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Lead-free Solder Alloys

H.Y. Lee

School of Mechanical and Aerospace Engineering, Seogl National University,
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Abstract

As the environmental regulation worldwide emerges, most notably in Europe and Japan, the elimi-
nation of Pb usage in electronic assemblies has been an important issue for microelectronics assembly
due to the inherent toxicity of Pb. This has provided an impetus towards the development of Pb-free
solders. A major factor affecting alloy selection is the melting point, since this will have a major im-
pact on the other polymeric materials used in microelectronic assembly and encapsulation. Other im-
portant manufacturing issues are cost, availability, and wetting characteristics. Reliability related
properties include mechanical strength, fatigue resistance, coefficient of thermal expansion and reac-
tivity with substrate. In this article, Pb-free solder alloys have been proposed so far have been re-

viewed and are summarized.
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Fig. 1 Various solder alloys in a package on PCB
board.
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2.1 &69 7=

dutzdo 2 SUiPEL A3 §H & 7HAk 3
o, dFFFoIY HYF JAH HAE A0k
&), 224 (wettability) o] Fol €A Z3
(wetting) o] & Lojrfol gt o] Wl ©7}(cost),
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L&A (wettability) & ¥l

Table 1 Important properties of solder alloys.

Properties relevant to manufacturing

Properties relevant to reliability and
performance

Melting/liquidus temperature

Wettability (of copper)

Cost

Environmental friendliness

Availability and nuraber of suppliers
Manufacturability using current processes
Ability to be made into balls

Copper pick-up rate

Recyclability

Ability to be made into paste

Electrical conductivity

Thermal conductivity

Coefficient of thermal expansion
Shear properties

Tasile properties

Creep resistance

Fatigue properties

Corrosion and oxidation resistance
Intermetallic compound formation
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Table 2 Composition and melting points of Po-free solders.

Alloy composition

Tl'(l ( OC )

T, (C)

Bi-26In-17Sn

Bi-32In

Bi-41.7Sn-1.3Zn

Bi-41Sn-1Ag

Bi-42Sn

Bi-43Sn (eutectic)
Bi-43Sn+425%Fe
Bi-458n-0.33Ag

In-3Ag

In-34Bi

In-48Sn (eutectic)

Sn-1Ag-1Sb

Sn-1Ag-1Sb-1Zn
Sn-2.56Ag-0.8Cu-0.5Sb
Sn-2.8Ag-20In
Sn-25Ag-10Sb

Sn-2Ag

Sn-2Ag-0.8Cu-0.6Sb
Sn-2Ag-0.8Cu-6Zn

Sn-2Ag-0.8Cu-8Zn

Sn-3.5Ag
Sn-3.5Ag- (<6)Bi

Sn-3.5Ag-17Zn

Sn-3.5Ag-1Zn-0.5Cu
Sn-3.6Ag-1.5Zn
Sn-4.7Ag-1.7Zn
Sn-4Ag

| Sn-4Ag-7Sb

" Sn-4Ag-7Sb-1Zn
Sn-10Bi-0.8Cu

" Sn-10Bi-0.8Cu-1Zn

1 Sn-10Bi-5Sb

| Sn-10Bi-5Sb-1Zn

' Sn-4.8Bi-3.4Ag

! Sn-42Bi

' Sn-45Bi-3Sb

| Sn-45Bi-3Sb-1Zn

| Sn-56Bi-1Ag

‘ Sn-57Bi-1.3Zn

9

127

140-145

210-216
178
233

210-216

217
216, 217
225
217

136.5
127

139
139

141
110
117
222 232

217

221 225

217
215

217
215

221

211-221 | 212

221 225

230 -
185 217

193 232

139
145

170
178
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Table 3 Composition and melting points of Po-free solders (Continued) .

Alloy composition Tw (C) T, (C) T, (C) T. (C)

Sn-5Bi-3.5Ag

Sn-7.5Bi-2Ag-0.5Cu 207 212

Sn-0.5Cu 227 229

Sn-0.7Cu (eutectic) 227

Sn-2Cu-0.85b-0.2Ag 266-268

Sn-3Cu 227 275

Sn-4Cu-0.5Ag 216 222

Sn-10In-1Ag- (0-10.5) Bi 188-197

Sn-20In-2.8Ag 178-189

Sn-42In 117 140

Sn-5In-3.5Ag

Sn-10In-1Ag-0.5Sb 196-206

Sn-36In 117 165

Sn-50In 117 125

Sn-8.8In-7.6Zn 181-187

Sn-2Mg (eutectic) 200

Sn-5Sb 234 240

Sn-4Sb-8Zn 198-204

Sn~7Zn-10In-2Sb 181

Sn-8Zn-10In-2Bi 175

Sn-8Zn-4Iin

Sn-8Zn-5In- (0.1-0.5) Ag 187

Sn-9Zn-10In 178

Sn-5.5Zn-4.5In-3.5Bi 185-188

Sn-6Zn-6Bi 127

Sn-9Zn (euetctic) 198

Sn-9Zn-5In 188
T2 ARA dAL T 2 ou|jit) AL r = A ZA} e ol ¥ §4, &, A4z
£4 7 A3 = 252 Al A £H A F 8.8 a8 iolth I o] A 7y
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A7iskd ﬁ%i%*éﬂ NA=EH, Curl &6z &4
S Wxe &}, =3 BiE 4
8% T A §7do] 208~216C F=olH,

(6) Sn-In Al

In-48Sn¥=¢] SMT (surface mounting tech-
nology) ol #o| o]&-¥t} In-49.1Sne] FAH =4 o|
o, FH2EE 117Colt}h F&£7F 588 % 5
7h &R,
tetragonal phase, 8 44.8%Sn) # Sn-rich#} (hex-
agonal, 7, 77.6%Sn) o] Z17le) T} Ino] Fa YA
2 A 59 Y71 == Bdol 9o}

(7) Sn-Sb A

HRREI $5543, S 25w 29 AYgol

In-rich’ (pseudo —body—centered

1
T T Alold A e Fel AHY) Y=
A2 (wettability) o] oo}
4 A &8 &9

,
T BT 24 Folok TRl T o Fol
Z _‘?_ E =

Z7} (contact angle) & H718cl A&7 g
2 29 Yebd we) 2ol A=, Young-
Dupret32lel 4 (1)d] &Jsle] 2HE 4= U} B

. Lolid

Fig. 2 Diagram of wetting angle.
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715N M= ZHA 2317 dolu Aol
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# 49 vehd 388 e 4 (2) & o) &3ty
AA5E¥H (natural radius of curvature), Re]
Akl Apg-Elof R}



;
7ol

AEdgw 225

Table 4 Surface tension values for severd binary

Table 6 Wetting angle of lead-free sclders.

alloys.
Wetting |T.mperature
Solder All 5 . Remark
Alloy Surface tension (mN/m) i ATV Angle ) (c) emarks
composition Air | Nitrogen (<20 ppm Oy) \ Bi-42Sn 438 195 Cu substrate using
) AB11 flux
Bi-42Sn 319 349 9747 215
Sn-9Zn | 518 487 Sn-5b 36+3 | 260  |OnCu. rosin flux
Sn-40Pb (near eutectic) | 417 464 Sn-20In-2.8Ag 4448 220 |RMA Alpha Flux, on
Sn-3.5Ag 431 493 OFHC Cu substrate
Sn-0.7Cu 491 461 Sn-50In 636 215 All Cu substrate
Sn-58b 468 495 using A611 flux
41£9 230
33£5 245
e 8n-10Bi-0.8Cu 32 250 Flux: Kester #197
R:( /L) (2) 42 340 |Flux’ Kester #197
2 Sn-10Bi-0.8Cu-1Zn | 33 250 |Flux: Kester 197
38 295 Flux: Kester #197
A v oA o= UKo - = 27 340 Flux: Kester #197
4714y g el o= BECH g T Sn-10Bi-5Sb 39 250 | Flux: Kester #197
7IEEE on i} 18 340 |Flux: Kester #197
w R Sn-10Bi-58b-1Zn 50 250 Flux: Kester #197 |
X e AAFERHGES L}E}LH‘}}\D}” Bi- 29 340 Flux: Kester #197 \
498n @F<&uute] Pb-Sn HEer B} zhe 2 Sn-4.8Bi-3.4Ag 33x4 230 Flux: RMA Alpha 611 |
314 245 'Fluxi RMA Alpha 611
&Y S W9t webd Bi-428n §E40E A} 334 | 20 {Flux: RMA on Cu
- a e ) Sn-1Ag-1Sb 38 250 Flux: Kester #197
1 A0 3 ] ENSR-R ‘
€8 72 1A (pitch) 7} ZrelFel wbel L& A} i J| 30 |Plux: Kester 197 |
olof] B.a] A (bridging) o] 42 4= 7] i) F Sn-1Ag-1Sb-1Zn 41 ‘ 250 ‘Flux: Kester #197 |
40 | 2% "Flux: Kester #197 1
o7} e 42 340 |Flux: Kester £197 |
| : I
Table 5 Natural radius of curvature R of Po-free 413 ReA
ol =T |
solder alloys. ) )
‘ ‘ ’ 22 (wetting force) & F&-Zx Uxe AA
| Solder Alloy Density | R | Ruwwn o] glt} % & 5g8e He 2842 ov|shn
i (g/er®) 1 (mm) | (mm) | o L ool b0 , 2w
. | ol &Fo] & dojdri= AE o]l ey
. Bi-428n 874 1.93 209 ] ol 2 doldris A& oujdnt. 22Y
| Sn-9Zn 7.27 2.70 ; 261 ! o A Az Aabge Fgs 7] w Eo &
| . N
| :n—;;o;:) (near eutectic) ?gg 2.19 ! ;.31 i Za3% dAolt AdAH &z TAHAL 60
" Sn-3.5Ag . 44 . 261
( ~ Q=0 o] Al7F Zo)} &ldo W )]
| Sn—O.?Cu 729 262 ! 254 90_1_. ]'ﬁ, ] ] 1} [CRRA=-] C‘i [+ %}“1 }'7'” E.o'i
| Sn-GSb 7.25 257 ‘ 264 | Ltobet At el 4 3& w2 ¢beth T4 (eute-
ctic) Pb-Sn &£t} B 7ix] FALH 9] T2l of
Ao 71 1 = . .
412 x=4 gl Ao "S- (maximum wetting force, Fmax) 2}
THAED Hez) 3 o . . _
FAGE T Rzt (wetting angle) o] Q@5 o] A 7H (wetting time, tw) & X 77} 8o Lhehdl
= Flzxut Az=7+ _ . . _
71= s, AT, F T A0CAM F3E goln F 8 4

z7te 7|9 4 UBMZL BE3
=

@e Belth B A7AE

2
t
2
!
)
RUN

2

osted 7] 71ge] 3 FAEU G HEZ o]
ATHAUL, 2 AAE F 60 YERRATI. &2
2 FHAES, AR EEA, 22 T A8 7R &
ao g eed

&9 §HEY 62T 2 £xolA S3E 3ol
t}. Aqueous clean flux2+ Kester #2224-257}
A5 2T no-clean flux &&= Alpha Metals Lonco
SL5-657F AFE-S[ATH). & 7ol A Atales 7

A&ty o] ¥4 Ph-Sn &0 Hednr
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Table 7 Wetting force on bare Cu at 240C.

; Solder Alloy \r T (C) | Foax avgp (N} | to cavp (8)

' (a) Aqueous clean flux

. Sn-37Pb 183 | 502 \ 0.457

| Sn-35Ag 221 | 4816 1 1557
Sn-58Bi 139 3814 ' 0486
Sn-97n 199 1.931 } 1029 |

| |

{b) No-clean flux ! i |
Sn-37Pb 183 1 43%  | 1100
Sn-3.5Ag D221 2594 | 3057
Sn-58Bi o139 2570 1 1714
Sn-9Zn 199 | sm0 | -

Table 8 Wetting force on bare Cu at 62°C above

Sn-9Zn . 199 1.772

melting point.

T T T 1

Solder Alloy | T (C) |Fmax tavg (N) | tw e (5)

(a) Aqueous clean flux “ :
Sn-37Pb 183 4792, 0.38
Sn-3.5A¢ Pooor 4822 | 0400
Sn-58Bi P13 0 3518 | 0608
i 0.625

(b) No-clean flux k

Sn-37Pb - 183 3486 | 1570
Sn-3.5A¢ o221 4013 | 0785
Sn-58Bi ©139 2410 | 4.092
Sn-9Zn 199 -4300 |
ZArle As S8 S & ¢S PAA
FetE AL & g Ao FHEG 62T & 25
NA 2&HE £ o] fT S EZ S (reflow) =
=7 &u el 3 2T Bdol U] i Fofth

Sn-35Ag £09 H&HL F4 Pb-Sn &1 9
oy v)s=8lt}h Sn-9Zn &vie] Aoy e
Eriol A& Ert won, 479 no-clean flux®

7ol A &= dewettingo] Yoldthe A& € 4 UL

4,2 7|1gtntel gt

£d9 &2

SN

£-440= PCB (printed circuit
board) ¢ 2] T8 = (Cu pad) ¢ HB&5la] wHe-$t
o} whge] BAe zb &r) AEo Cudl tfgt ke

-

P

A3k &rje] Aotk o7 Fod AL &1 A
gt.o] ZA|7F A 24 (long-term reliability) ©] v}
g | el H=e}

[=] A
Tot Be F&7t 313Ee

3 Ho7 T4 3E=E
HAEH AHoR] 7} wold wettinge] & Lo
E}. ek S5 5EEY] g4
- (good solder joint) &] B &
‘éj‘h:]-, 1‘34 dwrz oz F4&71
=

i .
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fini
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o
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to,

4

o,

tlo

ay

A

>

i

-

A {%

dn = -
ooox |

of\

Oﬂ 9]5}% 300°C olstll M= %Li,\

t} o= CusSnse] EA s etct olej g 4
Arrhenius @41 2 434314 90~170C9 2%
AA CusSnse] el 83 &4stdirle
0.41~0.5eVelaL, CusSne] 4ol Hg 3 &4 sl
Yx= 1.06~1.27eVe]tHY. o]= CusSns7} CusSn

B} o] 2EFIAA o & AAstes AL v
gt

(2) Bi-Cu

Bi-CuAl 9] 7% 99.5%Bigl &4, 270°CAAM &
Aule-S B B Bi= Cudt 47 3IYES ¥4
4] =T
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Table 9 Tensile properties of Po-free solders.

| Alloy composition [ Elastic modulus | Yield strength Ultimate tensile strength ]
L | (GPa) (MPa) (MPa)
| Bi-41Sn-1Ag 1
' Bi~42Sn 42 41
'In-48Sn (eutectic) 23.6
195
i Sn-2.5Ag-0.8Cu-0.58b “ 29 4 39.5
- Sn-3.5Ag 48 42.8 at 5°C/min cooling
: ‘ 55 at 0.022 strain rate, cast processing
’i | 37 at 0.000033 strain rate, cast processing
. \ 20 at 0.00015 strain rate, cast aged 25°C
‘ 56 at 0.0008 strain rate, cold rolled sheet
‘ 37 at 20°C
. Sn-bAg 34
Sn-3.5Ag-<6Bi | 71.7 at 5°C/min cooling
Sn-3.5Ag-17n ' 52.2 at 5°C/min cooling
Sn-3.5Ag-17Zn-0.5Cu I 48.3 at 5°C/min cooling
Sn-5Bi-3.5Ag ’ 71.7 at 5°C/min cooling
. Sn-20In-2.8Ag 38.6 at 20°C 46.9 at unspecified cooling rate
Sn-30In ( 17
Sn-42In |
' Sn-60In } 45
' Sn-5In-3.5Ag } 62.1 at 5°C/min cooling rate
; Sn-8Zn-4In 50.3 at 5°C/min cooling rate
«Sn-8Zn-5In (0.1-0.5) Ag ’ 52.4 at 5C/min cooling rate (0.1%Ag)
. Sn-9Zn-10In 55.2
Sn-9Zn (eutectic) 64.8 at 5°C/min cooling rate
! Sn-9Zn-5In 62.1
i Sn-5Sb 31 at 20C
' 20 at 100C
AL AR B4 AA) 75 Aol EL AA ) o 9zt o] R ATt LY HFPHE It
A& F A L5E H3 300CTHA Lk 5 o] stuvtE A= Q. weld i g
A WY BE AR D GRAASE 2ET ® e Y 22 @0 F29 432 949
B o] YA FRAAR AARE 28R & th oy JA] RALUEEe] dAEEE ¥ 1
7l W &2 dg-3o] B ¥t B Jix Fd& 8o JERATY. oM e] dArw=
HEgge d8AASE E 1200 Yehld b, Si & 50 W/mKo| i Sn-3.5Age] Aoy &5

Cu (Bl==# %oz AL&-H), epoxies {encapsula-
tion A EZ AME-H), FR-4 (Z]#oz A4 9
R3¢ oz o= Y9t Bi-42Sn (15
X107/K) & A2 g fie] FALH TS 20
X107%/K olste] A3 A S 3he 2=

A2E A (die) ol 9t YA+ %i% tnte]
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Table 10 Shear properties of Po-free solders.
e A @)l o AdE g

“E41 7}

Alloy composition

Shear modulus (GPa)

E

Shear strength (MPa)

|
;
|
i
|
|
\
|

|
|

|
I
|

Bi-41Sn-1Ag

In-48Sn (eutectic)

Sn-3.6Ag

Sn-4.8Bi-3.4Ag
Sn-42Bi

Sn-5Bi-3.5Ag
Sn-20In-2.8Ag
Sn-5Sb

|
b
f
I
| 158"
i
i
|

1188

i Approx. 7.5 at 25°C, 0.6%
E strain, 1 Hz, 2000 cycles

145%
!
|

|
I Sn-25Ag-0.8Cu-0.58b | 11.1*

Approx. 7.8 at 25C, 0.5%
strain, 1 Hz, 2000 cycles

‘ 35 at strain rate 0.0033/s <X <0.005/s
} 55 at strain rate 0.4/s

1 23.7 at strain rate 0.4/s
i 26 at strain rate 0.001/s

28 at 0.0015 strain rate, 60°C
9 at 0.004 strain rate, 100°C

|14 at 0.083/s strain rate on Cu substrate, 25°C

|

11.5 at 0.00081/s strain rate on Cu substrate, 40°C
7 at 0.083/s strain rate on Cu substrate, 75°C
1 3.5 at 0.083/s strain rate on Cu substrate, 100°C
38 at 20°C; 23 at 100°C
27 at 0.004/s strain rate, Cu lap shear joint, 25°C
39 at 4/s strain rate, Cu ring and plug, 25°C

| 14 at 0.004/s strain rate, Cu lap shear joint
| 55+ /-1, ring in plug test

1 81+/-11, for ring in plug test

| 20 at 0.0001/s strain rate, aged 3 days (Cu)

| 30 at 0.0001/s strain rate, aged 30 days (Cu)
i 30 at 0.001/s strain rate, aged 3 days (Cw)

| 32 at 0.001/s strain rate, aged 30 days (Cu)
1 35 at strain rate 0.0033/s <X <0.005/s

133.1at 20°C

137 at 25°C; 21 at 100°C

.28 at 20°C; 14 at 100°C

Table 11 Loss in shear strength with temperature.

r

Shear strength (MPa)

" [ 9
Alloy composition ; 20C 1 BC ‘ 00C Loss (%)

Sn-40Pb | 340 i ‘ 210 38
In-48Sn ‘ 14.0 | 35 75
Sn-3.5Ag 20 14.0 48
38.0 ; \ 23.0 39

Sn-58b { 37.0 ] 21.0 ' 43
| 28.0 ; 14.0 [ 50
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Holl 717 22HA A EE F2EdH deE o
Hlo] ~ol M EAEHE Qo ol & FEFEE
125C7HA] 227t Lepzieh wEka A ate] 25 o
4% Jel & TCR (Temperature Coefficient
of Resistivity) &= £ 8.3 2o},

R & vAge o ¥ g Holy)
&rj o] Aol Axlr]7] MA] 45 v
2. ]“13}‘3} g4 aE‘]"ﬂ Eﬂﬂ & Bl A%

= 3=
T OH M
o vls) we g}& et A 2 4 sled o
A FFE NAZE WEselGHE A T F

Table 12 CTE data for some Po-free solders.

Table 13 Thermal conductivity data for some Po-
free solders.

Alloy composition Therm?\lvc/cr)rrll%lctmty
Bi-42Sn 21.0 at 85°C
In-48Sn (eutectic) |34.0 at 85°C
Sn-3.5Ag 33.0at 85°C
| 54.3 at 23.9°C (w/o contact
resistance)
36.2 at 23°C (w/o contact
resistance)
28.2 at 222.9C
28.6 at 246°C
29.2 at 266°C
Sn-3.5Ag-1Zn 33.0 at 85°C
Sn-20In-2.8Ag 53.5at 30C
Sn-3Ag 73.0

Alloy composition CTE (X107/K) |
Bi-42Sn 15.0 at 20°C ‘

14.0
In-48Sn (eutectic) 20.0 at 20°C

2.0 at 20C
Sn-3.5Ag 22.0

30.0

23.0
Sn-4.8Bi-3.4Ag 23.0
Sn-20In-2.8Ag 28.0 at 20°C
In-3Ag 20.0
Si 2.6
Cu 16.0-18.0 1
Epoxies 60.0-80.0
FR-4 11.0-15.0 |

At} Bi-Sn g&ol & A& e AL Big A
(11519 0] ¥7] R oz dugch 2k g%
o] BjA S Fuz Yoy Ag=159u82 Sn 3
Pb=10.1x2 Cu=173u2|t}.

AR 2e Ax)71Y Z8239 = (clock speed)
7} F7hela A7) W] 13 n{rt €8 99
A&kl 3™ (impedance) 7} 2 H77F 38 w9
AgEct g Fa3ith 1F g A= 221 &7 (skin
effect) ol <& B2 (bulk) Bo}s EHIHNA o

go ARV 27 wio &g HFEF] W A

o] uf$- F8 ot

ot

Table 14 Room temperature resistivity values for
some solders.

i Alloy composition Resistivity (#GHz £ cm)
| Sn-37Pb 10, 144, 15

} Sn-3.5Ag 10, 12.3

1 Bi-42Sn 30, 34.4, 34

| Sn-50In 14.7, 30

‘l Sn-52In 147

+— Component

) € Solder Rump

Fig. 4 Solder Bumps (joints) subjected to tensile
loading due to substrate flexing (bending)
during handing of the assembly [1].
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