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Impact of Temperature Cycle Profile on Fatigue Life
of Solder Joints

Terry Dishongh, Cemal Basaran, Alexander N. Cartwright, Member, IEEE, Ying Zhao, and
Heng Liu, Student Member, |IEEE

Abstract In this paper the influence of the temperature cycle
time history profile on the fatigue life of ball grid array (BGA)
solder jointsisstudied. Temper aturetimehistory in a Pentium pro-
cessor laptop computer was measured for a three-month period
by means of thermocouples placed inside the computer. In addi-
tion, pentium BGA packages wer e subjected to industry standard
temperature cyclesand alsoto in-situ measured temperaturecycle
profiles. Inelastic strain accumulation in each solder joint during
thermal cycling was measured by high sensitivity Moir@ interfer-
ometry technique. Results indicate that fatigue life of the solder
joint is not independent of the temperature cycle profile used. In-
dustry standard temper ature cycle profileleadsto conservativefa-
tigue life observations by underestimating the actual number of
cyclesto failure.

Index Terms BGA packaging, Moir@ interferometry, solder
joints fatigue, temperature cycle profile.

|I. INTRODUCTION

HE RELIABILITY of microelectronic packaging solder

joints is critical to quality and integrity of electronic de-
vices. Ball grid array (BGA) packaging is becoming one of the
most popular electronic packages in the microelectronics in-
dustry, dueto itsmany advantages over al other packaging tech-
nologies.

The Pb/Sn eutectic solder alloy is widely used as a joining
material. It is well known that the dominant failure mode for
solder joints is low cycle thermal fatigue, which is caused by
thermal expansion mismatch between the bonded components
and heat dissipated by devices during operation.

Although the thermomechanical response of solder joints
under therma cycling has been studied extensively, Basaran
et al. [1], [2] presents an extensive literature survey on the
subject, the impact and effect of temperature fluctuations
during dwell times on BGA solder joint fatigue life has never
been studied or reported in the literature. The main question
in reliability studies has aways been; is temperature cycling
appropriate both in the time history profile and magnitude if
we are unsure of the damage mechanism and strain field in the
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solder joint? What is the baseline of inelastic strains developed
inthermal cycling and usage? Until now these questionsremain
unanswered because of a lack of a technique to measure the
strain field in solder joint in fatigue testing.

Temperature cycling is used as a standard industry practice
for determining the thermomechanical fatigue life and relia-
bility of solder joints [3] [5]. Testing under thermal cycling
conditions is a vehicle to accelerate the fatigue failure mech-
anism. Thetest yields the number of cyclesto the failure value.
Yet thermal cycling alone does not give any local information
about the failure mechanism in the solder joint. On the other
hand high sensitivity Moir@ interferometry provideswholefield
maps of in-plane deformation contours with sub micron resolu-
tion, and providesboth normal and shear strains. Such capability
is extremely useful for studying thermomechanical behavior of
solder joints in electronic packaging. A Moir@ interferometry
technology developed in the UB Electronic Packaging Labora-
tory allowsrecording of inelastic strain accumulationsfor cyclic
thermomechanical loading. Asinelastic deformation is directly
related to fatigue life of solder joints, the inelastic strain accu-
mulation can be used to eval uate solder joint fatigue life perfor-
mance.

Il. EXPERIMENTAL PROCEDURE

Theindustry standard temperature profile haveajigsaw shape
with dwell times at maximum and minimum temperatures as
shown in Fig. 1(a). The conventional temperature time histo-
ries are based on many assumptions that have no technical or
empirical basis. During this study several Pentium Processor
based |aptop computers were wired with thermocouples in two
different locations for athree-month period. One thermocouple
was on the thermal plate of the processor and the other was on
the motherboard away from the VR on the PCB. Temperature
time histories were recorded. The observation indicates that the
actual temperature profile experienced by the package is dif-
ferent than traditional temperature time histories used for tem-
perature cycling testsin theindustry. Fig. 1(b) and (c) were ob-
tained from the in-situ field measurements.

The purpose of this study is to compare the influence of the
temperature time history profile on the fatigue life of BGA
solder joints. In this study an industry standard temperature
profile as well as the in-situ measured actual temperature time
histories are used for thermal cycling.

Three different temperature profiles were used. Test 1 has a
conventional thermal cycling profile, Fig. 1(a). For Test 2 and
Test 3 the temperature profiles include temperature fluctuations
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Temperature profile - test 1
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Temperature profile - test 2
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Fig. 1. Temperature time histories used in this study.
at the highest temperature, Fig. 1(b) and (c). For each test (tem- g Fiber Collimator
perature profile) 5 specimens were used to validate the results. PM Fib 87
Test conditions for the three tests are as follows. et Lens Pair
Test 1: Temperature profileisbetween0 °Cto 75 °Cwith  Fiber Aligner Beam-Solitti g ,
30 minutes dwells on both sides of the curve. P gp rne Specimen
Test 2: Temperature profileisbetween 0 °Cto 75 °Cwith HeNe Laser

30 min of 5 mini-cyclesat 10 °C on the hot side and 30
min dwell on the cold side.
Test 3: Temperature profileisbetween 0 °Cto 75 °Cwith
30 min of 15 mini-cyclesat 5 °C on the hot side and 30
min dwell on the cold side.

The temperature cycling period was 70 min/cycle. Each test
was performed independently on five BGA packages, and each
sample was cycled 100 thermal cycles. For each sample the
Moir@d interferometry strain field measurement was performed
at every 20 cycles. SEM micrographs were taken at the begin-
ning and the end of cycling. Moird fringes give us the inelastic
strain accumulation.

I1l. MOIR INTERFEROMETER

TheMoird Interferometry (M) and theimaging systems used
for sub micron displacement measurement are described in de-
tail in[6], [7]. The fringe pattern can berelated to in-planein-

Fig. 2. Optica setup.

elastic strains quantitatively as givenin [§]
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where U is the displacement in the = direction; V is the dis-
placement in the y direction. IV, is the horizontal fringe order,
and N, isthe vertical fringe order. In this project, each fringe
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Fig. 3. Four step phase shifting example ( nm).

represents 1/ f = 0.417 pm in this study. The deformation sen-
sitivity can be improved further by introducing phase shifting
agorithms. The fringe patterns in this case can be written as
I(z, y) = Io(z, y) - {1+ (z, y) - cos[e(z, y) + 4]} (4)
where I is the background illumination, v is the fringe visi-
bility, ¢ is the phase generated by the specimen and ¢ is the
additional phase shift applied in order to extract the phase dis-
tribution. Since there are only three unknown variables, Iy, v
and ¢ in Equation (4), three steps of phase shifting should be
sufficient to solve them completely. The optics setup of phase
shifting Moir@ is described in Fig. 2. Additional phase shifts
can be easily introduced by moving the beam splitting grating
inthexz, y directionto achievethe desired amount. Theimprove-
ment of sensitivity isillustrated in an example of the most basic
four step phase shifting algorithm, i.e., ¢ = 0, #/2, 7, and 3x/2
where the corresponding grating position is 0, 0.104 pm, 0.208
pum, 0.312 m respectively. The examplefringein Fig. 3isof a
2.9 mm x 6.3 mm area. The deformation sensitivity of the last
image is 29.8 nm, i.e., each fringe represents 29.8 nm relative
deformation. Besides the simple four-step method, there exist
many other phase shifting algorithms, such as 3 + 3, 7 steps,
Schwilder Hariharan, Angel and Wizinowich (2 + 1) and Carr@
etc. Different algorithms have their own advantages and disad-
vantagesin terms of resistanceto phase shifting error (vibration,
phase miscalibration, detector nonlinearity and stray light, for
instance), as well as the cost of extrainstruments and the algo-
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Fig. 4. Specimen on fixture.

Grounded stainless steel plate fixture

rithm complexity. We will discuss the algorithms in detail in a
later study.

Fig. 4 shows the specimen used in this study on the fixture.
The specimen is subjected to the same boundary conditions
as the actual in-service boundary conditions. The specimen is
kept on the fixture during thermal cycling for the Moir@ mea-
surements. Moir@ interferometry is used to record the defor-
mation field. The typical Moir@ fringe patterns are shown in
Fig. 5(a) (d) for the U-field and V-field respectively. The ac-
curacy of the Moir@ Interferometry measurement relies on the
initial reference field. After the optical system was aligned for
this null field, the optical system was protected from any po-
sition change by means of aregister. A specimen position reg-
ister was designed to ensure that the specimen always occupied
exactly the same optical space. A commercially available kine-
matic platform was modified to add the functionality as a po-
sition register as well as a specimen positioning platform. Two
trandation stages are used to facilitate the adjustment of initial
position of the specimen on the optical table.
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