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1 Introduction to the intermetallics compound. Other research on the fatigue

.crack growth near the solder interface is rare, especially for the

__ As solder joints with smaller and smaller feature size are be.'.ﬁreshold region of the growth rates, which would be a major
incorporated in the electronics packages, the long-term reliabili

of solder ioints becomes a hot issue. A kev factor of the sold. terest for fatigue design against vibration loads. This work was
joint faiIurJe is the difference of thern%al exyansion between t frried out 1o explore the fatigue crack behavior adjacent the
jont’ S P . r]ﬁterface of solder joints in the threshold region under mode-lI|
individual components, which induces thermal low cycle fat'gu?oading

Most research on reliability of solder joints has been focused on
the low cycle fatigue. Those were well reviewed by Ldl and
Frear et al.[2]. Electronic packages, however often experience
mechanical load such as shocks and vibrations as well. Particu- Experiments and Numerical Analysis
larly for automotive, military and avionics applications, the fa-
tigue resistance against vibration loads is very important. A few 2.1 Specimen Preparation. The solder alloy employed was
works have been performed on (McKeown [3]; Sidharth and commercial 63Sn37Pb. The substrates were made of oxygen-free
Baker[4]). brass. The mechanical properties used for finite element analysis,

McKeown [3] has estimated fatigue life of solder joints withwhich will be mentioned below, are listed in Table 1. A pre-crack
leadless and leaded chip carriers under vibration. He used a traalpng the interface was produced by vapor-depositing audn2
tional S-N curve, which had been empirically obtained using tHayer of aluminum onto one third of the bonding surface of one of
actual components mounted on a PWB. Sidharth and BaKer the substrate prior to soldering. After vapor deposition poor adhe-
have performed sophisticated FEffnite element analysjgo cal- sion between this aluminum layer and the solder was assured by
culate the stresses of corner leads of peripheral leaded compidizing the aluminum at 400°C fdl h in anelectric furnace. In
nents under vibration bending moment, which in turn was used @sder to let thick intermetallics develop along the interfaces, the
estimate the fatigue life through the S-N curve. However, the apubstrates and solder assembly was cast at 220f@ fo in a
proaches using S-N curves have drawbacks as follows; First, @cuum furnace. Voids within the solder were extracted by re-
S-N curve does not count the size effect. Time taken for a fatigi¢ated vacuum-degassing. Detailed description of the specimen
crack to propagate till the final fracture, which is a major portiopreparation is given in Choi et a[8]. Three series of specimens
of the total fatigue life, obviously depends on the size. Especialyere prepared to investigate the effects of the cooling rate after
for the solder joints whose dimensions are being shrunk, a Ssgldering and long time exposure to high temperattB9°C/200
curve obtained according to the previous standard likely givés. Specimens of series A were air-cooled in room temperature,
over-estimation of the fatigue life. Second, the S-N curve does ritien exposed to the high temperature in an elective oven. Speci-
count existence of a crack. No joint can be guaranteed to be p&ens of series B were slow-cooldd-1°C/mm) in a furnace.
fectly free of defects. Cold soldering, poor surface preparation 8pecimens of series C were slow-cooled, then exposed to the high
inhomogeneous heating in surface mounting process can leademperature. All the conditions of the cooling and aging are listed
imperfect bonding and an interface crack is created. The failureiof Table 2. Finally, the cast brass/solder combination was ma-
a single solder joint could render an entire electronic assemisiined to the single-lap-joint geometry as shown in Fig. 1. The
inoperable. Therefore, it is reasonable to assume existence d$odder layer thickness was 0.3 mm and the pre-crack length was
crack undetectable, and to consider propagation of the cracklirmm.
order to assess the integrity of the circuitry.

Logsdon et al{5] and Cutiongco et al.6] have done the ex- ) o
periments of fatigue crack propagation and low cycle fatigue of a 2-2 Experimental Procedures. A schematic diagram of the
bulk solder, respectively. However, near the interface with coppkHigue test system is shown in Fig. 2. Pure shear loading was
leads or patterns on PWB, intermetallics such ag3Buor CgSny applied to the specimens by an electro-magnetic actuator, which
form, which could affect the fatigue behavior. Fatigue crack@Me fromaloudspeaker. The detailed description of the system is
growth rate in solder joints has been measured by Guo and C&i¢en in the referencéSong et al[9]). In order to avoid heating
rad [7]. They found that, under shear loading, the fatigue cradi® during sinusoidal loading with nonzero mean, ferro-fltiielde
initiated at the centrally located notches soon wandered forwdffrk Ferrofiuidics Co., Nashua, Nhvas injected into the gap

the solder/Cu interface and then propagated in the solder adja een bobbin coil and magnet pole, and the actuator was air
cooled by an electric fan. The maximum loads were 65 and 85 N.

Contributed by the Electronic and Photonic Packaging Division for publicatio;rhe load ratio wa&=0, and the frequenCy was 20 Hz. In order to

in the JDURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EPPD Minimize bending moment applied, the specimens were loaded
Division October 12, 2001. Associate Editor: Y.-H. Pao. via a pair of universal joints. Crack length was measured by an
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Table 1 Material properties of brass and solder |
. Materials Brass Solder Load
Properties y
5 ; Cell
Composition X}IIB%-ZI;'S ree 63Sn37Pb Strain
<= Specimen Amp.
Tensile strength (Mpa) 305 35
Young’s modulus (Gpa) 90 15 I |
Poisson’s ratio 0.35 0.397 Electrodynamic
Actuator
L |
optical microscopéx 1000, Zeiss Axiotech 100HDThe data of f—“T A
crack length versus number of cycles were reduced by the 7-pc ; Power
. . . . | Function Generator i
incremental polynomial technique to give the crack propagatic Amplifier
rates. All tests were performed in ambient &@p°C, 55%RH. Oscilloscope
2.3 Numerical Analyses. Finite element analyse¢FEA) | Input Voltage Supply Power supply

were performed to calculate the fracture parameters mode mix & [ 3
J-integral. The mode mixy was defined as ratio of shear stresc

o1, to normal stressr,, at a distance’ ; along the cracked plane
ahead of the crack tigHutchinson and Sufl0]). That is

y=tan !

a 12)
022

r=¢,,0=0°

Fig. 2 Schematic diagram of the fatigue test system

a/w=0.36a/w=0.36~0.66. The mode mix varies from45° to
—38° in spite of pure mode-Il loading applied. Variation of
J-integral is shown in Fig. 5. As the crack length increases,

wherer is the distance from the crack tip amds the angle from J-integral increases exponentially under a constant load.

the cracked plane. Figure 3 shows a model for FEA. The total
numbers of elements were 1538 to 1624. The element type was
8-node biquadratic, reduced integration plane strain element
(CPES8R. The plastic deformation of the solder was described by

J,-deformation theory of plasticity. Finite element calculations fo§  Results and Discussion
stress-strain and-integral were performed using the commercial

software ABAQUS[11].

3.1 Microstructures. The microstructures of the solder in

Figure 4 shows variation of the mode mix with the crack the specimens of series A to C are shown in Fig. 6. Granular

length. In the entire

range of

crack length,

Table 2 Cooling and aging conditions for the specimens of

series Ato C

High temperature aging

Series | Air-cooled | Furnace-cooled (150 °C/200hrs)
A v v
B
C v

i.e.microstructures form in the air cooled specimdfrgy. 6a)). In

contrast, in the slow cooled specimens, the laminated microstruc-
tures form(Fig. 6(b)). The cast time during specimen preparation
was so long that the intermetallics £3n as well as GSn; had
developed fully (thickness10xm), as shown in Fig. 7. There-
fore, the intermetallics remained unchanged in the thickness and
the composition regardless of cooling rate or even aging condi-
tion. The microstructures of the solder also were quite stable.
Even the high temperature agifith0°C/200 h did not make any
significant change as shown in Fig(ch This is quite striking.
Previous research, for example, Lanjft&], has shown that aging

let a bulk solder be recrystallized into an equiaxed structure and
coarsened, and intermetallics grew in thickness and the Pb-rich

l 3 solder
| Brass y__ v, Precrack
03 T Brass | 0 1
< :I < :'

Fig. 1 Configurations of single-lap-joint specimen
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Fig. 3 Finite element model of the single-lap-joint specimen

0.3 0.4 0.5 0.6 0.7 0.8

phase developed even in room temperature. The stableness of aw
microstructure under long time exposure to high temperature may

be a grea_t merit in electronics packages applications. Some mEFge 5 \Variation of J-integral with the crack length under con-
research is needed to explore the mechanism. stant load control

3.2 Fatigue Crack Propagation. A typical example of the
fatigue crack behavior is shown in Fig. 8. First, the crack greyyeen the Pb-rich phase grains and the Sn-rich phase grains in the
rapidly from the pre-cracked tip along a path between thgSAu splder adjacent to the main crack. Figure 9 shows an example of
layer and the solder. Stress concentrated at the sharp crackifi@ stable crack growth.
easily broke the brittle Gyns grains protruding into the solder,  As the crack tip encountered a solder colony in which the Sn-
which is believed to result in the fast propagation. The stranggh phases grains and Pb-rich phases grains were parallel ar-
rough surface whose magnified views are given in Figs) 81nd  ranged in a direction perpendicular to the main crack path, the
(c) is regarded as a consequence of severe plastic deformation gk propagation was significantly retarded and several micro-
to the stress Concentration. In faCt the Wldth Of the rough Surfaé%’cks were Created and grew independently Of the main Crack_
is Comparab_le to the plaStiC zone size est.imated by the finite e‘iﬁ‘ren some of them propagated along the Co|0ny boundariesy as
ment analysis for the sharp-cracked specimen. ~ shown in Fig. 10, and the main crack was virtually stopped. In

After some advance the fatigue crack took a new path into th@me specimens another crack was initiated from the nonpre-
Pb-rich phase just above the £, grains, as shown in Fig. 8; cracked opposite corner of the specimen and grew. The fatigue
stable crack propagation at the slower rate followed. Simultgrack behavior schematically illustrated in Fig. 11. That is, the
neously, a few micro-cracks were created along the interfaces pgigue crack propagation is classified into the three stages as fol-
lows; Stage 1, fast crack growth from the pre-crack tip along the
path between Gi&n layer and the solder. Stage 2, the stable crack
growth along the Pb-rich phase just above the;$y grains.
Stage 3, main crack retardation with colony boundary cracking.

“%r The experimental results of the fatigue crack growth rate versus
AJ are summarized in Fig. 12. For the purpose of comparison, the
-3 r results by Logsdon et 5] for a bulk solder under mode-I load-
ing and the results by Guo and Conf&d for a solder joint under
o 2f mode-Il loading are plotted together. Remember that all the speci-
o mens of series Ato C have the same intermetallics in the thickness
Err | and the composition. Virtually no difference in the fatigue propa-
2 gation behavior is found between the series B and C, that is, the
> | % P=64N ‘ high temperature aging did not have any significant effects. How-
B 8r ‘ ever, the cooling rate after casting gave substantial effect. That is,
E -e-P=385N the granular micro-structure of the air cooled specimens of series
2 =51 F "* Alis inferior to the laminated micro-structure of the furnace cooled
=] specimens of series B or C. The reason can be explained by the
-54 | mechanism of crack retardation mentioned earlier.
Morris et al.[13] have shown that the Pb-rich phase adjacent to
_s7 b the intermetallics is the main path for a fatigue crack to go

through under mode-Il loading and that the micro-structure of the
. , , \ solder has minor effect on the fatigue crack propagation rate. In
-8 this work only structural sensitivity was explored separately using

03 04 05 aw 06 07 %8 the specimens with the constant intermetallics. Yao and Shang
[14] have performed fatigue tests for solder/copper interfaces in
Fig. 4 Variation of mode mix with the crack length under con- flexural peel mode. The mode mix at a distance pf0.03 mm
stant load control was about 40°, which is almost the same as the one in this work.
Journal of Electronic Packaging DECEMBER 2002, Vol. 124 | 387
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Fig. 6 Microstructures of the solder in the specimens of (a) series A: air cooled and aged at 150°C /200 h, (b) series B: furnace
cooled and aged at room temperature; and  (c) series C: furnace cooled and aged at 150°C /200 h

In threshold region of fatigue growth, their results of the specthreshold region is very similar to the ones of the solder/brass

mens aged at high temperat&0°C/7 daysare quite similar to interface under mode-II loading. The reason is left to be solved.

the ones of the series B or C shown in Fig. 12. However, in

regions ofda/dN=10"% mm/cycle, their results deviate from the

ones in this work, that is, the fatigue crack growth rate kept it Conclusions

creasing withAJ. The grain coarsening due to the high tempera- . . .

ture aging, which did not happen in this work as shown in Fig. 6, The ngar-threshold fatigue crack k?eha\(lor along.the |nterfflice of

: : : Solder joints has been explored using single-lap-joint specimens

is believed to make the discrepancy. d de-1l loadi Attent f d the effect of
We believe that the fatigue crack growth mechanism is confi'cer mode-l foading. Attention was 1ocused on e etiect o
letely changed neatJ~1000 J/r. Thereafter the fatigue crack only micro-structures separately from the intermetallics. As a re-

p ) : - sult, the following conclusions have been obtained:

mode gets transgranular with no clear micro-structural preference,

as shown by Guo and Conrdd]. In the range of 10€AJ 1. Long cast time yields the intermetallics invariable in the

<1000 J/mM, as mentioned above, the fatigue crack was retarded thickness and the composition regardless of cooling rate or

by energy dissipation due to the minor cracks along weak inter- even aging condition. The micro-structures of the solder also

faces between Pb-rich phase grains and Sn-rich phase grains, are quite stable even under the high temperature aging

which can be regarded as the barrier defined by Mill&s] (150°C/200 .

against transition to the transgranular crack growth. 2. The fatigue crack propagation is classified into the three
The most striking thing in Fig. 12 is that the fatigue crack stages as follows; Stage 1, fast crack growth from the pre-

growth rate of a bulk solder under mode-I loadiff§] in the crack tip along the path between {3n layer and the solder.
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Fig. 7 Scanning electron micrographs of microstructure near Fig. 9 The main crack path and some micro-cracks developed
the interface nearby

R SRR
48.0um

(I
F3 5.0kV 12.0mm x400 SE(M) 60.0um

Fig. 10 Cracks propagated along the colony boundaries

colony boundary |

cracking |

L L IR
21.8um

| initial fatigue coarsening

Pre-crack

i | Cu;Sn
| |
Fig. 8 Scanning electron micrographs of fatigue crack growth (Stage3) .  (Stage2) . (Stage 1)
from the pre-crack tip— (a) a general view; (b) and (c) magnified | !
views of the strange rough surface developed on the lateral Fig. 11 A schematic diagram of the three stages of crack
surface at the initial stage of crack growth propagation near the interface of solder joints
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