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0.05 wt.% 0.1 wt.%
Ag 0.05
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Research Title: Development of Sn-0.6Cu-0.05Ni-0.005Ge-X lead-free solder
Researcher: Kannachai Kanlayasiri

Faculty: Engineering Department: Industrial Engineering

ABSTRACT

This research was aimed to improve physical properties of Sn-0.6Cu-0.05Ni-Ge lead-free
solder by adding Ag, Bi, , and Sh. These alloying elements were used at 0.05 or 0.1 wt.%.
The physical properties studied were microstructure, melting temperature, tensile strength,
and wettability. Based on the experimental results, when Ag was added at 0.05 and 0.1 wt.%,
(3Sn phase was enlarged while B, , or Sh addition decreased the size of p-Sn phase.
However, the solder contained with Ag or B had a larger eutectic area. When two alloying
elements were added into the base solder at the same time, the size of p-Sn phase was not
changed. From the EDX analysis, it was found that intermetallic phases found in the solder are
composed of Ni, Cu, and . The intermetallic phases found were Cu6Sn5 and (Cu, Ni)6Sn5,
and these compounds was decreased in size and distributed more.uniformly when Ag, Bi, or
was added, but the addition of Sb agglomerated these intermetallic phases. For the melting
temperature, Ag, B, and can be used to lower the solidus temperature, and the lowest
solidus temperature was found when 0.1 wt.% of Ag was added into the solder. However,
when Sb was added, the solidus temperature was not altered, but the liquidus temperature
was slightly higher. addition, adding two alloying elements together widened the pasty
range of the solder. For the tensile strength, the addition of Ag, B, , and Sb did not
statistically affect the strength of the solder with the significance level a = 0.05. Wettability of
the solder on copper substrate was measured in terms of spreading test. It was found that
when 0.1 wt.% of Ag, Bi, or is added, the wettability is improved, but adding 0.1 wt.% of Sb
decreases the wettability. The wettability was also improved when two alloying elements
each at 0.05 wt% concentration were added together. conclusion, based on the
experimental results in this study, the addition of B at 0.1 wt.% into Sn-0.6Cu-0.05Ni-Ge lead-
free solder provided the best overall performance.

Keywords Lead-free solder, SCNG, Alloying elements
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1 [1]
RoHS (The restriction of the use of certain hazardous substances)
Administration on the control of pollution caused by electronic
products  (ACPEP) Japan green procurement  survey
standardization initiative (JGPSSI)
(Pb) (Ho) (Cd) Hexavalent chromium (Cr6t) Polybrominated biphenyls

Polybrominated diphenyl ether [2]

(Lead-free solders)

(Alloy) (Tin-lead solders)
RoHs 1 . . 2006
Sn-Ag-Cu Sn-Ag Sn-Cu
Sn-Ag-Cu
Wave soldering
-3.0Ag-0.5Cu lowa state University
) 5n-3.0Ag-0.5Cu
Sn-Pb eutectic solder -3.0Ag-0.5Cu
217-221°c Sn-Pb eutectic solder 183°c [3]

(A9)
[4] -3.0Ag-0.5Cu

Sn-Cu
(227 C-309°0
PCB (Ni)
[5]
Sn-Cu-Ni Wave soldering (Dross)



(Ge)

(Solderability)

-Cu-Ni
Sn-Cu-Ni-Ge
(227 C - 232 °0
[6]

(Alloying element)

(A9) (Bi) () (Sb)
[7-16]
Sn-0.6Cu-0.05Ni-0.005Ge-X
X Ag, B, Sh Sn-0.6Cu-0.05Ni-0.005Ge
(Tensile strength) (Fatigue strength)
Sn-0.6Cu-0.05Ni-0.005Ge-X
1.2
1 Sn-0.6Cu-0.05Ni-0.005Ge-X -
0.6Cu-0.05Ni-0.005Ge
2) Ag, Bi Sh Sn-0.6Cu-0.05Ni-
3) Ag, Bi, Sh
Sn-0.6Cu-0.05Ni-0.005Ge-X
13
Sn-0.6Cu-0.05Ni-0.005Ge-X
X Ag, B, Sh Sn-0.6Cu-0.05Ni-0.005Ge
2
0.05 01 wt%
ANSI/IPC specifications J-STD 006A Ag, B
01 wt% Sb [" 020 wt%

Sn-0.6Cu-0.05Ni-0.005Ge-X

99.99%
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Ag, Bi, Sb
Sn-0.6Cu-0.05Ni-0.005Ge-X
2 1
0.05 0.1 wt%
ANSI/IPC specifications J-STD 006A Ag, B ! 0.1
wit% Sh 0.20 wt%

Optical emission spectrometer

( ) Differential scanning
calorimeter (DSC)

Universal testing machine
Optical microscope,

Scanning electron microscope (SEM), Energy dispersive spectroscopy (EDS), X-ray fluorescence
(XRF) X-ray diffractometer (XRD) '

15



21
1
2.
3.
21.1
metal)
212

200-300°C

(Soldering)

(Soldering metal)
(Base metal)

(Soldering flux)

2

(Hard soldering Brazing)

450°c

(Capillary action)

(Soft soldering)

(Flux)

450°c

450°c

(Filler

Brazing



2.2

[12]

232

183 °c

90 450 °c

2.1
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2.1
22.1
RoHS
NCMS Pb-free solder project
[16] 2.2
(Binary)
2.3
21 NCMS

21

(Ternary) (Quatrtary)

wetting balance test

<225°c

< 30°

Fmax > 300 uN

to < 0.6
t2/3 <1



21 ( )m NCMS

50%

< 2.9 X 10-5/°C

> 3.4 MPa

2.3 3
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Sn-Cu
(Wave soldering) [16] Sn-Ag-Cu
Ag
[7] 2.4
Sn-0.3Ag-0.7Cu
0.7Cu Sn-3Ag-0.5Cu
SAC -3.6Ag-1.5Cu, -4.7Ag-1.7Cu
(phase equilibrium)

Ag

2.4

2.2.2
(Antimony)

(Bismuth)

Sn-Ag-Cu

-3.5Ag-0.9Cu
-3.66Ag-0.91Cu

16Ph32Bi?

Bi 47%

(Copper)

(Nickel)



(indium)
114 °c
(Silver)
Ag3
3wt.%Ag
(Tin)
Tin Pest, Tin Cry
(Germanium)
0.002%Ge
0.005%Ge
223 Sn-Cu-Ni-Ge
Sn-Cu
Ni
(Valency) (Electronegativity)
Cu Ni
Cub 5 Ni Sn-Cu
1 Sn-0.7Cu-0.05Ni  (SN100C) [17] 2
Sn-Cu 3. Ni
(Wave soldering) Ni
4 Ni
Sn-Cu-Ni 1990 KP. Gupta
[18] -rich
p-Sn, Cu6 5 Ni3sn4 Ni3 2[19]
2.5 [20] Snugovsky
2.5a 0.16wt.%Ni 2.5b 0.07wt.%Ni
CudNiZ3 4
Ni Cu Cué 5 Ni3 4
Ni3 2 (CuNi)6 5

Ni 0-25at%



@

2.5

25 Ni
Sn-Cu

Ni
IMC

10

(b)

-rich Sn-Cu-Ni

Snugovsky et al. b) Vuorinen et al.

2.
Sn-Cu 0-0.1wt.%Ni
-Cu-Ni
Cu Ni
Ni 0 - 0.lwt.% Sn-0.7Cu
primary p-Sn IMC

p-Sn [21]



Cub 5

3
2.7 (Maximum  fluidity
length, Lf) @ Lf
(b)
a (c-f)
(Fluidity length) Fluidity length test
(Planar growth)
2.7c
[21]
T. M. Korhonen [22]
- .bAg Sn-3.8Ag-0.7Cu
- .bAg -
.8Ag-0.7Cu 15 5 250°c.
c. Wang H. Shen [6]
Sn-1.0 wt.% Cu-xNi
0.02, 0.05 0.1 wt.%



Ni3Sna
(Ge) Yen [11] -4.0Ag-
0.5Cu (SAC) -4.0Ag-0.5Cu-0.05Ni-0.01Ge (SACNG)
Ni Ge AC
Ge 2.8
(Anti-oxidation)
Ge GeOr
2.8 Ge SACNG
2.3
231 (Wettability Wetting and Joint)
Formation) [23]
(Wettability)
Wetting force 4

1. (Surface tension)
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2. (Friction)
[
29
3 (Gravity) 2.10
Good wetting Poor wetting
conditions conditions
Substrate Solder droplets
2.9
2.10 Wetting Force
4,
(Diffusion)
Au Ni
(Intermetal.lie
Compounds) Ni Au-Sn

2.11
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Cu

N

£
#s. L AN
Yaqnant

Au-

Cu

Cu
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Aw/Cu
Au
Qu
2.12 3
2.3.2 [23]
2321
2.2 !
(Aging)
2.2 3
63Sn-37Pb
4-8
R RMA
5-10
10-60
245°c + 5°c
1/ + 0.25
5 + 05
2.3.2.2 Wetting balance

Wetting balance

2.13



1
Frrex
2.13
2.3.2.3
2.3.23.1
2.14

16

twet

Wetting balance

Spread test

(Wetting angle)

2.14

(Contact angle)
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2.3.23.2
We -,* fcasl
kfe. f -m-, .V
vi-'s 3i
141 mm?2 193! 1t 2
2.15
2.3.2.33

2.4 Solder Flux
(Soldering  flux)

(Decomposing)

(Spread area)

254 mm2

(Spread ratio)

2.16

(Deoxidize)

Jn-got !

291 mm2
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2.4.1 Rosin Fluxes

' 1 (Resin)
(Oleoresin)
Abietic acid (CI9HZCOOH) 1.08
82°C ' '
3 rosin (R) flux, rosin mildly activated (RMA) flux rosin activated (RA)
flux (Agent)

R

RMA
R flux

RA

2.4.2 Water Soluble Fluxes
(Organic acid : OA)
(Glycol)

OA

2.4.3 No-Cean Fluxes

No-Clean Fluxes

No-clean flux No-Clean Flux
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J-STD-004A
®
4 (RO) (RE) (OR)
(IN) 6
L
M
H
3 (Halide) 0 1
0 1 6 4
6 24 2.3 J-STD-
004A Copper mirror test
Silver chromate Zirconium alizarin

(lon chromatography)

2.17



2.3

(RO)

(RE)

(OR)

(IN)

washable) ,

J-STD-004A

[] 4

(%wt.)

0.00%
< 0.5%
0.00%
0.5-2.0%
0.00%
> 2%
0.00%
< 0.5%
0.00%
0.5-2.0%
0.00%
> 2%
0.00%
< 0.5%
0.00%
0.5-2.0%
0.00%
> 2%
0.00%
< 0.5%
0.00%
0.5-2.0%
0.00%
> 2%

(No dean)

LO
L1
MO
M
HO
HI
LO
LI
MO
M
HO
HIl
LO
LI
MO
M
HO
HI
LO
LI
MO
M
HO
HI

ROLO
ROL1
ROMO
ROM1
ROHO
ROH1
RELO
REL1
REMO
REM1
REHO
REH1
ORLO
ORL1
ORMO
ORM1
ORHO
ORH1
INLO
INL1
INMO
INM1
INHO
INH1

(Water
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Cleaning

medium

None
(No-clean)

Chlorinated
solcents or CFG
113 based

Agueous
(saponifier)

Semiaqueous
(terpenes)

21

24

(23]
Flux type
Rosin Rosin
y j A
(benigr)  (eggressive)
X - -
X X - X
X X X -
X X X X



25 (Base metal) [24]

25

-Pb

(Gunmetal)

25

Al X
Au

Cu
Cu-Cr
Cu-Ni
Cu-Si
Ni

Steel

Sn-bronze
Sn-Pb
Sn-Ni

<X X X X X X X X X X Xx

>x< X X X X

Sn-Zn



25( )

Be
Cr

Ti

RMA

23

Sulphide Tarnish Film

2.6

26.1

(Phase Diagram)

RMA

21

(Free Energy : B
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F=H-TS 2.1)
2.18
(Tm) T1
T2
2.19
96.25n3.8A8
2.18
Ks. Kim
-3.0Ag-0.5Cu, -3.5A8-0.7Cu -3.9A8-0.6Cu

3 2.20
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Solidification \ Solid

Time

2.19
(RO) p-Sn

-3.9Ag-0.6Cu 2.20

-3.9Ag-0.6Cu -3.5Ag-0.7Cu
(MC)
-3.0Ag-0.5Cu
RC RC
(SC) -3.9Ag-0.6Cu
Ag [25]

2.20 -3.0Ag-0.5Cu,  -3.5Ag-0.7Cu -3.9Ag-0.6Cu
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2.6.1.2 N
Differential scanning calorimetry

Differential scanning calorimetry (DSC)

Endothermic
(AH)

221

Sn-Ag-Cu

Temperature >

2.21 DSC

2.6.2

Sn-Pb

222 ab c

140 °c



2.22
150°c. (a) as-cast (b) 24

[23]

(Secondary phase)

2.6.3

Sn-Pb

2.23

21

-Pb

(c) 288

(Actuation Energy: Q)

0.3

(Primary phase)
Pb

0.5

2.22
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2.23

2.6.4

N

)
YagLnant

) )

o224 | }
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2.6.411 [27]
99.99 %
1
(92.5%A8-7.5%Cu)
2 (Substitutional)
(Interstitial)
2.25
2

15% 15%

(Intermetallic  Compounds)



+2

Factor,APF)

10%)

2%
0.124

(Screw dislocations)

2.26

2.25

30

0.128 0.125
19 18 +1

(Atom Packing

0.071

(Edge dislocations)

(Burgers vector)
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2.6.4.2

1 (Grain boundary strengthening)

2. (Solid solution strengthening)

3. (Dispersion strengthening)

4, (Strain _hardening or Work hardening or

Cold working)

2.27

22

2

<ry=°0+kyd -



3

a d @0 K
2.
99.99% 96.5%
2.28a 2.28b
2.28 - a) b)

b)
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[27]

20%Ni

2.29

34

2.29
2.29
Cu-10%Ni

0,000

30.000
| 20.000

10.000

Percent alloying dement
(Dispersion strengthening)
(Percipitated Phase)

2.30

Cu-



3
4.
2.30
)
2.6.4.3
2.6 3
Cu- Cu6 5
Cu3Sn
A8-Sn A8jSn
Sb-Sn SnSh
- 5
4
Ni- Ni3sn,,
Cu-Ni- (Cu,Ni)6

Bi-

(6]0]
415
676
480

796

3

(8/cm3)
8.37
9
9.63

8.64

3

3 °3 3 *

9 33 °

Good

Good

(GPa)
95-137
115-152

66-93

119-152
145-206

3

VsS.

VS.

<3

Poor

Ref
[28]
[28]
[29]

[28]
[28]

2.6
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2.6.5
2.6.5.1 (Tensile test)
231
/0 Reduced area /0
Gage length 0 Fillet
(Universal test
machine) UTM
Al Extensometer P Load cell
Software (kN)
(mm) Monitor (Max load) (Force at yield)
(Force at fracture) 2.32
231 Gage Length 0)
( 0 0)
Extension ( )
2.32

(Stress @ a ) (strain : )
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2.6.5.2 (Stress)
Stress
(-"-) (Pa)
106 Pa Stress
kpsi 103 psi 1 MPa
2.3
F
a = —
A
a Stress
A
A
(A0) Stress Engineering stress,a eg
(At)
Stress True stress, (J,nw
= F_
~TT
2.6.5.3 (Strain)
(Strain)
(1) (infin)
length
Al /0
Strain 1
2.6

MPa 1 MPa

(Ib/in.2 psi 1

145.0377 psi
(2.3)

2.4 A
25

(2.4)
(2.5)
Gauge

Engineering strain,£mg

26
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Incremental strain, ds = 7
*

Integrate True strain Logarithmic strain
2.7

no= - (27)

Nominal stress

Nominal strain True stress True strain
2.33
Nominal 1
2.33 Nominal Nominal strain True stress
True strain
2.6.54 (Test specimens)
ASTM
ASTM 3
1) Plate-Type specimens 4
2) Sheet-Type specimens 2.34 2.35
3) Round specimens 2.36

2.34



2.36
2.7
-Cu
2.7.1
2-3
Huh [13]
4 221y c
216°c 2
226°c
-C
217°c

39

A81Bi, Cu, Ge, , Ni Sb

A8 lwt.%
221y c Sn-Cu
A8 0.5-lwt.%

Sn-0.7Cu-0.5Ag
217°c 3

Sn-0.7Cu-l1A8

2.7

SCOo7

225°C

2.37
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>L<>p- +CuBSn5+ A83 (218*0
2)L<->p- + Cu6sns (218-226*0
3) L<->p- (226-227°0
2.37 A8 Sn-0.7Cu
2.7 ) Gl
1 2 3 4
227.3
- .7Cu = - - L <-> +
Cu6Sn5
Sn-0.7Cu-0.5A8 216.5 217.2 224.7 225.5
Sn-0.7Cu-l1A8 216.7 2175 222.9 224
L <> +
L <> + Cu6Sn5 + A83 nes L<>( )
Scheill 2.38
-0.7CU L <> p- + CubSn5
227°c 80% 2 L <-> p-Sn
A8 217°c L <> p-
+ Cu6 5 + AS83 15%
214-215°c '3 4

L <-> p-Sn

226°c



2.38
Cu-Ag
Yang [14]
2.39 Ag
217°c
3 2
227°c Cu
Ag
2.39
240 [31] Bi

Ni

41

Mass Fraction of Solid

Ag, Bi, Cu Ni
SAC
SCO05 2
+ Ag3Sn + Cu6 > L
+ Cu6 > L
p- > \lt 232°c
2
Ag Sn-0.5Cu

Sn-0.3Ag-0.7Cu

Ag 217
Ni

°c



42

V'
y /m "‘
s
-15 !
-------- Su0.3A20.7ai
........ Sn0.3A20.-ai0.05Ni
- Sn0.3Ag0.7ai0.10Ni
------ Si10.3Ag0.7C-u0.15Ni
B wm owm B oW B
Temperature°c* TemperatureC
2.40 Ni Sn-0.3Ag-0.7Cu
Kanlayasiri [32] 05 - 3wt%
' Sn-0.3Ag-0.7Cu 21.7 11.5°c
3wt.%
32.5°c Huang Wang [33]
Bi, Cull 241 2-5wt.%
Sn-Ag
B Cu
0
(a) Sn3.5AgSIn A ( Gnst209.2v ‘¢
2 Peak 254 .8/
0 \l
. (b) 33Ag2In \ Tonseta135¢ '
\ Peak 218-28"c
6 :
-(c)Sn3.5A¢ Onset221 3dc 1
_ 132 Peak 22350°c 1
I i ; 1
2 o -(d) 3.8Ag0.7Cu Qfj-J1217 R
%ﬂ _a Peak 213 50'C |
I 0
-2 . (€  .8Ag0.7Cu2BI \ Onset 213.08"c
4 Peak A
0 !
2 - 38Ag07Cu4Bi N Onset206.40 v
2-9 J Pea<7 .34*c
) L
150 200 250
Temperature (°c )
2.41 Bi Cu

-3.5Ag Sn-3.8Ag-0.7Cu



El-Daly [34] Ni Sh

SAC105 2.42 SAC105 216.4 226.2°C

0.06wt.%Ni 0.5wt.%Sb
217.0 226.6X Ni 2195 227.3°c Sh

2.42 Ni Sh SAC105

Lee [35] Sb -3.5A8
0-2wt.% DSC solidus liquidus
2.43 solidus liquidus -3.5Ag Sh
-A8-Sb 1.5wt.%
-3.5A8
Ag Sn3Agl OSb 3Agl 5Sb 3Ag2.0Sh
2.43 Sh

2 NCMS
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A§ B, Cu Ga, ,Pb,Sb  Zn
2.8 [36]

T, = 232°C- 3.1WAg-1.6WBI-7.9W Cu-3.5WGa-1.9WIn-1.3WPb+2.7WSb-5.5W 7/ (2.8)

°c , X wt.%
A8<3.5, Bi<43, Cu>0.7, Ga<20, <25,
Pb<38, Sh<6.7 Zn<6

2.7.2
Sn-Cu
- Cué 5 -
Huh [13] A8 O-lwt.%
Sn-0.7Cu 2.44
Sn-0.7Cu
A8 30 - 50 (. 10 -
20 A8 0.lwt.%
A8
XRD -
Cu6Sn5 A8 lwt.%
A83 A8 »
A83 0.1wt.%AS8 A8
Cu6Sn5

Cu A83
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2.44 Sn-Cu-Ag a) -0.7Cu, b) Sn-0.7Cu-0.l1Ag, c) Sn-
0.7Cu-0.3Ag, d) Sn-0.7Cu-0.5Ag, e) Sn-0.7Cu-lAg

Ag 1 4wt.% Reid
[37] Ag
Undercooling
Ag
4wt.% Ag3n

2.45

(»)  ..JjAg]| .|Cux< (SACIOS) (b) ?7,Ag.nCup, (SAC205)

() .6,Agj<,c»,i 5(SACIOS) <d* , jAXioCu, 5(SAC405)
2.45 Sn-Cu-Ag a) SAC105, b) SAC205, ¢) SAC305 d)

SACA405



Hung

wt.%

Bi
4wt.% B
Ag3Sn Cu6Sn5
Ag3Sn Cu6ésn5
B
-3.5Ag

Ju

energy)
Cu

2 1.
2
Et-Daly [34]

0.06wt.%Ni
p- ,Cu6 5 N3 ,

2wt.%Bi

46

B -3.5Ag 2 4
Ag3 1pm
B 4wt.%Bi
4wt.% B '
2.46a
-3.8Ag-0.7Cu-2Bi
-3.8Ag-0.7Cu-4Bi 2.46b
Ag3
-3.5Ag-2In -3.5Ag-5In
-3.5Ag Ag2 2-3
-3.5Ag-xIn
[38] ' B SAC305
Bi Cu
Sn-Cu Bi
Bi (Interfacial
Bi
Bi
Cu
Ni Sb Sn-1.0Ag-0.5Cu 2.48
primary p-Sn SAC105
Ag3 ' Sb p-Sn
SAC105
Ag3n Cu6 5 Ni p-
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p-Sn Sh
p-Sn
Cu6Sn5 A83 : SnSh Sh
Sb
2.47 a) SAC (105), b) SAC-0.06Ni c) SAC-0.5Sb
Lee [35] Sh -3.5A8
0 - 2wt% Sn-A§
p- Ag3sn 2.49 A83
1 Dispersion Hardening
Sh
2.48
a) b)
2.48 a)Sn-3.5A8 b) -3.5Ag-2Sb
Ventura [21] Ni 0-0.1wt.% -
0.7CU Ni p-Sn
Cu6sn5
Ni 2.49

500-600 ppm Ni
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2.49 Ni @) 0 ppm b) 200
ppm ( primary dendrite) c) 200 ppm ( Eutectic structure) d) 300
ppm e) 400 ppm f) 500 ppm

2.7.3
Yang [31] B Ni Sn-0.3Ag-0.7Cu Sn-0.3Ag-
0.7Cu-XBi (x=1.0, 3.0, 4.5) Sn-0.3Ag-0.7Cu-XNi (x=0.05, 0.10, 0.15)
Wetting Balance Test B
Sn-0.3Ag-0.7Cu Wetting Time
Wetting force Bi
Sn-0.3Ag-0.7Cu-3.0Bi
Wetting time Wetting force Ni Bi
Wetting force Wetting time 2.50
Bi % M%
2.50 a) Sn-0.3Ag-0.7Cu-xBi b) Sn-0.3Ag-0.7Cu-xNi  240°c
0.3wt.%Ni Sn-0.7Cu
Rizvi [39] Sn-0.7Cu Sn-0.7Cu-0.3Ni
Cu Ni Wetting balance test 255, 275

295 °c 251 0.3wt.%Ni Sn-0.7Cu
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'y ' Non activated (R)
Ni
Sn-0.7cu
Wetting force

Wetting balance test

= m  SnCu with NC-fluN
SnCu with NC-flux

t  1SnCu with R-flux

| I SnCu with R-flux

m B SnCu with - flux
I I'SnCu with -flux

{ SnCuNi with NC-flux
SnCuNi with R-flux

esa SnCuNi with NC-flux
R&Sfl SnCuNi with K-Dux

i==1 SnCuNi with - X
SnCuNi with WS-flux
255 275 295 255 275 295
Solder Bath Temperature (X) Solder Bath Temperature CO
a) b)
2.51 a) b)
(A9)
SAC Tai
Ag 0-5%wt. Sn-Cu

GB11364-89 “The Testing Method of Spreadability and Clearance Fillability
of Solder” 280°c
2
2.52
Ag
Ag Sn-0.7Cu  0.5%wit. [°/owt. [40]



2.52

(5]

balance RMA
Sn-0.3Ag-0.7Cu
Wetting force

SA30AQ 2)
05CU

2.53  Wetting force

Sh 0-20%

5at%Sh

10at%Shb
[41]

50

Ag

Sn-0.3Ag-0.7Cu

Wetting
Wetting time Wetting force 2.53
Wetting time
$0-0.3Ag- -0.3A& So-O-lAtf- -O"Ao

0.7Qj-05ti  07Q>15h  0.7Qi-20h  0.7CU-25* Solder

Wetting time

(Viscossity) Mudry
227-727°C
400°c

-5Sb

450°c



2.7.4
Huh

- .?Cu

[13]
2.54
(0.2% proof stress)
3.47x10 VS 1
Ag

Ag

Iwt.%
Sn-0.7Cu

2.54
p-Sn
p-Sn
Ag

Ag

0.0

2.54 Ag

Sn-Cu-Ag

Huang
0.7wt.%Cu 2
103 '1

Wang [33]
4 wt.%Bi 2
23°c

Bi
2wt.%Bi

Sn-0.7Cu

51

Ag O-lwt.%
Ag (Tensile stress)
Sn-Cu-Ag
0.lwt.% Tensile stress Proof stress

Tensile stress Proof stress

Ag 0.3wt.%
Sn-0.7Cu
Ag
%
Sn-0.7Cu
0.3-0.5wt.% % 50%
—-*-0.2% proof stress
— A — Elongation
02 04 0.6 08 10
A g content, /mass%
0.2%
Bi, Cu
5 wt.%1 -3.5Ag
2.8 0.7wt.%Cu
-3.5Ag
Sn-Ag-Cu
47% 4wt.%Bi

-Ag-Cu

Bi

(Strain rate)



Bi
B
- .5Ag-XIn Bi
2.8
Alloy ob (MPa) 002 (MPa) 65 (%)
-3.5A8 52.0 + 3.8 424 + 2.4 48 + 4
-3.8Ag-0.7Cu 53.5 % 4| 43.2 + 2.6 40 £ 5
-3.8Ag-0.7Cu-2Bi 76.5 + 5.2 49.8 + 3.9 39 + 4
-3.8Ag-0.7Cu-4Bi 101.0 + 6.9 62.3 + 5.3 28 + 6
-3.5Ag-2In 59.8 + 5.4 43.8 + 3.9 52+ 5
-3.5Ag-51n 64.2 + 5.6 442 + 32 39+ 6
Hammad [42] Ni (0.05 and 0.1
wt.%) Sn-0.5Ag-0.7Cu 4.7 x 10'3
Work hardening Dislocations unpinning 2.56
UTsS, YS El.% Ni
SAC0507 0.1wt.%Ni
Ni 0.05wt.% SAC(0507)-0.05Ni
SAC(0507)-0.1Ni SAC(0507) p-Sn
N [N *, 1
g+ SAC (05 <M |t B-mn 2 Sacats0 " oftsur)
2.55 a) (") (Ys)
b) % (EL)
Li [15] Sb
3.5Ag-0.7Cu 25,75 125°c
logarithm 2.56
3

52

-3.5Ag-0.7Cu
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-3.5Ag-0.7Cu-2.0Sb

25°c 3.5A8-0.7Cu-1.0Sb
102 1 -3.5Ag-0.7Cu-1.0Sb
20% 25
125°c - .5Ag-0.7Cu
Sb
3.5Ag-0.7Cu-1.0Sb 5b
Solid solution hardening Particle hardening

[5] 0.5 and 3.0 wt.%

Sn-0.3Ag-0.7Cu 2.58

Sn-0.3Ag-0.7Cu
-37Pb -2.0Ag-0.5Cu

-2.0Ag-0.5Cu-3.0In

2.56 Strain rate uTs a) 25, b) 75 c) 125°c
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Zhu
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-0.6Cu-0.05Ni-0.005Ge 3

31
4 Sn-Cu-Ni-Ge
99.9 - 15

2 99.9

300 30
31

3.2 Optical emission spectroscopy

Optical emission spectroscopy THERMO ARL 3460 3.2

31



31
Composite
SCNG
SCNG+0.05A8
SCNG+0.1A8
SCNG+0.05Sb
SCNG+O.ISh
SCNG+0.05In
SCNG+O.lin
SCNG+0.05Bi
SCNG+O.IBi
SCNG+Ag-Sb
SCNG+AS-In
SCNG+Ag-Bi
SCNG+Sb-In
SCNG+Sh-Bi
SCNGHn-Bi

Cu
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60

56

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

Ge
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

Sh
0.05
0.1
0.05
0.1
0.05 0.05
0.05
0.05
0.05
0.05

0.05
0.1

0.05

0.05

0.05

0.05

0.1

0.05

0.05
0.05



3.3

331

34

100

10

3.3

300

400

3.4

3.3

800

51

1200

100, 400, 800, 1200, 2000

2000 4000

24

4000
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1 0.3
35
5
3.3.2
(Electrolytic polishing and etching) Struers LectroPol-5
2% [43] 0.5 5 2
(Optical microscope)
(Scanning electron microscope) Energy dispersive

X-ray spectrometer
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3.33
Optical
microscope Zeiss  Axiolab 500 3.7
3.7
3.34
JEOL JSM-6610LV 3,000
(Energy
dispersive x-ray spectroscopy, EDS) Oxford link ISIS series 300 3.8

3.8
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3.35
15 Image-pro express
39 2 31
A
h 31
L (3.1)
h (pm)
A (pm2)
L (pm)
' Solder
3.9
3.4
ASTM E8M
CNC emco PC TURN 50 3.10
311 =125 , =14 ,
=25 , =16 , =313
, =95 ASTM ESM 6.11

Universal



testing machine Testomertric
10
Crosshead 5
3
Elongation 0.1
(Elongation)

100, 200, 300, 400

61

500 MPa

AX-100kN

3.12

(UTS)

25°c

Force



62

3.12 Universal testing machine (UTM) Testomatic ~ AX M500-100kN

35
Differential scanning calorimeter
NETZSCH DSC 204 Fl Phoenix 3.13

JS Z 3198-1 10
25 °c 260 °c (Heating rate) 10 °c
(Flow rate).
50 Peak

temperature Onset temperature Liquidus Solidus



3.6

(Wettability)

Ra = 0.05 Jim

63

3.13 .Differential scanning calorimeter NETZSCH DSC 204 FI

6.55
30x30

(Ultracore Co.,Ltd)

3.2

3.3

[44]
16 3.14
100 °c 2
3.15
¢ RMA PF25C (Halide) 0.05%
3.16 0.02
260 °c 10
3.17
| |
R=-100 (3.2)
D= 1.24V13 (3.3)



64

£
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3.17 ) )

3.7

Struers Minitom 3.3

3.8
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4.1

41.1

4.

4.1.2

Eutectic
(Cu,Ni6 5
EDX

90% [45]

1

phase

Cu6Sn5

-Cu

4.1 -0.6Cu-0.05Ni-Ge

Sn-0.6Cu-0.05Ni-Ge

EDX
SAC305, SCO7 SCNG
EDX 3 1.
3. IMC
4.2
SCNG p-Sn

Eutectic phase

(Phase diagram) Ni
(Cu,Ni)e 5 p-Sn



Ag3

1 Electro* Image 1

Spectrum 1

Spectrum 2

*Spectrum 3
4.2

p-Sn

Cué 5

20um

Cu6Sn5

*  Electronimage |

Spectrum 1

Spectrum 2

Spectrum 4
4.3

p-Sn

Atomic%

Cu Ni Ge

99.7 " 0.3

851 1416 0.59 0.12

94.82 5.18
SCNG

EDX

4.3

Atomic%

Cu Ag

99.81 - 0.19

42.76 56.78 0.45

94.68 0.4 4.92
SAC305

EDX

4.4

Phase

p-Sn
+(Cu,Ni)6Sn5
Sn+Cu6Sn5

SAC305
A83

Phase

P-Sn
Cub 5+A8
P-Sn+A83

SAC0307
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Atomic%
Phase
Cu A8
20 ' Electron Jof1
Spectrum 1 8885 835 280 p- +Cu6 5
Spectrum 3 99.02 0.08 0.9 P-Sn
- Spectrum 6 88.19 171 10.09 p- +A8%n
4.4 SAC0307
EDX SCO7
p-Sh Cu6 5
45
Atomic%
Phase
Cu
20pm ‘e Efedron Imaoe 1
Spectrum 1 73.33 26.67 P-Sn+Cu6 5
Spectrum 2 99.81 0.19 P-Sn
Spectrum 3 100 - P-Sn
Spectrum 4 93.17 6.83 P-Sn+Cu6 5

4.5 SCOo7
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4.1.3
SAC305 SC07 -0.6Cu-0.05Ni-Ge (SCNG)
2 4.6
Huh [13] SCco7 X-ray
diffraction 2 p-Sn Primary Phase
Eutectic phase Cu6é /p-Sn Primary p phase
(Equiaxed grain)  Gourlay [46]
Sn-Cu %Cu SCOo7 SCO06
Equiaxed grain (Solidification range)
Equiaxed dendrites Eutectic SCOo7
[13] 4.7 0.05%Ni
Sn-0.6Cu p-Sn phase 125.6
789 |1 2 Ni
p-Sn Ni Cu Cu
Eutectic 4.7 Phase diagram 0-0.1
wt.% Ni Sn-0.7Cu-xNi Eutectic 0.89wt.%Cu [21]
SAC305 4.8
Eutectic mixture 2 p-Sn
Primary phase Eutectic phase Ag3Sn/CubSnIp-Sn
Primary 1811.7 pm2 Primary dendrite
Lamellae
Reid [37]
4.6 SCo7
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4.7 ) Liquidus projection Sn-Cu-Ni ) SCNG
4.8 ) Liquidus projection Sn-Cu-Ag )
SAC305
4.9 0.05wt.%Ag
0.1wt.%Ag SCNG
Primary grain p-Sn phase Equiaxed dendrites
Lamellae dendrites [37] Lamellae p-Sn phase
0.05 0.1 wt.%Ag Primary phase
118.44 124.2 pm2 Eutectic Ag
p-Sn Phase 0.07 wt.%Ag Eutectic
Ag3Sn Huh
[13] Ag 0.1wt.%
4.10 0.05wt.%Bi 0.1wt.%Bi
SCNG
Primary grain p-Sn phase Equiaxed dendrites
78.9 pm?2 SCNG 44.93 59.02 pm2
Bi Primary Phase (Lattice

distortion)



Primary phase
4wt.%
[33]
49
4.10
411
p_
Eutectic IMC

[47]

n

IMC [38]

SCNG )

SCNG )

0.05wt.%AS8

0.05wt%Bi

SCNG

56.09
p-Sn [33]

77.66

6.3wt.%

) 0.1Wt.9%A8

) 0.1wWt.%Bi



4.11

4.12
0.1wt.%Sh SCNG
Primary grain
Eutectic
Sh

[34]

4.12

SCNG
Primary p Phase
SCNG

p-Sn Phase

p-Sn Phase

2

SCNG )

SCNG )
0.1wt.%Sh

Ag,

B-l

Eutectic phase

0.05wt.% ) 0.lwt.%
0.05wt.%Sb

Equiaxed dendrites

SnSb Sh

Solid solution hardening

0.05wt.%Sb )
Sh 0.05wt.%
4.13 4.14
2
Ag Sh
Bi-In Eutectic

Eutectic
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413 SCNG )Ag-Bi ) Ag-n ) A§-Sb ) Bi-In
) Bi-Sb ) -b

L A Y o [ v = =2 & 1 Y o v ¢ Y ¥
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4.1.4 (SEM)
(SEM)
EDX
4.15 4.16
) )
4.15 - .6Cu-0.05Ni-0.005Ge
) 500 ) 3,000
(SEM) EDX 4.2 -
.6Cu-0.05Ni-Ge p-
p-Sn EDX (Cu,Ni)6 5
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02 Ge

A8, Bi, Sb

4.16
) Sn-0.6Cu-0.05Ni-Ge+0.05A8

4.17
) Sn-0.6Cu-0.05Ni-Ge+0.05Bi

GeOx [11]

3,000
) Sn-0.6Cu-0.05Ni-Ge+0.1A8

3,000
) Sn-0.6Cu-0.05Ni-Ge+0.1Bi
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‘)

4.18 3,000
) Sn-0.6Cu-0.05Ni-Ge+0.05In ) Sn-0.6Cu-0.05Ni-Ge+0.1In
) )
4.19 3,000
) -0.6Cu-0.05Ni-Ge+0.05Sb ) Sn-0.6Cu-0.05Ni-Ge+0.1Sb
4.20 3,000

Sn-Cu-Ni-Ge+0.05Ag+0.05Bi



4.22

4.23

"

-Cu-Ni-Ge+0.05A8+0.05In

3,000
Sn-Cu-Ni-Ge+0.05A8+0.05Sb

3,000
Sn-Cu-Ni-Ge+0.05Bi+0.05In
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4.24 3,000
n-Cu-Ni-Ge+0.05Bi+0.05Sb

4.25 2,000
Sn-Cu-Ni-Ge+0.05In+0.05Sb

4.16-4.25 15
(SEM) EDX
3
Ni, Cu Atomic percent Sn-Cu-Ni
(Cu,Ni)6 5 p-
(Cu,Ni)6 5
Ni (Solidification)  [48]
(Cu,Ni}6 5 Sn-0.6Cu-0.05Ni-Ge
A8 IMC
p- Bi
p- IMC
Sh

IMC Sn-0.6Cu-0.05Ni-Ge



4.2

calorimeter (DSC)

temperature

4.26

4.1

SCNG

+0.05Ag

+0.1Ag

+0.05Sh
+0.1Sb

+0.051

+0.1

+0.05Bi

+0.1Bi
+0.05Ag-0.05Sh
+0.05Ag-0.05In
+0.05Ag-0.05Bi
+0.05Sb-0.05In
+0.05Sb+0.05Bi
+0.05 +0.05Bi
SAC0307

SCo07

SAC305

Onset temperature

Onsettemperature
CcoO
229.1
227.9
226.3
228.4
228.8
227.6
228.0
228.3
2271
2271
227.3
227.0
228.9
227.9
228.1
219.4
227.6
217.1

19

4.26

Liquidus

Peak temperature
co
232.0
233.0
230.3
231.7
233.0
232.0
232.0
232.3
230.3
232.3
230.7
231.7
234.0
231.7
233.0
230.0
233.0
221.9

Differential scanning

Solidus

Melting range
CcoO
2.89
5.10
4.02
3.20
4.20
4.33
3.97
3.99
3.20
5.17
3.36
4.63
5.07
3.78
4.89
10.60
5.34

4.88

Peak
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41
(Solidus) -3Ag-0.5Cu 2171 °c
Sn-0.6Cu-0.05Ni-Ge  229.l1°c
(Melting range) 0.05wt.%Ni 0.01wt.%Ge
Sn-Cu Yang
Ni Sn-0.3Ag-0.7Cu
[14] Ni
-Ni 0 - 43at%Ni '231.1 °c
2.89°c
421 Ag, Bi Sb 0.05wt.%  o.lwt.%
Ag, B
0.1wt.%Ag 226.3°C 230.3°
[36]
Sn-Ag Ag
4.28
(Endothermic  peak) Ag3n
Sn+Ag3 +Cub 5-> L 217°c [14]
3
0.1wt.%Bi
227.1°c 230.3°C Phase diagram  -Bi
B 232°¢ 139°c  sn-ssBi 232°C
139°c -22Bi Bi
[33] 0.1wt.%In
221.6°
Owt.°/o-Iwt.% -
4.32
[32] 0.1wt.%Sh
4.29
Sb
2
4.30 Ag B, Sb
227.1°, 227.3°c 227°c
Ag 230.1°c
Sh 234°c
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4.27 1 Sn-0.6Cu-0.05Ni-
0.0IGe ) s N )

4.28 DSC profiles ) Sn-0.6Cu-0.05Ni-0.01Ge ) Sn-0.6Cu-0.05Ni-0.01Ge+0.1A8



4.3

Elongation

82

4.30

Universal testing machine

(Stress - strain curve)

4.31

431

ASTM E8M

Force
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4.2

50

45

40

35

3

o

25

20

Solder

SCNG

+0.05Ag

+0.1Ag

+0.05Bi

+0.1Bi

+0.05

+0.1

+0.05Sh

+0.1Sb

+0.05Ag+0.05Bi

+0.05Ag+0.05In

+0.05Ag+0.05Shb

+0.05In+0.05BI

+0.05Sb+0.05Bi

+0.05Sb+0.05In
-0.7CU

Sn-0.3Ag-0.7Cu

Sn-3Ag-0.5Cu
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Tensile strength (N/mm?2)

4.32

+0 T

Mean
32.88
31.80
31.40
32.75
32.37
33.22
30.62
33.55
32.59
32.68
30.43
3T, 6
33.09
31.98
31.10
39.15
31.73

47.34

Elongation (%)

+© fo
o

+° 7

+
Solder

+20 Ag©O q

"8
+O0TWg oa |

+

Mean
126.41
118.77
127.85
119.79
122.58
113.60
123.55
113.25
107.74
120.60
126.94
133.15
120.56
112.25
122.23
105.66
128.44

131.00

| |

+ o0

N

40T ~©T

", O©T

o
o

th
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4.33
4.32 4.33 SCQO7, SAC305
SAC0307 -0.6Cu-0.05Ni-Ge (SCNG) uTsS
SCNG UuTS 32.882 MPa SAC0307 31.73 MPa
SCO7 SAC305 39.152 47.342 MPa
Elongation SCNG SC07, SAC305
SAC0307 SCNG 126.4% SAC305
SAC0307 / SCo7 105.6%
SCNG Ag, B, Sb
0.05%wt 0.1%wt Ag 0.05 - o.lwt.% uTsS
0.1wt.%Ag 31.40 MPa Elongation 127.85%
P-Sn Ag 4.9
Ag3Sn
Huh [13] Ag
O.lwt.% uTs Elongation
Ag Solid solution
strengthening Ag Primary p-Sn
43 Ag 4
pm Precipitation Hardening
(Peak)
0.1wt.%Ag Ag3n > L Ag
Primary p-Sn Phase Grain

boundary hardening Elongation
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4.3 3
Cu Ni Ge Ag B Sb
¢ 0.140 0.128 0.124 0.122 0.144 0.156 0.167 0.140
0.1wt.%Bi urs %Elongation 32.37 MPa
122.58% Ag Bi Primary 3
Phase B p-Sn Phase Awt.%
B B Ag
[33] Precipitation Hardening
Ag3n Solid  solution
strengthening Bi B
0.lwt.% urs %Elongation 32.37
MPa 122.58% Bi Bi
Primary p-Sn Phase p- Phase 0.lwt.%
0.05 0.1 wt.% p-Sn
0.1 wt.%
Bi 5] SAC0305
Huang Wang [33] - .BbAg %Elongation
Sb . " UTS 0.05wt.%
0.1wt.%Sh uTs 33.55 32.59 MPa
Solid solution strengthening Sh Precipitation hardening Cu6ésSn5
Sh Strain
rate [15]
SCNG Ag, Bi Sh
2 0.05%wt Bi
33.09 MPa
uTts SCNG
0.05%wt
112.2% - 118%
0.1%wtSb %Elongation 126.4% 107.74%
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44
Solder uTS Tem, Strain Reference
(MPa) rate
SCO7+0.1Ni 3405 25¢c, 0.012 s, [42]
SQo7 33 25 C, 0.01 S, [49]
SQo7 28 25 C, 0.012 S-I, [50]
SAC305 565 25C, 0.001 S-I [51]
SAC305 469 25C, 0.357 Sl [5]
SAC0307 46 25 ¢, 0.001 S-I [51]
SAC0307 31.9 25C, 0.357 S-I [5]
4.4
(Wettability)
Wetting force
tension) (Friction) (Gravity)
1
0.05wt.% 0.lwt.% 5
SAC0307, SAC305 SCQ7
SCNG SCNG
SAC305 SCo7
73.75% 74.09% Ni
Ge 0.005wt.%
Ge <2
[11] Ni
Cu
(Thermal aging) [52]
Ag, Bi, Sb 1 4.35
B Ag
75.19%
O.lwt.%
Ag Wetting time
[53] B

[54] Bi

(Surface

4.34

74.40%
SAC0305
0.05wt.%

Cu6sn5

Ag,
O.lwt.%

B
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Ag B
Wetting time [32]
Sh 0.1wt.%Shb
73.69% 0-5wt.%Shb 255°c [41]
75.00
74.50 2440
74.29
74.00 77.98
73.66

J: 73.50
72.50
72.00
_ 1 SCNG SAC0307 Sco7 SAC305

4.34 :

4.35 1 SCNG
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4.36

4.5

Sn-Cu

45.1

500 4.37
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Sn-Cu-Ni-Ge

Sn-Cu-Ni-Ge+0.05Sb

-Cu-Ni-Ge+O.

-C -Ni-Ge+0.05Ag+0.05Sb
4.37

89

Sn-Cu-Ni-Ge+0.05A8

Sn-Cu-Ni-Ge+0.1Sb

Sn-Cu-Ni-Ge+0.05Bi

-Cu-Ni-Ge+0.05Ag+0.05In

Sn-Cu-Ni-Ge+0.1A8

Sn-Cu-Ni-Ge+0.05In

Sn-Cu-Ni-Ge+0.1Bi

-Cu-Ni-Ge+0.05Ag+0.05Bi
200
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Sn-Cu-Ni-Ge+0.05Sb+0.05In  Sn-Cu-Ni-Ge+0.05Sb+0.05Bi  Sn-Cu-Ni-Ge+0.05In+0.05Bi

437 ( ) 200
452
10,000
4.38
-Cu-Ni-Ge Sn-Cu-Ni-Ge+0.05A8 Sn-Cu-Ni-Ge+0.1A§
Sn-Cu-Ni-Ge+0.05Sb Sn-Cu-Ni-Ge+0.15b Sn-Cu-Ni-Ge+0.05In
4.38

10,000 Secondary electron



o1

-Cu-Ni-Ge+O. Sn-Cu-Ni-Ge+0.05Bi -Cu-Ni-Ge+O. IBi

-Cu-Ni-Ge+0.05A8+0.05Sh Sn-Cu-Ni-Ge+0.05A8+0.05In Sn-Cu-Ni-Ge+0.05A8+0.05Bi

Sn-Cu-Ni-Ge+0.05Sb+0.05In Sn-Cu-Ni-Ge+0.05Sh+0.05Bi Sn-Cu-Ni-Ge+0.05In+0.05Bi

438 ()
10,000 Secondary electron
(SEM) EDX SEM
EDX
, Cu Ni EDX
1 , Cu, Ni Ge 4.39 4.40
EDX (Cu, Ni)6 5

1 70.78 at.% , 25.81 at.%Cu 3.41 at.%Ni
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2 56.23 at.% , 39.41 at.%Cu
2-9 '
(Cu, Ni)6SN5
' Ni
(Cu,Ni)6Sn5 Cu6Sn5
(Cu,Ni)6Sn5 Cu6sn5
Cu6 5
4.39 EDX
(1V11/3013 OTM)
time  Spoct EI«?*nt Atonic
' K B
o 2 o j%
Total . too 00 @
. 10 1i 10 : u. o » ) 102
4.40 EDX
Line Scanning
441
Cu

(Diffusion . couple)

4.36 at.%Ni

Cu6Sn5

EDX



(rek,.)

(-"» Ks)

93

260 C

(Impurity diffusion)

1
c
Q
K
A
V
Ks
5
K
K

c = Cs(l-e vKi)

(cm/s)

(cm3

1N 1030
K =-D +K

(cm)

«

10

(Interdiffusion)

(Mass transfer)

2.
Berthoud Equation [57]

4.1)

t (at%)
(at%)

(em2

4.2)

(cm2s)
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4.41 Line scanning Cu
(Arrhenius) 43
K = Dce'KT 4.3

Do
R (1.987 cal/mol - k)
T (K
Q (B3 (cal/mol)

453

Image-pro express 4.42
(Cu, Nix6 5 Sn-0.6Cu-0.05Ni-Ge

(Cu,Ni)6Sn5 Cu
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2.5000

Bm

== 2.0000

g 6

1.5000
1.0000

0.5000

0.0000

«

. —oT e thh yeoso

4.42
4.42 A§, Bi Sh 0.lwt.% 0.05wt.%
Tukey Method
SCNG 0.05wt.%
Cué 5 a=0.05
(<0.01wt.%)
4.6
SN Curves 4.43 - 4.44 4.43
SCNG 4.44

SCNG 0.05wt.%
a = 0.05 (<0.01wt.%)
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4.7

(Mean)
0.05 p-value

P-value 0.05

0.1wt.%Bi

4.5

© © © 00 N O o B~ W N P

e ~ I -
a 2 w N

97

ANOVA
(Variance)

0.05

+0.1Bi

+0.1A8
+0.05Ag-0.05In
-t-0.05Ag-0.05Bi
+0.05

SCNG

+0.1

+0.05Sb
+0.05Bi
+0.05A8-0.05Sb
+0.05Bi-0.05Sb
+0.05Bi-0.051n
+0.05A8
+0.1Sb
+0.05In-0.05Sb



5.1

0.1 wt.%
1

Sh

4,
0.1 wt.%

7.
0.1%wt

Sn-0.6Cu-0.05Ni-Ge
0.1 wt.%

B

Sb

G

0.05 wt.%

Sh

Ag, Sb,

(Cu, Ni6 5

(A8), (B, ()
Sn-0.6Cu-0.05Ni-Ge
0.1 wt.%
Bi, Sh
Primary p phase
Eutectic
EDX
Ni, Cu
Ag, B
Ag; Bii
A8, Sb,

Ag 0.1 wt.%

(Sb)
0.05 wt.%
€3
Ag, B
AQ,
0.05 wt.%
Sh
Ag, B
Sh
0.05 wt.%
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0.1 wt.%Bi

5.2

)
2"3: g VQ‘-\ %
YagLnant

L A Y o [ v = =2 & 1 Y o v ¢ Y ¥
wnanstiluenasianulidmiunisidnuienis@nwivingy ldeygnlviluldusslevisunisen

lidnsdllag visdu Snvivinuiilisauaiien wazdesdededadvesenaisynasaniinisunluly



6.1

(Full paper) 19 SIR
6.2
(Manuscript)
(Full
paper) ] SR Materials & Design

Journal of Alloys and Connpounds



[1] RoHSGuide.com “Other RoHS Green Initiatives Worldwide” [Online]. Available :
http://www.rohsguide.com/rohs-future.htm. 2014

[2] " [Online],
Available : http://www.barascientific.com/article/RoHS/eng.php.
[3] Sung, KK 2004. “Bi-Sn, Sn-Sh, Sn-Cu, Sn-Zn and - Solder-Based Systems and Their

Properties.” Puttlitz, KJ. and stalter, KA Handbook of Lead-Free Solder Technology for
Microelectronic Assemblies. CRC Press.
[4] Chew, K and Kho, V. “Comparative Wetting Ability of Lead-Free Alloys”
[Online].Available http://www.asahisolder.com/Publication/Comparative.pdf. 2003.
(5] ‘

Sn-0.3Ag:0.7Cu”

, . 2551.

[6] Wang, CH. and Shen, H.T. 2010. “Effects of Ni Addition on the Interfacial Reactions
Between Sn-Cu Solders and Ni Substrate.” Intermetallics. 18 : 616-622.
[7] Mizuta, . “High Reliability Lead-free Solder SN100C(Sn-0.7Cu-0.05Ni+Ge)” [Online].
Available : http://www.nihonsuperior.co.jp/english/tech/pdf/paper_HighReliabilityLead-
freeSolderSN100C_071023.pdf. 2017.
[8] Chada, ., Laub, ., Fournelle, RA and Shangguan, D. “Copper substrate dissolution in
eutectic Sn-Ag Solder and its Effect on Microstructure” Journal of Electronic Materials.
19(10) 1214-1221.
[9] Sweatman, K 2005. “Another chance for Tin-Copper as a Lead-free Solder” Apex
Special Issue. 1-4.
[10] KP. Gupta, K.p. 1990., “ Phase Diagrams o£Ternary Nickel Alloys.” Indian Institute of
Metals Press.
[11] Yen, Y.W, Chiang, Y.C, Jao, C.C, Liaw, D.W.,, Lo, S.C. and Lee, C. 2011. “Interfacial
Reactions and Mechanical Properties Between  -4.0Ag-0.5Cu and ~ -4.0Ag-0.5Cu-
0.05Ni-0.01Ge Lead-Free Solders with the Au/Ni/Cu substrate.” Journal of Alloys and
Compounds. 509(13): 4595-4602.
[12] Kattner, UR. 2000. “Phase diagrams for lead-free solder alloys.” JOM. 54(12) 45-51.
[13] Huh, SH, Kim, KS. and Suganuma, K 2001. “Effect of Ag addition on Microstructural
and Mechanical Properties of Sn-Cu Eutectic Solder.” Materials Transactions. 42(5): 739-
744.
[14] Liu, Y., , FL, Zhang, HW. and Wang, Y. 2011. “Influence of Ag, Cu and Additive Bi
Elements on the Thermal Property of Low-Ag SAC Solder Alloys.” 72-75.  International
Forum on strategic Technology (IFOST) 6th. Heilongjiang : Harbin.


http://www.rohsguide.com/rohs-future.htm
http://www.barascientific.com/article/RoHS/eng.php
http://www.asahisolder.com/Publication/Comparative.pdf
http://www.nihonsuperior.co.jp/english/tech/pdf/paper_HighReliabilityLead-freeSolderSN100C_071023.pdf
http://www.nihonsuperior.co.jp/english/tech/pdf/paper_HighReliabilityLead-freeSolderSN100C_071023.pdf

102

[15] Lia, GY., Chen, B.L, Shi, X.Q., Stephen CK Wong and Wang, Z.F. 2006. “Effects of Sb
Addition on Tensile strength of - .5Ag-0.7Cu Solder Alloy and Joint.” The International
Conference on Materials for Advanced Technologies Symposium H: Silicon
Microelectronics Processing to Packaging. 504 (1- 2) : 421-425.

[16] utracore.co.th “Product - ULTRACORE GROUPS” [Online]. Available
http://www.ultracore.co.th/utc/mainpro.html. 2014.

[17] Nimmo, K “European and International Roadmaps for Lead-free Technology”
[Online], Available :http://www.ami.ac.uk/courses/ami4982_Ifi/lu02/resources/
IPC_Brussels_2003_02_KayNimmo.pdf. 2017.

[18] Handwerker, c., Kattner, . and Moon, KW. “Chapter 2. Fundamental Properties of
Pb-Free Solder Alloys.” [Online], Available
http://www.springer.com/cda/content/document/cda_downloaddocument/
978038732466I-cl.pdf?SGWID=0- 0-45-397903-pl73660374. 2017.

[19] Nimmo, K, “EUROPEAN AND INTERNATIONAL ROADMAPS FOR LEAD-FREE
TECHNOLOGY.” Available www.lead-free.org,. 2014.

[20] Prof. Stephen A. Nelson. “Crystallization in Ternary Systems.” Available
http://www.tulane.edu/~sanelson/eens212/ternaryphdiag.htm. 2014.

[21] Tetsuro, N. Copper, nickel, tin alloy. US Patent No. 6180055, 22 November 1994

[22] Gupta, KP. 2000. “An Expanded Cu-Ni-Sn System (Copper-Nickel-Tin).” Journal of
Phase Equilibria. 21(5): 479-484.

[23] Schmetterer, c., Flandorfer, H., Luef, CH., Kodentsov, A and Ipser, H. 2009. “Cu- Ni-Sn:
A Key System for Lead-Free Soldering.” Journal of Electronic Materials. 38(1) 11-24.

[24] Ventura, T., Cho, Y., Kong, c. and Dahle, A. K 2011. “Formation of Intermetallics in
Sn-0.9Cu and Sn-0.7Cu-0.08Ni Solders” Journal of Electronic Materials. 40(6) : 1403-1408.
[25] Ventura, T., Gourlay, c. M., Nogita, K, Nishimura, T., Rappaz, M. and Dahle A. K 2008.
“The Influence of 0-0.1 wt.% Ni on the Microstructure and Fluidity Length of Sn-0.7Cu-
xNi.” Journal of Electronic Materials. 37(1) 32-39.

[26] Korhonen, T.M., , p., Hong, SJ., Korhonen, M.A. and Li, CY. 2000. “Reactions of
Lead-Free Solders with CuNi Metallizations.” Journal of Electronic Materials. 20(10): 1194-
1199.

[27] Evans, J.w. 2007. “A Guide to Lead-Free Solders : Physical Metallurgy and Reliability.”
London Springer Press.

[28] Thwaites, CJ. and Barry, BT.K. 1975. “Engineering Design Guides 07 Soldering.”

London : Oxford University Press.


http://www.ultracore.co.th/utc/mainpro.html
http://www.ami.ac.uk/courses/ami4982_lfi/u02/resources/
http://www.springer.com/cda/content/document/cda_downloaddocument/
http://www.lead-free.org
http://www.tulane.edu/~sanelson/eens212/ternaryphdiag.htm

103

[29] Kim, KS., Huh, SH. and Suganuma, K 2002. “Effects of Cooling Speed on
Microstructure and Tensile Properties of Sn-Ag-Cu Alloys.” Materials Science and
Engineering A 333(1-2): 106-114.

[30] Matin, M.A., Vellinga and W.P., Geers, M.G.D. 2004 “Aspects of coarsening in eutectic
Sn-Pb” Acta Materialia. 52 3475-3482.

[31] Vanyman, ., Ghosh, G and Fine, M. E, 1998. “Effects of Palladium and Solder Aging
on Mechanical and Fatigue Propertied on Tin-Lead Eutectic Solder.” Journal of Electronic
Materials. 27(11) 1223-1228.

[32] Askeland, D.R, Fulay, p.p. and Wright, WJ. 2011 “The Science and Engineering of
Materials.” 6th ed. Stamford, CT : Cengage Learning Press.

[33] Yang, P.F, Lai, Y.S, Jian, SR and Chen, J. 2007. “Mechanical Properties of Cu6 5,
Cu3Sn, and Ni3 4 Intermetallic Compounds Measured by Nanoindentation.” 1-5. in
International Conference on Electronic Packaging Technology 8th. Shanghai.

[34] Kumar, . and Jung, J.p. 2013. “Mechanical and Electronic Properties of Ag3
Intermetallic Compound in Lead Free Solders Using ab initio Atomistic Calculation.”
Materials Science and Engineering B. 178 : 10-21.

[35] zhu, F, Zhang, H., Guan, R and Liu, . 2007. “The Effect of Temperature and Strain
Rate on the Tensile Properties of a  99.3Cu0.7(Ni) Lead-Free Solder Alloy.”
Microelectronic Engineering. 84(1): 144-150.

[36] Liu, Y., , FL, Yan, T.L. and Hu, W.G. 2008. “ Effects of B and Ni Addition on
Wettability and Melting Point of Sn-0.3Ag-0.7Cu Low-Ag Pb-free Solder.” 1-4. in
International Conference on Electronic Packaging Technology & High Density Packaging.
Shanghai.

[37] Kanlayasiri, K 2008. “Effects of  Addition on Solidus and Liquidus Temperatures,
Microhardness, and Wettability of -0.3Ag-0.7Cu Solder Alloy.” 1-7. in International
Electronics Manufacturing Technology Conference 33rd. Penang.

[38] Huang, M.L. and Wang, L. 2005. “Effects of Cu, Bi, and on Microstructure and
Tensile Properties of Sn-Ag-X(Cu, B, ) Solders.” Metallurgical and Materials Transactions
A. 36A0 : 1439-1446.

[39] El-Daly, A.A,, Hammada, AE., Fawzy, A. and Nasrallh, D. A. 2013. “Microstructure,
Mechanical Properties, and Deformation Behavior of Sn-l.0Ag-0.5Cu Solder after Ni and
Sh Additions” Materials and Design. 43 : 40-49.

[40] Lee, H.T., Chen, M.H., Jao, H.M. and Hsu, CJ. 2004. “Effect of Adding Sb on
Microstructure and Adhesive Strength of Sn-Ag Solder Joints.” Journal of Electronic
Materials. 33(9) : 1048-1054.



104

[41] Reid, M., Punch, J,, Collins, M. and Ryan, c. 2008. “Effect of Ag Content on the
Microstructure of Sn-Ag-Cu Based Solder Alloys.” Soldering & Surface Mount Technology.
20(4) : 3-8.

[42] Ju, GK, B, ., Lin, F, Han, Y. and Wei, X. 2012. “The Comparative Study on
Interfacial IMCs Growth of Three Cu/SnAgCu/Cu Solder Joints with Bi and Cr Additions
During Thermal Aging.” 194 - 199. in International Conference on Electronic Packaging
Technology and High Density Packaging (ICEPT-HDP) 13th. Guilin.

[43] Rizvi, M.J.,Bailey, C.,Chan, Y.c. and Lu, H. 2007. "Effect of adding 0.3 wt% Ni into the
Sn-0.7 wt% Cu Solder Part I. Wetting behavior on Cu and Ni substrates.” Journal of Alloys
and Compounds. 438 (2007) 116-121.

[44] Tai, F, Guo, F, Xia, z. D, Lei, Y. p, Yan, Y. F, Liu, J. p. and Shi, Y. . 2005. “Processing
and Creep Properties of Sn-Cu Composite Solders with Small Amounts of Nanosized Ag
Reinforcement Additions.” Journal of Electronic Materials. 34(11): 1357-1362.

[45] Mudry, . I, Sklyarchuk, V. M., Plevachuk, Yu. 0. and Yakymovych, A . 2010.
“Viscosity of Sb-Sn Melts.” Inorganic Materials. 46(8) : 833-835.

[46] Hammad, AE. 2013. “Investigation of Microstructure and Mechanical Properties of
Novel Sn-0.5Ag-0.7Cu Solders Containing Small Amount of Ni.” Materials and Design. 50 :
108-116.

[47] DIR Solutions. 2017. “ Solder Phase Coarsening, Fundamentals, Preparation,
Measurement and Prediction.” [Online]. Available : http://
www.dfrsolutions.com/uploads/white-papers/Solder Phase Coarsening.pdf.

[48] Japanese Industrial Standard. JS Z3198-3. “Test methods for Lead-free Solders Part 3
: Methods lead-free solders for spread test.” Japanese Standards Association.

[49] Rizvi, M.J.,Bailey, C.,Chan, Y.C. Islam, M.N. and Lu, H. 2007. “Effect of adding 0.3 wt%
N into the Sn-0.7 wt% Cu Solder Part Il. Growth of Intermetallic Layer with Cu During
Wetting and Aging.” Journal of Alloys and Compounds. 438 (2007): 122-128.

[50] Guorlay, C.M., Read, J., Nogita, K and Dahle, AK. 2008. “The Maximum Fluidity Length
of Solidifying Sn-Cu-Ag-Ni Solder Alloys.” Journal of Electronic Materials. 37(1) : 51-60.

[51] Lee, KO, Morris Jr. J.w. and Hua, F. 2012. “Martensitic Transformation in Sn-Rich
Solder Joints.” Journal of Electronic Materials. 41(2): 336-351.

[52] Lee, Y.H. 2008. “Microstructure and Mechanical Properties of Sn-Ag-xNi Composite
Solder” 175 - 178. in Electronic Materials and Packaging. Taipei.

[53] Satyanarayan and Prabhu, KN. 2011. “ Reactive Wetting, Evolution of Interfacial and
Bulk IMCs and Their Effect on Mechanical Properties of Eutectic Sn-Cu Sotder Alloy.”
Advances in Colloid and Interface Science. 166 : 87-118.


http://www.dfrsolutions.com/uploads/white-papers/Solder

105

[54] El-Daly, AA. and Hammad, AE. 2011. “Development of High Strength Sn-0.7Cu
Solders with the Addition of Small Amount of Agand .” Journal of Alloys and
Compounds. 509(34): 8554-8560.

[55] Cheng, F., Gao, F.,, Zhang, J., Jin, ., Xiao, X. 2011. “Tensile Properties and Wettability
of SAC0307 and SAC105 Low Ag Lead-Free Solder Alloys." Journal of Materials Science.
46(10) : 3424-3429.

[56] Chung, C.M. and Lin, KL. 2003. “ Effect of Microelements Addition on the Interfacial
Reaction between Sn-Ag-Cu Solders and the Cu Substrate.” Journal of Electronic
Materials. 32(12) 1427-1431.

[57] Pandher, R and Lawlor, T., “ Effect of Silver in Common Lead-Free Alloys.” [Online].
Available : http://alpha.alent.eom/~/media/Files/Cookson

Electronics/Effect of silver in common leadfree alloyspaperEng042309.pdf. 2014.

[58] Liu, Y., F. and Liu X. 2010. “Improving Sn-0.3Ag-0.7Cu Low-Ag Lead-free Solder
Performance by Adding B Element” 343 - 346. in strategic Technology (IFOST). Ulsan
[59] Chin C. Lee, Pin J. Wang, and Jong . Kim. 2007. “Are Intermetallics in Solder Joints
Really Brittle?” 648-653. in Electronic Components and Technology Conference 57th.
Nevada : Reno

[60] Alex, CK. So and Yan C. Chan. 1996. “Reliability Studies of Surface Mount Solder
Joints-Effect of Cu-Sn Intermetallic.” IEEE Transaction, on Components Packaging and
Manufacturing Technology-Part B. 19(3) 661-668

[61] Shogi, Y., Uchida, . and Ariga, T. 1981. “Dissolution of Copper Cylinder in Molten Tin
under Dynamic Conditions.” Welding Research Supplement. 01 S19.


http://alpha.alent.eom/~/media/Files/Cookson

Ph.D. Industrial Engineering Oregon state University, 2546
Major: Manufacturing Engineering USA.
Minor: Materials Science
M.Eng Industrial Engineering Lehigh University, USA. 2541
2536

1) Joining of Materials (Soldering and Brazing)

2) Electric-Discharge Machining

/ / ( )
2555
2552
v
2555
. 2555 ()
2554
. 2554 ()
2553

. 2553 ()



107

2552
.. 2552 ()
2551

2539

Kanlayasiri K, Jattakul p. Simultaneous optimization of dimensional accuracy and surface
roughness for finishing cut of wire-EDMed K460 tool steel. Precision Engineering. 2013; 37:
556-561.

Mookam N, Kanlayasiri K Evolution of the intermetallic compounds found between -
0.3Ag-0.7Cu low-silver, lead-free solder and Cu substrate during thermal aging. Journal o f
M aterials Science & Technology. 2012; 28: 53-59.

Mookam N, Kanlayasiri K Effect of soldering condition on formation of intermetallic
phases developed between Sn-0.3Ag-0.7Cu low-silver lead-free solder and Cu substrate.
Journal o fAlloys and Compounds. 2011; 509: 6276-6279.

Kanlayasiri K, Ariga T. Influence of thermal aging on microhardness and microstructure of
Sn-0.3Ag-0.7Cu-xIn lead-free solders. Journal ofAlloys and Compounds. 2010; 504: L5-L9.
Kanlayasiri K Mongkolwongrojn M, Ariga T. Influence of indium addition on characteristics
of Sn-0.3Ag-0.7Cu solder alloy. Journal ofAlloys and Compounds. 2009; 485: 225-230.
Kanlayasiri K, Boonmung . Effects of wire-EDM machining variables on surface roughness
of newly developed DC53 die steel: Design of experiments and regression model. Journal
o fMaterials Processing Technology. 2007; 192-193: 459-464.

Boonmung , Chomtee B, Kanlayasiri K Evaluation of artificial neural networks for

pineapple grading. Journal of Texture Studies. 2006; 37: 568-579.





