Table 3.6 Thermal cycling time depend on interval and cycle number
Interval
Cycle No. A B C D E
Thermal cycling time (s)
1% 0-412 412-1312 1312-1972 1972-2872 2872-3120
2nd 3120-3532 3532-4432 4432-5092 5092-5992 5992-6240
31 6240-6652 6652-7552 7552-8212 8212-9112 9112-9360
Fig. 3.62 2f HHUKNL gpeman 2l 7248 SE2 WIE HMRlotd s22% 2
Al S2A& 452 20I0IE 125TC RA2E 722 BOIA HlLE A0S ASS
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Table 3.7 Maximum inelastic strain rate of each interfaces
Interval
Interface Cycle 5 c 5 3
ope No. Inelastic strain rate (s~ 1)
1% 2.14E-4 1.91E-5 -9.15E-5 -1.89E-6 -4.032E-6
Pl 2nd 1.10E-4 1.50E-5 -7.94E-5 -2.50E-6 -4.68E-6
3 0.89E-4 1.46E-5 -6.45E-5 -1.74E-6 -7.25E-6
1% 3.62E-5 5.12E-6 -1.87E-5 -5.11E-7 -1.81E-6
Fl 2nd 3.43E-5 3.39E-6 -1.83E-5 -5.90E-7 -1.98E-6
31 3.09E-5 3.17E-6 -1.78E-5 -6.22E-7 -8.19E-6
1% 1.53E-5 -2.44E-6 -1.88E-6 2.56E-7 -2.42E-7
WI 2nd -0.35E-5 0.48E-6 5.73E-6 3.00E-7 -2.02E-7
31 -0.71E-5 0.45E-6 6.65E-6 2.89E-7 -9.68E-7
1% 2.43E-6 0.56E-7 -1.06E-6 -3.34E-8 -4.03E-8
I 2nd 1.55E-6 1.22E-7 -0.78E-6 -1.81E-8 -7.22E-8
3 0.97E-6 1.24E-7 -0.57E-6 -1.42E-8 -3.46E-8
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Fig. 3.10 Inelastic energy density of solder interface
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Table 3.8 Inelastic energy density per cycle of solder interface
[Unit: MPa]

Interface name

Cycle No. Pl Fl WI I
Inelastic energy density per cycle, AW; ¢yce, @ =1,2,3
1% 2.05437 0.47841 0.11915 0.01013
2nd 1.87941 0.48392 0.09641 0.01343
3 1.87933 0.5957 0.09603 0.01313

Table 3.82 2 AIOI2 & HIEtEMU XL
AW, cyee i =123 5 UEIH HZ2 0I2 S5l04 Table 3921 CPB % DCPB2 2
HHN ML & 22U EHS 0l 4 Xl 2 & (averaged inelastic energy density), AW,,,,S 3t ALt

S (Inelastic energy density per thermal cycle),

Table 3.9 Averaged inelastic energy density per thermal cycle of solder interface
[Unit: MPa]

Interface name Averaged inelastic energy density,

AW(I.U@

P| 1.9377
Fl 0.5193
Wi 0.1038
I 0.01223

Table 3.901 Al 2+ HEOIAS AW,,, = ATHEE DCPBS FI, Wi 1213 N0l Bl
CPBSl PI= HISH 2t2t o 37HH, 18.7HH, 158HH2l AW, = JIES 2 & QUKo

DCPBOIAISl 2t ALOIZ & WO 2t = AW, oo i=1232 +22 2%S 0f 012
HIAH0| KNEHOZ ZII6H0 XS AI0I20| BHEEA= 230 oAss )2
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