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Fig. 10 Von Mises stresses of the specimen for various crack lengths (a) aW = 0.25,

(b} aW = 0.32, and (c) a/W = 0.46, and Von Mises strains of the specimen for various

crack lengths (d) aW = 0.25, {(e) aW = 0.32, and (f) a/W = 0.46 (loading is in vertical

direction).
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After some amount of crack propagation in the solder, the crack turned to the
interface and propagated along the interface, as shown in Fig. 9. In order to investigate
this growth phenomenon, the distribution of von Mises stress and strain near the crack
tip al the maximum load for various crack lengths was estimated by using finite element
analysis, as shown in Fig. 10. The discontinuity and irregular distribution of the stress
and strain are __rpainly due to the ditference of elastic modulus and yield strength
between solder and copper. According to von Mises criterion, yielding cccurs when
von Mises stress reaches the uniaxial yield strength. Since the yieid strength of the
present solder is 18.1 MPa, the arrows in the solder region of Fig. 10a, 10b, and 10c
indicate the plastic zone. The plastic deformation occurs only in the solder side, as can
be seen from Fig. 10f. The distributions of von Mises stress and strain along the
interface are shown in Fig. 11a and 11b, respectively. It can be estimated from Fig. 11a
that the plastic zone ahead of the crack tip reaches the interface when the crack length
is longer than a/W = 0.42. Based on the experimental resul, where the interface
debonding occurs at the crack length of aW = 0.46 (critical crack length), the

interfacial von Mises stress, i.e. adhesive strength, can be estimated to be 20.2 MPa.

T L] v v T v d l
—— &'W = 078 tace

-"'t —— W 032 L 4
~v—a/W = 045 : 1
E

ol yield sirength

T T ——T

 —e— W - 025 e

—e—aW =032 x .. ¥
[ ——aW=0436 T
o} = ]

]
=
[

Yon Mises stresses
along interface (\Pa}

Van Mises strain
along interface x 10

0 02 4 06 08
x/ W

(a) (b)

Fig. 11 {a) Von Mises stresses along interface for various crack lengths, and (b) Von

Mises strains along interface for various crack lengths.

Quan et al. (1987) measured the adhesive strength of 60Sn-40Pb with a cross
section of 3.18x7.62 mm by tensile test as 82.8 MPa, and became 46.23 MPa after
storage at 250 °C for 6 hours. Similar reduction in adhesive strength with increasing

storage time was reported by Chiou et al. (1995), and Lee and Chen {2002). Since the
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3.5 Conclusions

The behavior and mechanisms of FCG along 63Sn-37Pb solder/copper
interface were investigated using a solder-jointed plate specimen with a single-edge

crack under mode | Ioading. The main conclusions obtained are summarized as follows: -

1. Crack propagation réte (da’dN\) could be characterized successfully by either
stress intensity factor range (AK) or J-integral range (AJ). The threshold levels (AK,

and AJ,,,). which represent the resistance of a material to fatigue crack growth, were 0.6

MPa.m' and 14 N/m, respectively.

2. Fatigue crack propagated in the solder parailel to the solder-copper interface
and perpendicularly to the load direction. The manner of propagation is dominated by
the cyclic-dependent FCG mechanism, i.e. transgranular manner of propagation through

Pb-rich phases and Sn-rich phases.

3. With increasing crack length, the size of plastic zone reaches the interface and
the stress exceeds the adhesive strength of interface, which results in the interfacial
debonding. This debonding crack coalesces with the main crack and forms a crack
along the interface, which unstably propagates in a brittle manner. The critical crack

length (a/W) and adhesive strength for interfacial debonding were 0.46 and 20.2 MPa,

respectively.
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crack in solder joint.

Microstructural characteristics, composition, phase distribution, intermetallic

analysis' of Cu/63Sn-37Pb interface.
Stress intensity factor and J-integral ahead of crack tip.

Fundamental crack growth data, e.g. crack propagation rate, crack path,

microstructure-crack relationship.

Fracture mechanics parameter 1o characterize fatigue crack propagation rate of

solder under mixed-mode loading condition.

Adhesive strength of solder/copper interface.

Establish research group and facilities on fatigue and fracture mechanics in the
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Establish research corroboration between Thammasat University and Nagaoka

University of Technology, Japan.
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2

by crack propagation (Kanchanomai et al.
2002a.b). Zhuo ct al. (200)) reported that the mode
] fatigue crack growth (FCG) behavior of bulk Sn

Pb cutectic solder was dominantly cyclic depen-
dence at Jow stress ratios and high frequencies.
while time-dependent behavior became dominant
at high stress ratios and low frequencies. For the
single Sn-Pb eutectic solder ball lap joint spevi-
mens, it was observed that the fatiguc Jife reduced
with increasing the cycles of thermal cycling aging
(—40 to 125 °C) and the fatigue crack propagated
in the Pb-rich region adjacent to the intermetalhc
layer in the solder matenal (Pang et ul.. 2001).
Based on the finite clement analysis, the stress stale
of a solder joint in surface mount assemblics was a
combination between normal and shear stress
states (Liu et al., 1987), which results in the
mixed-mode loading condition at the interfacial
crack tlip even when external loading is pure mode
1 or pure mode 11 (Naycb-Hashemi and Yang,
2001). The proportion of normal and shear stresses
at the interfacial crack tip depends on both dis-
lances ahead of the crack tip and the clastic mis-
matches across the interface (Hutchinson et ul.
1987; Sou and Hutchinson, 1989; Hutchinson and
Sou, 1991).

While extensive work has been carried out on
LCF and FCG of bulk Sn-Pb cutectic solder un-
der mode 1 and mode II loading, very little is
known about FCG behavior and mechanism of
crack along solder/substrate interface. In the pres-
ent study, the FCG behavior and mechanisms of
crack along 63Sn-37Pb solder/copper interface un-
der mode I loading were investigated and com-
pared with those of bulk Sn-Pb cutectic solder.

2. Specimen and experimental procedures

FCG test under mode 1 loading was conducted
on a solder-jointed plate specimen with a single-
edge notch, as shown in Fig. 1. To make a speci-
men, two copper bars (99.9 wi.%) were jointed to-
goether by Sn-Pb eutectic solder (63Sn-37Pb).
Before soldering, the copper bars were cleaned in
9rdcr to remove the oxides according to the follow-
Ing procedure. First, the surfaces of copper bars
were lightly polished using 600-grit cmery paper,
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Fig. |. Speaimen geometry (6-mm thickness).

then dipped in a dilute nitric acid solution and
rinsed in distilled water. The copper bars were
coated with flux (Hakko 89-400, Japan) and placed
in a special fixture made from nonsolderable mate-
rnal (aluminum alloy), as shown in Fig. 2. Bulk sol-
der (63Sn-37Pb) was melted and reflowed into
cavity between two copper bars. In order to allow
the remaining flux to escape, the temperature of fix-
ture and specimen was maintained at 250 °C (above
solder reflow temperature) for 10 min before left to
cool in air. By using this procedure, specimens can
be manufactured with good alignment, a specific
solder layer thickness, and a minimal void content.
The excess solder was removed by milling and then
lightly polished to obtain the geometry, as shown in
Fig. 1. The geometry of specimen was designed in
accordance with an ASTM recommendation
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Fig. 2. Specimen reflow fixture.

(1998}, i.e. W/20 € B € W/4, where W is the width
and B is the thickness. The initial notch was intro-
duced 1 mm far from the copper/solder interface by
electro-discharge machining (EDM), and then the
precracking (ASTM, 1998) was performed to ob-
tain sharp initial crack (ap=0.25H) before the
FCG test.

FCG test was conducted in air at a constant
temperature of 25 °C (T/T,, > 0.5). and a constant
relative humidity of 55%. A servo-hydraulic fati-
gue machine (Instron 8872) with the load sensor
capacity of 25 kN has been used in the present
study. Cyclic loading was applied sinusoidally un-
der a frequency of 10 Hz, a maximum load of 0.8
kN. and a load ratio of 0.1. Crack length was mea-
sured by using a traveling microscope with a preci-
sion of 10 pm. Scanning electron microscopy
(SEM) and optical microscope examinations were

performed directly on the specimens before and
after tests.

3. Finite element analysis

According to the theory of fracture mechanics
(Anderson, 1994), stress intensity factor (K) can
be defined as the severity of the crack sitnation
of a linear-elastic material as affected by crack size,
Stress, and geometry. For an interfacial crack un-
der plane strain condition, the stress intensity fac-
tors in mode I and II (K; and Ky;) along the
traction ahead of the crack tip (8 = 0) are simply

the real and imaginary parts of a complex stress
intensity factor, whose physical meaning can be
understood from the interface traction expressions
(Hutchinson et al., 1987; Sou and Hutchinson,
1689):

. K )
(O + 104 )y_p = M

(1
where, » and 0 are polar coordinates centered at
the crack tip. The x-axis coincides with the inter-
face, while y-axis is perpendicular to the interface.
The linear-elastic singularity solution in the crack
tip region can be developed using the bimatenal
constant (&), defined as:

2nr

_ 1 1-8

_Gilkz — 1) — Gafky - 1)
ﬁ_G,(k2+1)+Gg(k1+l) (3)
k=3-—4v (4)

where, § is Dundurs’ parameter (Dundurs, 1969),
subscripts 1 and 2 refer to materials 1 and 2. G
and v are shear modulus of elasticity and Poisson’s
ratio, respectively.

Considering the low yield strengths of solders,
i.e. below 20 MPa, a large plastic zone is possible
to form ahead of the crack tip during FCG test.
For such a condition, the energy release rate in a
nonlinear elastic body that contains a crack, i.e.
J-integral, can be used to describe crack tip condi-
tions (Rice, 1968). The J-integral for an interfacial
crack between two dissimilar isotropic materials
under piane strain condition (Hutchinson and
Sou, 1991), can be determnined as follows

1-8

J=—F (K} + K} (3)
where

1 171 1

F3(arE) - ©
- E

S (g (M

In the present work, finite element analysis
(ABAQUS version 6.2-1) based on the interaction
integral method (Shih and Asaro, 1988), was used
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to extract the individual stress intensity factors (K)
and J-integral for a crack along solder/copper
interface under plane strain condition. The
mechanical properties of 63Sn-37Pb and copper
used in the calculation are summarized in Table
1. The two-dimensional finite element model of
the specimen (Fig. 3) consists of 2118 plane strain
elements and 4,388 degrees of freedom (DOF).
The maximum load of 0.8 kN and the stress ratio
of 0.1 were used for the finite element analysis. The
calculation results are shown in Fig. 4. The stress
intensity factors (K) and J-integral increase with
increasing crack length (@) in accordance with the
basic theory of fracture mechanics (Anderson.
1994). The stress intensity factor range is in a com-
bination between mode I and mode 11, however
the magnitude of K is significantly greater than
that of Ky, i.e. K) is the dominated fracture param-
eter for the present FCG test.

Table ]
Mechanical properties of solder and copper
Mechanical properties 638n-37Pb Copper
Young's modulus (GPa) 32 134
Yielding strength (MPa) 18.1 140
Tensile strength (MPa) 39.7 295
Strain hardening exponent 0.30 -
Poisson’s ratio 0.32 0.34
crack tip J T ho E

T~
,/

Fig. 3. Finite element mesh.
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Fig. 4. Relationships between (a) stress intensity factor range
and crack length, and (b) J-integral range and crack length.

4. Resuolts and discussion
4.1. Microstructure

SEM micrograph of solder—copper interface is
shown in Fig. 5. In the region of Sn-Pb eutectic
solder, the microstructure consists of alternating
phases of Pb (light) and B-Sn (dark), similar to
those observed previously in the solder joints
(Morris et al., 1994). Between solder and copper,
the intermetallic layer due to the reaction between
molten solder and copper surface could be ob-
served. The intermetallic phase is a double layer
of CusSn{e) on copper substrate and Cu¢Sns(n)
in contact with molten solder (Morris et al.,
1994). Lee and Chen (2002) found that the activa-
tion energies of Cu3Sn and CueSns growth for
60Sn—40Pb are 59.2 kJ~'mol and 42.25 kJ~'mol,
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Fig. 5. Microstructures of the bonded interface.

respectively. Due to the lower activation energy, it
is likely that the intermetallic layer was mainly the
layer of CugSns intermetallic. As seen from the
Fig. 5, the intermetallic layer is about 8 pm in
width and has a wavy profile along the interfuce.
It should be noted that the variation of size and
profile of intermetallic layer has some effects on
adhesive and fatigue strength (Pang et al.. 2001:
Lee and Chen, 2002).

4.2. Fatigue crack growih curve

Relationship between crack length (a) and crack
propagation rate (da/dN) is shown in Fig. 6a. The
crack propagation rate increases with increasing
crack length. The scattering of the data could be
observed when the crack is short and it became less
for the longer crack. In order to study the crack
closure behavior, relationship between load and
load-point displacement is plotted in Fig. 6b. No
evidence of crack closure occurred during the
FCG test, which 1s in accordance with the results
reported previously by Logsdon et al. (1990).

Generally, if the plastic zone size at the crack tip
(w) is small relative to the local geometry, i.e. the
small scale yielding condition {(w/a<0.1), the
stress intensity factor (K) can be used without sig-
nificant violation of the linear elastic fracture
mechanics (LEFM) principals. For plane strain
problem, the plastic zone size at 8 = 0° crack plane
can be estimated as follows

0=q ("') (8)
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(b) Load-point displacement (mm)

Fig. 6. {a) Relationship between crack length and crack
propagation rate, and (b) relationship between ioad and load-
point displacement.

where oy is the yield stress. From the estimation of
the plastic zone size at 8 = 0° crack plane, it was
found that the cw/fa ratio was less than 0.08 in the
range of the present experiment. Therefore, the
LEFM can be assumed to be valid and K can be
used to characterize da/dN. For comparison pur-
pose, the relationship between mode I stress inten-
sity factor range (AK)) and crack propagation rate
{da/dN) is plotted in Fig. 7a together with that of
bulk 638n-37Pb compact-tension specimen under
the similar stress ratio and frequency (Zhao
et al., 2001). From the figure, it can be seen that
the present resuit correlates well with that of bulk
635n-37Pb solder.

However, the small scale yielding condition
may not occur for the case of a small crack in ac-
tual solder joint. In such elastic—plastic situation,
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Fig. 7. Relationships between (a) stress intensity factor range
and crack propagation rate, and (b) J-integral range and crack
propagation rate.

AJ should be used as a fracture mechanics param-
eter instead of AX. The possibility of using AJ to
characterize the FCG rate has been investigated
and shown in Fig. 7b. It is seen that the data points
lie on a double-slope line, which represents two re-
gions: one where a crack grows at very slow rate,
and the other where the relationship between AJ
and da/dN is linear. As an importance characteris-

tic to assess the resistance of a material to fatigue

- crack growth, the AJ and AKX that correspond to
the crack growth rate of 10" m/cycle are defined
as AJy, and AK,,, respectively (ASTM, 1998). By
extrapolating the present fatigue crack growth
curve to lower level, the estimated threshold value
of J-integral range (AJ,;} is about 14 N/m, while
that of stress intensity factor range (AK,;) is about
0.6 MPam'”, which are in accordance with the re-
sults reported earlier by Zhao et al. (2001).

4.3. Fatigue crack path under interaction
with interface :

A crack initially propagated in the solder paral-
lel 10 the solder—copper interface and perpendicu-
larly to the load direction. As shown in Fig. 8,
the crack propagated in transgranular manner,
i.e. through Pb-rich phases (dark) and Sn-rich
phases (light). Since the present FCG test was per-
formed undel low stress ratio and high frequency
condition, it is likely that the manner of propaga-
tion is dominated by the cyclic-dependent FCG
mechanism, i.e. transgranular manner of propaga-
tion {Zhao et al., 2001). Furthermore, the crack
path is near the interface, only 1 mm far from it,
which is much smaller than specimen width. The
copper only elastically deforms in the present
experiment, while the solder can plastically de-
form. Therefore, the region near the crack tip can-

5’ 'ﬂd 3 ‘ G ’:I -

Fig. 8. Crack propagation path: Pb (dark) and 8-Sn (light)
(loading is in vertical direction).
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not deform freely under the plastic constraint due
to copper. it is reasonable that the plane strain
condition ¢an be assumed for the deformition
near the interfiace of the present joint.

After some amount of crack propagation in the
solder, the crack turned to the nterface and prop-
agated along the interface, as shown in big. 9. In
order to investigate this growth phenomenon, the
distribution of von Mises stress and strian near
the crack tip at the maximum load for vanous
crack lengths was estimated by using tinite element
analysis, as shown in Fig. 10, The discontimuantsy
and irregular distribution of the stress and siram
are mainly due to the difference of elastic modulus
and yield strength between solder and copper.
According 10 von Mises critenion, yiclding occurs
when von Mises stress reaches the unninaal vield
strength. Since the yield strength of the present sol-
der is 18.1 MPa, the arrows in the solder region off

W = 046

(c)

voi Vs sirews (MPa)

AW = 0db (f)

No. of Pages 9, DTD=5.0.1

by v Muwrograph ol final Tailure (loading s verncal

directiond

Fig. 10a ¢ imdicate the plastic zone. The plastic
deformation oecurs only in the solder side, as
van be seen from Fig. 10f. The distributions of
von Mises stress and strain along the interface
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Fig._ 10. von Mises siresses of the specimen for various crack lengths (a) a/ W = 0.25, (b) o/ W = 0.32, and (c) /W = 0.46, and von Mises
strains of the specimen for various crack lengths (d) a/ W = 0.25, (e) o/ W = 0.32, and (1) a/ W = 0.46 (loading is in vertical direction).



309
310
3l
312
313
314
315
316
37

MECMAT 1354
12 May 2005 Disk Used

ARTICLE IN PRESS

No. of Pages 9, DTD=5.0.1

g Co Kanchanonnei ot al | Mechanios of Materials xxx (2005) xxx-xxx

are shown in Fig. 11a and b, respectively. It can be
estimated [rom Fig. 11a that the plastic zone ahead
of the crack tip reaches the iterfuce when the
crack length is longer than «/H" = 042, Based on
the experimental result. where the interface deb-
onding occurs it the crack length of /W = 0.46
(critical crack length). the interfacial von Mises
stress, i.e. adhesive strength, can be estimited to
be 20.2 MPa.

30 > a./W= 025 E_{__i
—~ —o— a’W = 0.32 .
gg ——a/'W =046
88 2| yedswengh g
98 |
=
8810
[}
0 0.2 0.4 06 08
@ XW
1 T T — T -7 T -
—e— /W = 0.25 E """.«""'_I
3 02 -
52 _
§§ 0.6
3s
5.5 04
§
S 02
o
(b)

Fig. 11. (a) von Mises stresses along interface for various crack
lengths, and (b) von Mises strains along intcrface for various
crack lengths.

T LT

Quan ¢t al. (1987} measured the adhesive
strength of 60Sn-40Pb with a cross section of
3.18 x 7.62 mm by tensile test as 82.8 MPa, and be-
came 46.23 MPa after storage at 250 °C for 6 h.
Similar reduction in adhesive strength with
increasing storage time was reported by Chiou
et ul, (1995), and Lec and Chen (2002). Since the
siz¢ and profile of intermetallic band become
thicker and rougher with the increasing storage
tume, it 15 likely that the adhesive strength depends
on the size and profile of intermetallic band, i.e.
become weaker with thicker and rougher interme-
tallic bund. und results in the diflerences of the
adhesive strength among literatures.

From the foregoing discussion, the crack
growth behavior, where the crack turned to the
interface und propaguted along the interface after
some umount of crack propagation in the solder,
can be expluined as follows. With increasing crack
length, the size of plastic zone and the magnitude
ol stress near the crack tip increase. Consequently,
the plastic zone reaches the interface and the stress
exceeds the adhesive strength of interface, which
results in the interfacial debonding. as schemati-
cally shown in Fig. 12. This debonding crack coa-
lesces with the main crack and forms a crack along
the interface, which unstably propagates in a brit-
tle manner.

5. Conclusions

The behavior and mechanisms of FCG along
63Sn-37Pb solder/copper interface were investi-
gated using a solder-jointed plate specimen with
a single-edge crack under mode I loading. The
main conclusions obtained are summarized as
follows:

copper I faﬂgl\n crack

cosloscing

Fig. 12. Schematic of the crack propagation process.
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1. Crack propagation rate (da/dN) could be char-
acterized successfully by either stress intensity
factor range (AK) or J-integral range (AJ).
The threshold levels (AK,;, and AJy,), which rep-
resent the resistance of a material to fatigue
crack growth, were 0.6 MPam'” and 14 N/m,
respectively.

360 2. Fatigue crack propagated in the solder parallel

361
362
363
364
. 365
366
367
368
369
370
37
372
. 373
374
375
376

377

378

379
380
381
382
383

384

385
igeé

387
388
389
390

39
392
393
394
395

to the solder—copper interface and perpendicu-
larly to the load direction. The manner of prop-
agation is dominated by the cyclic-dependent
FCG mechanism, i.e. transgranular manner of
propagation through Pb-rich phases and Sn-
rich phases.

3. With increasing crack length, the size of plastic
zone reaches the interface and the stress exceeds
the adhesive strength of interface, which results
in the interfacial debonding. This debonding
crack coalesces with the main crack and forms
a crack along the interface, which unstably
propagates in a brittle manner. The critical
crack length (a/W) and adhesive strength for
interfacial debonding were 0.46 and 20.2 MPa,
respectively.
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Abstract

Eutectic Sn-Pb solder is extensively used for electrical and
mechanical connection of electronic packagings. Under high
homologous temperature and temperature cycling conditions,
cumulative damage, i.e. fatigue, are likely to occur and life under
fatigue is dominated by crack propagation. In the present study,
fabigue crack growth (FCG) of 635n-37Pb salder/copper intesface

using a Compact Tension Shear (CTS) specimen under opening
mode condition {mode |) was investigated. The finite element
analysis based on the interaction integral method was used 1o
extract the individual stress intensity factors for an interfacial
crack. The results showed thal the fatigue crack propagation rate
of interfacial cracks could be characterized successfully by stress

intensity factor ranges (Z1K).

1. Introduction

Eutectic Sn-Pb sclders have been widely used for electrical
joints because of their low melting points, good wettability, good
plasticity, reasonable electrical conductivity [1]. Due to their low
melting temperature, the room temperature corresponds to a high
than 0.5). Under high
homologous condition, time-dependent mechanisms, e.g. grain

homologous lemperature (grealer
boundary sliding, cavitation and phase tansformation, ara
possible to occur. These damage processes lead to premalure
failure when compared to cyclic-dependent fatigue failure, and life
under low cycdle fatigue (LCF) is dominated by crack propagation
[2. 3). Zhao et al. [4] reported that the mode | fatigue crack
growth (FCG) behavior of Sn-Pb eulectic solder was dominantly
cyclic dependence at low stress ratios and high frequencies, while
time-dependent behavior became dominant at high stress ratios
and low frequencies. For the single Sn-Pb eutectic solder ball lap



joint speamens, if was observed that the faligue life reduced with

ncreasing the cycles of thermal cycling aging (-40 to 125 °C) and

the faligue crack propagaled in the Pb-rich region adjaceni o the
intermetallic layer in the solder material [5]. Under a four points
bending test, it was found that the fracture toughness of the joint
between 63Sn-37Pb/brass increased and fatigue crack growth
rate {FCGR) decreased upon the introduction of the mode Il
component [6].

While extensiwve work has been carried out on fatigue
behavior and FCG of bulk Sn-Pb eutectic solder, very little is
known about FCG behavior solder/substrate interface. In the
present study, FCG behavior and mechanisms of 635n-37Pb
solder/copper interfaces under opening mode (mode 1) are

inveshgated experimentally.

2. Spacimen and expearimental procedures

Opening mode (mode 1) fatigue crack growth studies were
conducted on a Compact Tension Shear {CTS) specimen and
loading device [7], as shown in Fig. 1. The forces acting on the.
holes of the CTS specimen are shown in Fig. b, Two copper
bars (99.9 wi.%) were jointed together by Sn-Pb eutectic solder
(635n-37Pb). Before soidering, the copper bars were cleaned in
order to remove the residue solder and oxides according to the
following procedure. Firsl, the copper bars were healed above the
salder reflow temperature using a high-wattage soidering iron, and
the surfaces of copper bars were wiped., The surfaces of copper
bars were lightly polished using 600-grit emery paper, then dipped
in a dilute nitric acid solution and rinsed in distiled water. The
copper bars were coated with flux (Hakko 89400, made in Japan)
and placed in a special fixture made from nonsolderable material
(aluminum alloy), as shown in Fig. 2. Bulk solder (63Sn-37Pb)
was heated and reflowed inlo cavity between two copper bars. In
order to allow the remaining flux lo escape. the temperature of
fixture and specimen was maintained at 250 °C (above solder
refiow lemperature) tor 10 minutes. The soldering iron was then
removed, and the specimen was left to cool in air, The excess
soider was removed by miling and then lightly polished to obtain
the geometry, i.e 25 mm-wdth (W) and G-mm-lhickness (B), as.
shown in Fig. 1b. The initial notch {8, = 0.25W) was introduced at
the muddie of specimen, ie. 1 mm below coppar-solder interface
(Fig 1a). by slectro-discharge machining (EDM)

Fabgus crack growth (FCG} tests were conducted in air
under 8 constanl lemperature of 25 °C (T/T_ > 05). and a
constand relative humidty of 55% A servo-hydraubc fatgue
m:murzymmmbadwapmdzsm

has been used in the present study. Dunng the lests, the
maximum and minimum ioad magnitude acting on loading device
were kepl constant under a load ratio of 0.1, and cyclic loads
were applied sinusoidally under a frequency of 10 Mz, Crack
length was measured by using a lraveling microscope wilh a
precision of 10 pm. Scanning electron microscopy (SEM) and
optical microscope examinalions were performed directly on the

specimens before and after tests

(a)
| s | "0 | 75 |
| [ I ]
o
—_
£
"
copper
- solder s
copper
notch
15
w
(b) 21 L

Fig. 1 {a} Loading device and (b} Specimen geomefry (6 mm-
thickness).
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Fig. 2 Specimen reflow apparatus



3 Finite elements analysis

According to the theory of fracture mechanics [8], stress
intensity faclor (K )} can be defined as the seventy of the crack
situation of a linear-elastic malerial as affected by crack sze,
stress, and geomelry. For an interfacial crack, the stress
ntensity factors in mode 1, I} and Ml (K, K, and K,) along the
traction ahead ol the crack tip (# = 0) are simply the real and
imaginary parns. of a complex stress inlensity factor, whose
physical meaning can be undersicod from the interface traction
expressions {9, 10}

(Ky+iky y™

m
Jznr

(“:z Hiay, )u=u =

Ky
(‘723 )u 0= 2)
2
where. r and ¢ are polar coordmates centered at the crack tip.
The hnear elasticity singularnity solution in the crack tip region

can be developed using the bimaterial constant (£}, defined as:

I 1-f
s In—2t2
3 e p @
ks - 1)- G, -
- Gl ) __(k, 1) @
(lll‘:+l)+ (J:(AI'I'l)
k-3 4y (5)

where (1 15 Dundurs’ parameler {11], subscripts 1 and 2 refer o
matenal 1 and 2 Vv and G are Poisson's ratio and shear
modulus of elasticily, respectively.

In the present work, finite element analysis (ABAQUS
version 6 2-1) based on the interaction integral method [12), was
used to extract the individual stress intensity factors {K) for an
interfacial crack  The mechanical properies of solder and copper
used In the calculation are summarized in Table 1. The finite
element model of the specomen (Fig. 3) consists of 2118 plane
stran elements and 4,388 degrees of freedom (DOF). The
maximum load of 08 kN and the boundary condition, which
represenis the loading condition as shown in Fig. 1a, are used for
the finte element analysis. The calculation results are shown in
Fig 4 The stress intensity faclors (K) increases with ncreasing
crack length (8) n accordance with the bask theory of fraciure
mechamcs [8]

Table 1 Mechanical properbes of soldef and copper

| Mechancal propertes £3Sn37P8 | Cu
Yorgymaan Gen | 3 ns
"'__"&""‘\I_W_'I'E;ﬂ tﬂT‘-l“—— 11 180"
Torady strangih () w7 a5’
Pomson 3 rabo 0324 oy
* reterarce "y

crack tip

Fig. 3 Finile element mesh for specimen
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Fig. 4 Relationship between stress intensity factor range and
crack length.

4. Experimental Results and Discussion
4.1 Microstructure

Microstructure of solder-copper interface, observed by an
SEM. are shown in Fig. 5 In the region of Sn-Pb eutechc
solkder, the microstructure consists of altermatng phases of Pb
{light) and A-Sn (dark), ssmilar to those ohserved previously In
the solder jcints [14]
mtermetallic layer dues 1o the reacton between mollen soider
and copper surface could be observed. The ntermetaiic phase
15 a double layer of Cu,Sn () on copper substrale and Cu,Sn,
{n) in contact with molten soider [14] Lee and Chen [15] found
thal the actvabon energwes ol CuySn and CuySn, growth for
60Sn40PD are 592 ki 'mol and 42 25 k) 'maol. respectvely
Dus 1o the lower actrvabon energy, # 13 kkedy that the
niermetalhc layer was mannly *he layer of CuSn, marmetalc

Between solder and copper, the
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Fig. 5 Microstructures of specimen.

4.2 Fatigue crack path

The propagathon path of the crack is shown in Fig. 6.
Crack propagated from the notch closely o the solder-copper
interface and perpendicularly lo the load direction (mode |
condiion). Propagatwn of the crack was in transgranutar
manner, 1 e through Pb-nch phases {dark) and Sn-rich phases
(hght) Since the present FCG test was performed under low
stress ratio and high frequency condition, it is resonable that the
manner of propagation 1s affected by the cyclic-dependent FCG

mechamsm, 1 e. transgranular manner of propagation {4].

Ioad diraction

"9, a’ . s
alq & S ; CRRON |0:m_]

O

Fig 6 Crack propagation path, Pb (dark) and [-Sn (light).

4.3 Fatigue crack growth curvas

Relatonships  between crack length (a) and crack
propagabon rate (da/dN) are shown in Fig. 7a. The crack
propagation rale increasas with the increasing crack length. The
scafienng of the data could be observed where the crack is
s:mandbmmeless!ochebngeruadg.tno:ﬂerlosh;dy
the crach closure behavnor. the load and  load-point
displacement are plotted n Fig 7b No ewvidence of crack
cosure could be observed dunng the FCG test. which s n
acoordance with the result reported previously by Logsdon et al
115)
Fum.mMpmmw
factor range (AN )} and crack propagabon rate (da/oN) of the
present study 1 plolted n Fig 8 together with thal of the buk
635n-3TPb compactiension speomen lesisd under Sarelar

stress raho and frequency (4] Although il 15 recognized that the
large scale yelding conditron existed dunng a porbon of the
present FCG test, the results correlates well with that of bulk
635n-37Pb solder. The threshold level could be oblained by
extrapolating the plot in Fig B to a dasdN of 10" mvcycle {17]
The threshold value of stress intensity factor range (AN, ).
which is an importance charactenslic to assess the resistance ol
a Sn-Pb eulectic solder 1o fatigue crack growth, is 0 7 MPa m"?
This magnitude is in accordance with the magnitude reported

earfier by Zhao et al. [4].
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Fig. 7 {a) Relationship between crack fength and crack
propagation rate, and (b) Relationship between load and lcad-
point displacement.
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5. Conclusion

Fatigue crack growth behavior and mechanisms of 635n-
37Pb solder/copper interfaces under opening mode {mode 1) have

been invesligated at a constant temperature of 25 °c (v, >
0.5). The inlermetallic layer, dues to the reaction belween molten
solder and copper surface, was mainly the layer of CugSng
intermetallic. Fatigue crack propagated from the notch closgly to
the solder-copper interface and perpendicularly to the load
direction (mode | condition). Propagation of the crack was in
fransgranwlar manner, i.e. through Pb-rich phases and Sn-rich
phases. Crack propagation rate {da/dN) could be characterized
successfully by stress intensily factor range {(AK ), calculated
from the finite element method. The threshold fevels {AK, ),
which represent the resistance of a material to fatigue cfac-:k
growth, were 0.7 MPa.m"z.
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