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Despite being expensive and time consuming, board-level drop testing has
been widely used to assess the drop or impact resistance of the solder joints in
handheld microelectronic devices, such as cellphones and personal digital
assistants (PDAs). In this study, a new test method, which is much simpler
and quicker, is proposed. The method involves evaluating the elastic strain
energy and relating it to the impact resistance of the solder joint by consid-
ering the Young’s modulus of the bulk solder and the fracture stress of the
solder joint during a ball pull test at high strain rates. The results show that
solder joints can be ranked in order of descending elastic strain energy as
follows: Sn-37Pb, Sn-1Ag-0.5Cu, Sn-3Ag-0.5Cu, and Sn-4Ag-0.5Cu. This order
is consistent with the actual drop performances of the samples.
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INTRODUCTION

Lead-free solders, particularly Sn-Ag-Cu, are
becoming increasingly popular in the electronic
packaging industry, due to the environmental con-
cerns associated with lead.'™ Sn-Ag-Cu solders
possess several advantages over conventional Sn-Pb
solders. These include higher stiffness and strength,
and superior resistance to thermal cycling and
fatigue as well as their high microstructural
stability.>”® However, the fact that they are stiffer
and more brittle also makes them more prone to
brittle failure during impact loading, which is fre-
quently encountered in microelectronic packages for
handheld electronic devices."® A number of differ-
ent methodologies (e.g., drop impact, high-speed
ball shear or ball pull, and tensile bond tests) to
simulate and understand the fracture behavior of a
solder joint under high-strain-rate loads have been
attempted.®'® However, among the various existing
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test methodologies, only the board-level drop test,
proposed by the Joint Electron Device Engineering
Council (JEDEC), has been widely acknowledged for
providing a common test reference for the industry
in assessing the drop performance of microelec-
tronic solder joints. Nevertheless, the JEDEC’s
standard board-level drop test method is generally
too costly and time consuming to be viable.!%!!
Furthermore, the data obtained from this technique
make it rather difficult to determine the inherent
resistance of the solder joint to impact loadings.
This is because it is almost impossible to distinguish
between the impact responses of the solder mate-
rial, the board, and any other packaging materials.

In this article, we propose a new method of
quantitatively evaluating the impact resistance of a
solder joint. The method involves the analysis of the
solder joint’s elastic strain energy during high-
speed tensile loading. The solder material’s Young’s
modulus and the fracture stress of the intermetallic-
compound (IMC) interfaces under the high-speed
pull test conditions are the only measurements
required.
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from High-Speed Ball Pull Tests

MATERIALS AND EXPERIMENTAL
PROCEDURE

Four different types of commercially available
ball grid array (BGA) solder balls (MK Electron,
Korea) were examined in this study. Their compo-
sitions were as follows: Sn-1Ag-0.5Cu, Sn-3Ag-
0.5Cu, Sn-4Ag-0.5Cu, and eutectic Sn-37Pb. They
are hereafter denoted as SAC 105, SAC 305, SAC
405, and Sn-Pb, respectively. Each BGA solder ball
used in this study had a diameter of 400 ym. Elec-
troless nickel immersion gold (ENIG) was used for
the solder pad finish. The solder balls were attached
to the substrates in a seven-zone convective reflow
oven (1706 EXL, Heller) containing a nitrogen
atmosphere. All of the samples were reflowed twice.
The soldering profile had a 150 + 2°C preheat
temperature, with a peak temperature of ~245°C.

The high-speed pull tests were performed using
Dage 4000HS bond tester at a speed of 400 mm/s.
Each set of pull test data consists of at least 15
measurements.

The Young’s moduli were determined by an
ultrasonic wave reflection measurement technique
using rectangular parallelepiped specimens with
dimensions of 3 cm x 3 cm x 2 cm. The longitudi-
nal and transverse speeds of sound through the
specimens were measured using 50 MHz transduc-
ers connected to a digital oscilloscope. The Poisson’s
ratio and Young’s modulus of each sample were
then calculated according to Ref. 12.

RESULTS AND DISCUSSION
Measurement of Young’s Modulus

The Young’s modulus of a metallic material is
usually measured by a loading—unloading mea-
surement technique in tension. However, the linear
elastic portion of the tensile stress—strain curve in
most Sn-rich alloys is limited, which makes accurate
measurement of the Young’s modulus quite diffi-
cult.® Therefore, in this study, the Young’s moduli
were measured by the previously mentioned ultra-
sonic measurement method, the results of which are
displayed in Table I. Young’s moduli values from

Table I. Young’s Moduli of the Sn-Based Solder
Alloys

Young’s Modulus Young’s Modulus

(GPa, Present (GPa, Other
Alloy Study) Studies)
Sn-Pb 234 b3g,13 ¢35 14 cg(15
Sn-1Ag-0.5Cu 43 ag77,16
Sn-3Ag-0.5Cu 48 a517.16
Sn-4Ag-0.5Cu 252 €401 253716

From 2ultrasonic measurement, "single-crystal elasticity theory,
and “tensile test.

the literature are also shown for comparison. The
Young’s moduli of Sn-Pb, SAC 105, SAC 305, and
SAC 405 were found to be 34 GPa, 43 GPa, 48 GPa,
and 52 GPa, respectively. The higher moduli of SAC
305 and SAC 405 compared with that of SAC 105 can
be attributed to the higher amounts of the AgsSn
phase formed in the bulk solders of SAC 305 and
SAC 405.71%17

High-Speed Ball Pull Test

The failure mode distributions for the high-speed
ball pull tests of the Sn-Pb, SAC 105, SAC 305,
and SAC 405 solder joints are shown in Fig. 1a. It is
well known that increasing the test speed increases
the likelihood of brittle failure.?® This explains why
the samples in this study, which were tested at the
high speed of 400 mm/s, underwent primarily brit-
tle failure, as shown in Fig. 2. In fact, all of the
Sn-Ag-Cu samples underwent brittle failure. By
comparison, only 28% of the eutectic Sn-Pb solder
joints underwent brittle failure (the remaining 72%
experienced ductile failure). These results are con-
sistent with those from other high-strain-rate
tests.”!® The fact that the Sn-Pb solder joints un-
dergo ductile failure more frequently is in good
agreement with the report that the strength and
stiffness of the Sn-Pb solders are generally lower
than those of the Sn-Ag-Cu solders.?

The average fracture stresses for the three types
of Sn-Ag-Cu solder joints during the high-speed pull
tests are presented in Fig. 1b. The results for the
eutectic Sn-Pb samples are also shown for compar-
ison. In this study, the fracture stress was calcu-
lated by dividing the average pull force by the
estimated contact area between the solder ball and
the pad. All of the Sn-Ag-Cu alloy solders showed
similar fracture stresses (when taking the error
ranges into consideration). The eutectic Sn-Pb sol-
ders showed a higher fracture stress. The reason for
these results is thought to be as follows. The pri-
mary IMC layer that forms in the eutectic Sn-Pb
solder joint is NigSn,. This is known to be thinner
and hence stronger than the (Cu,Ni)gSns layer that
is formed in all of the Sn-Ag-Cu solder joints. The
structures of the (Cu,Ni)gSns IMC interfaces in the
Sn-Ag-Cu alloys are similar for all three samples,
regardless of their different Ag contents.”

Evaluating the Impact Resistance of a Solder
Joint

At high strain rates between 10%/s and 10%s, the
material experiences impact conditions and may fail
with reduced fracture energy in a brittle manner.
This phenomenon can be well described by the
relationship between the true stress and the strain
rate, which shows that the strength increases but
the plastic deformation decreases with increasing
strain rate as follows'®:

o =Ki™, (1)
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Fig. 1. (a) Failure mode distributions for the high-speed ball pull
tests at 400 mm/s with the ENIG surface finish. (b) The high-speed
pull fracture forces for the different samples tested under the same
conditions.

where m is the strain-rate sensitivity factor, ¢ is the
strain rate, K is the material constant, and ¢ is the
true stress.

Here, based on the assumption that there is no or
insignificant plastic deformation during the impact
event at very high strain rates,>?° we are quanti-
tatively estimating the impact resistance of a solder
joint, i.e., a solder ball plus the IMC interfaces
formed by the specific combination of solder ball and
pad surface finish. The instantaneously stored
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Fig. 2. Typical brittle fracture surface of Sn-1%Ag-0.5%Cu after the
high-speed ball pull test at 400 mm/s.

elastic strain energy of the solder joint per unit
volume should then be representative of the impact
tolerance of the solder joint. The strain energy
per unit volume or strain energy density (U,)
of a material during tension loading is generally
represented as follows>':

o2

_f
2E’
where or and ¢ are, respectively, the final stress and
strain for the elastic deformation, and E is the
Young’s modulus of the material.

Therefore, the total strain energy of a solder joint
(a solder ball plus the IMC layers) at the fracture
event during impact loading is the sum of the elastic
energy stored in the solder ball and the elastic
energy stored in the IMC interfaces, as shown
schematically in Fig. 3. However, the elastic
energy for the IMC interfaces can simply be ignored,
because their average Young’s modulus is very high
(the Young’s modulus of NigSn, is 130 GPa to
150 GPa,?? and that of (Cu,Ni)¢Sns is 150 GPa to
210 GPa??) compared with that of the bulk solder
ball (~34 GPa to 52 GPa, Table I). Moreover, their
estimated volume is significantly small compared
with that of the solder ball (~400 um diameter); the
ratio of their volumes is approximately 1:350,
assuming that the thickness of the IMC interfaces is
about 1 um to 2 um.” The total elastic energy is then
roughly the elastic energy instantaneously stored in
the solder ball until the impact fracture occurs. In
other words, the total elastic strain energy, Ujgial, is
then given by

(2)

Uo:%'o'f'gf:
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Table II. Calculation of the Elastic Strain Energy at Impact Fracture Under a High-Speed Ball Pull Test
Using Eqgs. 2 and 3

Estimated Fracture Strain Energy Elastic Strain

Alloy Volume (m?) Stress (MPa) Density, U, (J/m?®) Energy, U, X Vol. (uJ)
Sn-Pb ~3.3 x 1071 51.0 38176 1.28
SAC 105 ~3.3 x 1071 47.7 26428 0.89
SAC 305 ~3.3 x 1071 45.3 21333 0.71
SAC 405 ~3.3 x 1071 40.1 15466 0.52

Bulk Solder during in terms of resistance to impact loading. Firstly, the

impact loading Sn-Pb bulk solder is more compliant than the

— Sn-Ag-Cu bulk' solder, as displayed in Table L.

Stress failure at Secondly, the NizgSn, IMC layer is generally known

e < to be thinner and hence more robust than the

(Cu,Ni)¢Snjs layer.” On the other hand, the higher

IMC interfaces

Fracture |....
Stress, o;

Bulk solder during

B, quasi-static loading

Total strain energy
during impact loading

= 9.4x10‘4m3>‘ +3.3x10""m3x ‘ =3.3x1 0“m5x‘

Strain

Fracture strain

Fig. 3. Schematic of the stress—strain behavior of IMC interfaces
and bulk solder during tensile loading at high-strain rates. It should
be noted that the total strain energy during the impact loading is the
area under the curve multiplied by the volume of the solder joint.

Utotal = U(I)MC X VOI.IMC + U(s)older % VOl.SOIder

3

2
~ Usolder % Vol solder __ & x Vol solder
e " T 2E o

where UMC and Us*4er are the strain energies per
unit volume, and Vol.™C and Vol.s°lder are the esti-
mated volumes of the IMC layers and the bulk sol-
der, respectively, o¢ is the stress when the impact
fracture takes place, and E is the Young’s modulus
of the bulk solder. In this investigation, o; repre-
sents the fracture stress obtained during the high-
speed ball pull test at 400 mm/s for each type of
solder joint, as shown in Fig. 1b.

The total elastic strain energy, Uiial, is calculated
using Eq. 3 and is displayed in Table II. The mate-
rials ranked in descending order of resistance to
impact loading are Sn-Pb, SAC 105, SAC 305, and
SAC 405. This order of impact resistance is in good
agreement with the order of the actual drop per-
formances of the same solder joints reported in the
literature; Sn-Pb solder joints are reported to be
superior in drop performance to Sn-Ag-Cu solder
joints (for identical ENIG surface finishes).!’
Furthermore, the drop performance of SAC 105
is known to be greater than that of SAC 305 or
SAC 405.%'® There can be two reasons why Sn-Pb
solder joints are superior to Sn-Ag-Cu solder joints

resistance to impact loads of the lower-silver-con-
tent Sn-Ag-Cu solder joints may be attributed to
their bulk properties, but little to their IMC inter-
faces.

The method introduced in this study can be uti-
lized to quantitatively estimate the impact resis-
tance and hence drop performance of a solder joint
by simply combining the Young’s modulus of the
bulk solder and the fracture stress measured from a
high-speed ball pull test. This technique is simple to
perform, regardless of the size of the solder sphere
or the type of surface finish used. This means that
a quick evaluation of the impact resistance of a
solder joint, based solely on the properties of the
solder joint material, is possible. It is also noted that
the aforementioned testing method is, however,
unproven with respect to evaluating solder joints
with different BGA designs and layouts, which
might also have effects on the drop performance in
the JEDEC and other test methods. In addition, the
discussed test method may have limitations in cor-
rectly simulating the field conditions when more
complex stress states, such as bending and cyclic
stress, are involved where an unusual crack pro-
pagation behavior is typically identified.??

CONCLUSIONS

A new method has been introduced to predict the
drop performance of a solder joint to potentially
replace the costly and complicated board-level drop
test. This new method is based on the strain energy
concept during impact loadings and simply requires
the Young’s modulus of the solder material and the
fracture stress under a high-speed ball pull test to
be measured. The obtained results are in excellent
agreement with literature reports.
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