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ABSTRACT

There is an increasing interest in many market segments to
use solder alloys with lower melting temperatures for
electronics assembly. Low temperature solders can provide
manufacturing, economic, and environmental benefits. Since
2015, the International Electronics Manufacturing Initiative
(INEMI) Low Temperature Solder Process and Reliability
(LTSPR) Project has been evaluating Low Temperature
Solder (LTS) paste formulations based on the Bi-Sn system.
This paper summarizes the findings from a thermal cycling
test to evaluate the effect of thermal cycling profile on
thermal fatigue performance of low temperature solders.

The study uses a daisy chained printed circuit board and two
daisy chained ball grid array (BGA) test vehicles, a 192-pin
chip array BGA (CABGA192) and an 84-pin thin core BGA
(CTBGAS84). The test matrix includes multiple LTS solder
alloys designated by code names. The alloys are down
selected from the larger project alloy matrix based on
assembly effectiveness and mechanical test performance.
There are two types of solder alloys, so-called ductile
metallurgies that employ alloy modifications to improve the
properties of the basic Bi-Sn alloy, and joint reinforced pastes
(JRP) that employ resin additions that generate in situ filets
during reflow to provide joint support. Components
manufactured with the established SAC305 (Sn3.0Ag0.5Cu)
composition are used as the baseline for the study.

Three types of LTS solder joints are evaluated,
homogeneous, hybrid (heterogeneous), and hybrid formed
with joint reinforced pastes (JRP). Hybrid joints have a SAC
BGA soldered with a ductile metallurgy LTS solder paste.

The resultant solder joint consists of an unmelted SAC region
at the package side of the joint and a melted region at the PCB
side containing Bi from the solder paste. A hybrid joint also
may be described as heterogeneous because it contains two
regions with clearly distinct microstructures, compositions,
and properties. Homogeneous joints are created when a BGA
manufactured with LTS solder spheres is soldered to the PCB
using a LTS solder paste with matching composition. A JRP
joint is a special type of hybrid joint that has resin filets that
form during reflow to enhance joint support.

The test plan includes two distinct Accelerated Temperature
Cycling (ATC) profiles, 0/100 °C (IPC-9701B, TC1) and -
15/85 °C (selected due to the homologous temperature
comparison between Sn-Ag-Cu and Bi-Sn solder), using the
CABGA192 BGA component. This report includes the
temperature cycling results for 7 experimental legs of the
CABGA192 BGA component (Table 2) tested with the -
15/85 °C profile compared to the results of the 0/100 °C
profile (presented in a previous publication [37]). Weibull
statistics, microstructural characterization, and failure mode
analysis are used to compare the differences in alloy
performance and to compare the performance of hybrid and
homogeneous solder joint configurations.

Failure analysis from both ATC profiles showed that most of
the solder joints failed due to fatigue cracking within the bulk
solder near the package side, regardless of alloy composition,
joint construction (hybrid, homogeneous, or hybrid JRP), and
package type.
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The CABGA192 component was affected differently across
the 0/100 °C and -15/85 °C thermal cycling profiles. From a
characteristic lifetime analysis, all of the low temperature
solder test legs, across both ATC profiles, were shown to
have a characteristic lifetime performance equivalent to the
SAC baseline, with one exception; the homogeneous Red
Flesh leg as run in the 0/100 °C profile. However, this
performance delta went away when this leg was run in the
less aggressive -15/85 °C profile. When looking at the
thermal cycle profile ratio comparisons for characteristic
lifetime, all test legs were extended beyond the SAC baseline
in the less aggressive -15/85 °C profile, except for the Hybrid
Sultan 2 and the Golden Pillow 2 JRP, which showed a
decrease in the ratio.

From a 1% cumulative failure analysis, the homogeneous
Red Flesh and homogeneous Sultan 2 were shown to have
relatively lower performance as compared with the SAC305
baseline in the 0/100 °C profile. However, this performance
delta went away when these legs were run in the less
aggressive -15/85 °C profile. It was also observed that for
both the Beserah JRP and Golden Pillow 2 JRP as run in the
less aggressive -15/85 °C profile, there was relatively lower
1% cumulative failure as compared to both the 0/100 °C
profile and to the SAC305 baseline. This finding was also
observed when looking at the thermal cycle profile ratio
comparisons for 1% cumulative failure, which suggests that
JRP resins may have a sensitivity to the colder accelerated
temperatures as were present in the -15/85 °C profile.

Key words: Low temperature solder, thermal fatigue
reliability, thermal cycling, accelerated temperature cycling,
hybrid solder joints, homogeneous solder joints, joint
reinforced solder pastes, resin, bismuth, solder ball drift.

INTRODUCTION

Low Temperature Solder

The development and implementation of Low Temperature
Solders (LTS) for electronic assembly is being driven by
technical, economic, and environmental requirements. A
notable motivation for implementing low temperature solder
processes is to minimize dynamic warpage (flatness as a
function of temperature) of ball grid array (BGA)
components and printed circuit boards. Warpage during
solder reflow can reduce assembly yields and result in
unpredictable early field failures by creating defects such as
head on pillow (HoP), Non-Wet Open (NWO), and solder
ball bridging (SBB) [1]. Aspandiar et al. [2] and Mokler et al.
[3] have presented data that suggest component warpage
could be minimized if reflow is performed in the range of 160
to 180 °C. This temperature range is well-below the current
Sn-Ag-Cu (SAC) reflow range of 240-260 °C. The Mokler
study shows a 30-50 % reduction in warpage in a flip chip

BGA (FCBGA) when reflowed below 180 °C. However,
replacing the current SAC alloys with low temperature
solders requires improving the mechanical reliability
performance and characterizing thermal fatigue performance
of low temperature solders. Additionally, assembly processes
may need to be created or adapted to support implementation
of these alloys.

Low temperature soldering, in the context of these current
industry discussions, refers to reflow at a peak temperature
below 200 °C. The leading solder alloy candidates for reflow
below 200 °C are based on the Bi-Sn binary alloy system that
has a melting point of 138 °C at its eutectic composition of
approximately 42 wt.% Sn and 58 wt.% Bi [4]. The
metallurgy and technology of low temperature solder alloys
is evolving rapidly and detailed information on solder
assembly processing, alloy development, and reliability
testing can be found in several comprehensive reviews [5-
10]. The 42Sn-58Bi binary eutectic alloy initially was
considered a viable Pb-free candidate to replace Sn-Pb solder,
so there are already many available reports on its
performance [11-15]. However, independent investigations
confirmed the poor mechanical shock resistance [16] and
lower fatigue life [14] of 42Sn-58Bi, which was attributed to
its brittle two-phase lamellar microstructure.

Since those earlier evaluations of the 42Sn-58Bi binary
eutectic alloy, solder suppliers have developed new low
temperature solder pastes to improve the reliability
limitations of the binary 42Sn-58Bi alloy. For example, the
ductility of the Bi-Sn alloy can be enhanced by incorporating
elemental additions that promote grain refinement,
precipitate hardening or solid solution strengthening [3]. In
this way, the Bi-Sn microstructure is modified to combine its
inherent mechanical strength with better ductility and fatigue
resistance to withstand mechanical stresses due to shock or
cyclic stresses, such as those associated with mechanical
shock or thermal cycling, respectively. LTS alloys with
enhanced properties due to elemental additions often are
referred to as ductile metallurgies. Another option is the
reinforcement of the solder joint by incorporating resin in the
solder paste. In this case, the resins contained in the solder
paste cure during the reflow, forming a physical
reinforcement layer that acts as a mechanical barrier around
the metallic solder joint [17]. LTS alloys with enhanced
properties due to resin additions are referred to as joint
reinforced pastes (JRP).

The primary focus of recent industry LTS studies is on the
assembly and reliability challenges of hybrid (sometimes
called heterogeneous, or mixed metallurgy) ball grid array
(BGA) solder joints. A hybrid LTS solder joint is defined as
a SAC BGA that is reflow assembled with LTS solder paste.
LTS hybrid BGA solder joints consist of an upper region of
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unmelted SAC solder and a lower region of melted SAC
solder mixed with the Bi-Sn solder paste. Figure 1 shows a
back scattered electron (BSE) image of a hybrid solder joint.
The Bi presents as the bright white phase in the backscattered
imaging mode. Independent evaluations of Bi-Sn solders
with ductile alloying or resin reinforcement have
demonstrated promising results resisting mechanical shock
[3, 18, 19] and thermal fatigue [20] in hybrid SAC-BiSn BGA
assemblies.

SAC

SAC+Bi-Sn

Figure 1. A cross-sectional back scattered scanning electron
image of a hybrid or heterogenous ball grid array solder joint
(figure published previously [37]).

The initial applications for low temperature solder have been
in portable consumer electronics such as laptop computers
[21], thus most of the hybrid reliability testing has been
focused on mechanical shock and drop requirements [18, 19,
22-27]. However, some applications also require acceptable
thermal fatigue reliability, and there are much fewer thermal
cycling studies compared to drop/shock studies. Existing data
are limited in scope, mostly due to the large number of
variables under consideration such as solder processing
parameters, alloy compositions, paste formulations, and
component type [1, 9, 20, 23, 28, 29]. Despite more recent
thermal cycling activity [30-34], many gaps remain in
thermal fatigue data for hybrid solder joints.

To address the resources required for an unbiased and
comprehensive evaluation of low temperature solder
technology, the International Electronic Manufacturing
Initiative (INEMI) launched the BiSn-based Low
Temperature Soldering Process and Reliability (LTSPR)
Project in 2015. The project is supported by multiple
stakeholders, including a diverse mix of Original Design

Manufacturers (ODMs), Original Equipment Manufacturers
(OEMs), Electronic Manufacturing Services (EMS), material
suppliers, and universities. The first two phases of the project
explored material selection, development, and optimization
of surface mount processes specific to low temperature
solders, and evaluation of mechanical shock performance
[22, 24, 26, 27, 35, 36]. The project is currently in its third
phase, which is evaluation of thermal cycling performance.

The iNEMI LTSPR thermal cycling test matrix includes
multiple LTS solder alloys that were down selected from the
first two phases based on assembly effectiveness and
mechanical test performance. These alloys include the ductile
metallurgies that employ alloy modifications to improve the
properties of the basic Bi-Sn alloy, and joint reinforced pastes
(JRP) that employ resin additions that generate in situ fillets
during reflow to provide joint support. Components
manufactured with the established SAC305 (Sn3.0Ag0.5Cu)
composition are used as the control for the study.

In this third INEMI LTSPR phase, testing is conducted with
two distinct thermal cycling profiles, 0/100° C, and -15/85°
C. This paper reports the thermal cycling results for the 192
I/O chip array ball grid array component (CABGA192) tested
with the -15/85° C profile, and compares these results (as a
companion paper) to the CABGA192 tested with the 0/100°
C profile, presented in a previous publication [37]. Thermal
cycling data is reported for only the CABGA192 component
due to the testing of the CTBGAS84 had not yet concluded, for
the -15/85° C thermal cycling profile, at the time of this
writing. Weibull statistics, microstructural characterization,
and failure mode analysis are used to compare the differences
in alloy performance and to compare the performance of
hybrid and homogeneous solder joint configurations.

EXPERIMENTAL

Test Vehicle

Component and Test Board Description

The components and printed circuit board (PCB) test vehicle
was developed initially for the iNEMI Alloy Alternatives
project [38]. The daisy chained CABGA192 and CTBGA84
components [39] are shown in Figure 2. The solder alloy
spheres on both packages are SAC305. The PCB test vehicle
is 2.36 mm (93 mils) thick, with a 6-layer construction and
16 sites for the CABGA192 and another 16 sites for the
CTBGA&84 as shown in Figure 3.
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Figure 2. The CABGA192 and CTBGAS84 daisy chained
components and pin diagrams with die sizes and locations
[37,39].
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Figure 3. A fully populated, daisy chained PCB and the daisy
chained CABGA192 and CTBGA84 components [37].

The boards were fabricated with Shengyi S7545 high
temperature laminate material and an organic solderability
preservative (OSP) final finish. The attributes of the
components and PCB are provided in Table 1.

Table 1. BGA package and PCB attributes [37].

BGA Package Attributes

Designation CABGA192 CTBGAS4

Die Size 12x12 mm 5x5 mm

Package Size 14x14 mm 7x7 mm

Ball Array 16x16 12x12

Ball Pitch 0.8 mm 0.5 mm

Ball Diameter 0.46 mm 0.3 mm

Pad Diameter 0.381 mm 0.3 mm

Pad Finish Electrolytic Ni/Au Electrolytic NifAu

Au thickness 0.6 pm 0.6 pm
PCB Attributes

Dimensions 165x 178 x 2.36 mm

Laminate Shengyi S7545

Surface Finish ENTEK Plus HT (OSP)

No. Cu Layers 6

Pad Diameter 0.356 mm 0.254 mm

Solder Mask Dia. 0.483 mm 0.381 mm

Glass Transition
Temperature, T,

146 °C (DSC) 168 °C (TMA)

Decomposition
Temperature, Ty

374 °C

Board Assembly Parameters
Experimental Design

The experimental legs for the temperature cycling tests are
listed in Table 2. The 7 legs include a SAC baseline for
comparison, two of the best performing JRP solder pastes,
Beserah and Golden Pillow 2, from the previous study [22]
of mechanical shock drop reliability of a CPU BGA package,
and two of the best ductile BiSn solder pastes, Red Flesh and
Sultan 2, also from the previous CPU BGA package
mechanical drop study [22]. The two ductile BiSn solder
pastes were evaluated with both homogeneous and hybrid
(heterogeneous) solder joints configurations. Results from all
seven legs are included in this paper.

Table 2. The 7 Experimental Legs for the Temperature
Cycling Tests [37].

_ . (‘n‘mponent Solder Paste Solder Paste
Leg# Leg Name Component Sphere
- 3 Alloy Category
Composition
1 SAC Baseline s SAC305 SAC305 SAC Baseline
CABGA192
. " CTBGAS4 5 c Joint Reinforced
2 JRP CABGA192 SAC305 BiSn Eutectic P
3 Golden Pillow| CTBGAS34 SAC05 BiSn + Joint Reinforced
2 JRP CABGA192 Microalloys Paste (JRP)
Heterogeneous| CTBGAS84 BiSn + P
4 Red Flesh CABGALSZ SAC305 iy Ductile BiSn
H 2 CTBGAS84 BiSn + ; -
i Sultan 2 CABGA192 e Microalloys B IR
Homc CTBGA84 Identical to BiSn + - 5
6 Ductile BiS;
RedFlesh | CABGA192 | SolderPaste | Microalloy s
7 H CTBGAS84 Identical to .BlSn 1 Ductile BiSn
Sultan 2 CABGA192 | Solder Paste Microalloys
4
496
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Each Accelerated Temperature Cycling (ATC) test board
contains 16 CABGA192 and 16 CTBGA84 components.
Replicate test boards are used to achieve a sample size of 32
for each component. A single additional test board for each
experimental leg was assembled to provide samples for time
zero, baseline solder joint analysis.

Stencil Design and Printed Solder Paste Volume

The stencil aperture designs for the component lands on the
PCB are shown in Figure 4. The aperture design was
established to meet the requirement of the solder-paste
volume-to-BGA ball volume (PBV) ratio between 0.5 and
0.6. This is the PBV ratio range which generates the
maximum temperature cycling reliability of the BGA solder
joints [6]. The area ratios for the stencil apertures for the
CABGA192 and CTBGA®84 are 1.31 and 0.69, respectively,
and both are above the 0.6 minimum IPC standard. A laser
cut stencil was used with a nominal stencil thickness for all
legs of 101.6 um (4 mils).

Description above m Paste-to-Ball Volume Ratio

CABGA192 O 0.53mm 21 mils Sguare 0.57
CTBGAS4 O

Figure 4: Stencil aperture designs for the two components on
the Alloy ATC TV board [37].

0.28mm 11 mils Square 0.56

A Galaxy ASM DEK stencil printer was employed to print
the solder pastes on the boards. The solder paste volume
printed on each land of the Alloy ATC TV board was
measured using a Koh Young Aspire KY6070XL Solder
Paste Inspection (SPI) tool.

Figure A-1 in Appendix A plots the variability chart for the
printed solder paste volume for each of the boards for which
the fatigue data is reported in this study. Most points
measured fell within the 50% and 150% lower and upper
control limits respectively. Of the 10 points that fell outside
the control limits, 7 were on the low end, and 6 were from the
JRP (resin) solder paste type legs.

The plot in Figure A-1 indicates that the means of the paste
transfer efficiency for the CTBGA84 component are lower
than for the CABGA192 component for most solder pastes.
This is expected since the area ratio for the former component
is lower. A variance component analysis for the main effects,
estimated that the 17.3% of the variation occurred across the
two types of component land patterns, 17.6% variation
occurred from board to board, only 5.6% occurred across
solder pastes (code name), but the largest variation (57.9%)
was within a board. No variation could be attributed across
the solder paste types.

Reflow Soldering Profiles

The Appendix A contains the reflow profiles for all 7
experimental legs in Figures A-2, A-3, A-4, A-5, A-6, A-7
and A-8. These reflow profiles were measured using the KIC
thermal profiler. The thermocouple locations on the Alloy
ATC TV board are shown in Figure A-7 in Appendix A.

Two critical parameters in a reflow profile are the Peak
Reflow Temperature (PRT) and the Time Above Liquidus
(TAL). These are critical to ensure a good quality BGA solder
joint, both for a homogeneous microstructure, to enable
complete collapse, and a hybrid (heterogeneous)
macrostructure to enable adequate mixing of the molten
solder paste with the unmelted BGA solder ball.

The typical metric to measure reflow time is Time Above
Liquidus (TAL), which is the temperature at which the entire
solder paste is molten. The metallurgical compositions of the
solders used in this study are near-eutectic or hypo-eutectic.
So, the temperature at which the “Initial Melting” or onset of
melting, which is usually the eutectic temperature of the
metallurgical system of the solder in the paste, and the
Liquidus, which is the temperature when the solder paste is
fully molten will be different; even significantly different in
one case, as seen in Table 3 that listed these two values for
the five solder pastes evaluated in this study.

Table 3. Wt.% Bi, Wt.% Ag, Initial Melting and Liquidus
Temperatures of the five solder pastes used in this study [37].

Raja Red Golden
A

Solder Paste Type ~ SAC Ductile BiSn JRP (Resul)
Wt.% Bi 0 40 56-58 58 58
Wt.% Ag 3 0 <1 0 0

muElhEkig o iy e D e
Temp, °C
Liquidus Temp, °C 220 179 145 139 140

The PRT and TAL values for the 5 legs are plotted together
in Figure 5. As expected, the LTS legs are all lower in Peak
Reflow Temperature (PRT) as compared to the Raja Kunyit
(SAC305) leg. The JRP (Resin) legs are even lower than the
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Ductile BiSn legs. The Beserah paste has an extended TAL
to ensure the resin is sufficiently cured after reflow soldering.
The Red Flesh Ductile BiSn leg has the shortest TAL. This is
because it has the largest difference between the initial
melting temperature and the liquidus temperature. The TAL
is significantly more for the Sultan 2 solder paste than the Red
Flesh solder paste. However, the post reflow microstructure
of the Hybrid (SAC-BiSn) solder joints is influenced
predominantly by the PRT and less so by the TAL. The higher
PRT results in a more refined grain structure post reflow [40].

Heterogeneous Macrostructure
250

. Homogeneous Macrostructure

240 = e
[ Raja Kunyit (SAC)

230
220

210
Red Flesh
(Ductile BiSn)

]

190 D
180

170 §

Golden Pillow 2
(JRP Resin)

200

§ sultan 2 (Ductile Bisn)

Peak Reflow Temperature, C

Beserah (IRP Resin) B
o : )N

150

50 100 150 200 250
Time Above Liquidus, Secs

Figure 5. The Peak Reflow Temperature (C), and Time
Above Liquidus (seconds) for the alloys used in this study
[37].

Post Reflow Soldering Daisy Chain Resistances

The daisy chain resistances were measured for all 16
components of each type on each board after the boards were
reflow soldered. Figure A-10 in Appendix A shows the daisy
chain resistance plot. Some daisy chain resistance values for
the CTBGAS84 in the Golden Pillow 2 leg are outliers (see red
square data points in Figure A-10). Figure 6 shows 3D
Computer Tomography (CT) X-ray images and scanning
electron microscopy images in the backscattered electron
(BSE) mode of joints with the appearance of a Head-on-
Pillow (HoP) solder defect.

b}

Figure 6. Examples of HoP-like solder joints in the Golden
Pillow 2 JRP leg of CTBGAS84 components (figures
published previously [37]).

Similar solder joint structures were reported in the Process
development phase of the current iNEMI LTSPR project
[22]. These defects are believed to form by the premature
gelling of the resin in the JRP paste before the solder has
become molten and has wet the BGA SAC sphere. Increasing
the initial ramp rate of the reflow profile for this Golden
Pillow 2 leg is one suggested method to eliminate these
defects.

Microstructural Characterization and Failure Analysis
Baseline characterizations were performed on representative
board level assemblies from each of the test cells to document
the solder joint quality and basic solder microstructure at time
zero, before the start of temperature cycling. This enabled
comparisons to be made between samples at time zero to
samples that were removed subsequently from the
temperature cycling chamber for characterization and failure
mode analysis.

Microstructural characterizations and failure mode analyses
were done using metallographic cross-sectioning and the
Scanning Electron Microscope (SEM) operating in the
Backscattered Electron (BSE) imaging mode. With BSE
imaging, the number of electrons reaching the detector is
proportional to the atomic number (Z), which makes it
effective for differentiating phases. This has been
demonstrated for SAC microstructures [41-43] and is
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particularly useful for differentiating the high-Z Bi phase in
solder microstructures [26, 41, 43]. The SEM operating in
the secondary electron imaging (SEI) mode was used to
observe the resin fillets.

Accelerated Temperature Cycling

Accelerated temperature cycling (ATC), or thermal cycling
(TC), is the recognized technique for evaluating the thermal
fatigue performance of solder attachments. Daisy chained
components and circuit boards enable electrical continuity
testing after surface mount assembly and in situ, continuous
monitoring during thermal cycling. The thermal cycling plan
includes two distinct thermal cycling profiles, 0/100 °C
and -15/85 °C. The 0/100 °C profile is designated as TCI1 in
the IPC-9701B performance document that provides
guidance for assessing reliability of surface mount
attachments [44]. This test profile has nominal hot and cold
ramp and dwell times of 10 minutes each (40-minute total
cycle time).

The -15/85 °C profile is not part of the [IPC-9701B standard,
but there was a particular reason for using this thermal
cycling profile, a reason directly related to the lower melting
temperature of the Bi-Sn solder.

The homologous temperature, Ty, is defined as the ratio of the
temperature a material is at, T, and its melting point, Tr, with
the calculation done on the Kelvin scale; Tn = T(K)/Tn(K).
Material degradation processes, such as creep that occurs
when subjected to fatigue stresses, as well as annealing
processes, such as recrystallization and grain growth of the
microstructure within metals, occur at Ty greater than 0.4
[45]. At temperatures where Ty, is greater than 0.9, the
strength and hardness of metals reduces precipitously. This
thermal cycling profile was used mainly due to the concern
that the upper dwell temperature of 100 °C in the original
temperature cycling profile (0/100 °C) was above a
homologous temperature of 0.9 for BiSn solders.

Figure 7 displays the homologous temperature comparison
between Sn-Ag-Cu solder and Bi-Sn solder. Since Bi-Sn
solder has a lower melting point (~138 °C) than Sn-Ag-Cu
solder (~217 °C), its homologous temperature line is above
that of Sn-Ag-Cu. At the upper dwell temperature of 100 °C
for the 0/100 °C thermal cycling test, Ty for Bi-Sn solder is
0.92. To lower the Ty below 0.90, 85 °C was chosen as the
upper dwell temperature for an alternate thermal cycling
profile. The Ty for Bi-Sn solder at 85 °C is 0.87. The T, for
SAC is 0.73 at 85 °C.

< 3
E 095 g
t 092 -
=3 9°” (|
- 0.87 - i
;085 . o \5;/
0.80 e whe
0.76 g v
0.75 9 = g
L T TR R B LR o o o BT -
0.70| 073 -l - ,,/D/
F . -
065 =" |
n L |
2 0.60 e e
’/’
0.55 =
I ,//
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Figure 7: Homologous Temperature (Ty) Comparison
between Sn-Ag-Cu solder and Bi-Sn solder [45].

The difference between the two thermal cycling dwell
temperature extremes (AT) is a critical parameter when
selecting thermal cycling test profile since in the literature,
many acceleration models that have been widely used to
predict the lifetimes of solder joints of electronic packages
include AT as a key factor [46-49]. Hence, the same 100 °C
AT was set for the second thermal cycling profile to match
the original 0/100 °C profile. Consequently, the dwell
temperature extremes for this second profile were set at
-15°Cto 85 °C.

Nonetheless, since the paramount goal in this work was to
compare the temperature cycling fatigue resistance of SAC
and Bi-Sn BGA solder joints, setting the upper dwell
temperature of the second thermal cycling profile at the same
Th of that for SAC at 100 °C would have been most
appropriate. However, from Figure 7 it is apparent that this
would require the upper dwell temperature to be at 40 °C.
Using a -40 to 40 °C temperature profile would be impractical
since the time needed to get adequate solder joint failures
would extend beyond 3 to 5 years.

During thermal cycling, the solder joints are monitored using
an event detector set at a resistance limit of >1000 ohms.
Failure data are reported as characteristic life | (the number
of cycles to achieve 63.2% failure), Weibull slope B,
Correlation Coefficient 12, and 1% Cumulative Failure from
a two-parameter (2-P) Weibull analysis.
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RESULTS AND DISCUSSION

Solder Joint Characterization

During the reflow assembly process, the SnBi-based solder
paste melts and wets the SAC balls and Cu metallization on
the PCB pads. Sn and Cu dissolve into the melt until it
reaches equilibrium. The microstructure and Bi distribution
of hybrid joints after SMT reflow depend on variables such
as reflow peak temperature, initial solder paste to solder ball
volume ratio, cooling rate, and solder composition [55, 56].
Figure 8 shows low magnification BSE and SEI images of as
assembled CABGA192 samples. JRP assemblies are shown
in Figure 8a through Figure 8d, and hybrid assemblies are
shown in Figure 8¢ and Figure 8f [37]. As discussed in the
assembly section, the stencil aperture was designed to
produce an initial solder-paste volume-to-BGA ball volume
(PBV) ratio of between 0.5 and 0.6 for all four hybrid
assemblies.

Despite a constant volume ratio, there is a noticeable
variation in the amount of Bi mixing in the solder joints
imaged in Figure 8. This variation in Bi mixing could result
from different peak reflow temperatures and time above
liquidus (Figure 5), different flux chemistries, as well as
compositional differences in Bi content and minor alloy
additions of the pastes.

Figure 8. Cross sectional images of hybrid and JRP
CABGA192 LTS solder joints before thermal cycling.
Bismuth mixing is revealed using BSE imaging in a) Beserah
JRP and b) Golden Pillow 2 JRP. Resin fillet formation is
outlined in SEI images in c) Beserah JRP and d) Golden
Pillow 2 JRP. Bismuth mixing is revealed using BSE imaging
in e) hybrid Red Flesh and f) hybrid Sultan 2 (figures
published previously [37]).

The amount of Bi mixing was estimated using Imagel, a
public domain Java image processing program available from
the National Institute of Health (NIH)) [52]. Sixteen solder
joints for each leg were imaged using the SEM and the back
scattered detector. The area of Bi mixed region was measured
with respect to the area of entire joint. Figure 9 shows the
average values of Bi mixing for four experimental legs.
For the CABGA 192 hybrid solder joints, Beserah JRP has the
lowest average Bi mixing and Sultan 2 has the highest
average Bi mixing.

Bismuth Mixing Measurements (ImageJ)

ol

Beserah Golden Pillow 2 Red Flesh Sultan 2
Solder Paste Code
Figure 9. A plot of average solder joint Bi mixing levels in
the CABGA192 hybrid and JRP legs estimated using ImagelJ
processing [37].

Bi Mixing %
N w e O
o o o o

b
o

Figure 10 shows the solder joint microstructures of as
assembled CABGA192 homogeneous Red Flesh and
homogeneous Sultan 2 samples [37]. In general, the
distributions of the Bi phase in both homogeneous assemblies
are similar. There are two distinct Bi precipitate
morphologies, with large primary Bi particles and small
plate-like precipitates. Sultan 2 has more prominent large
primary Bi precipitates and finer, close spaced plate-like
precipitates. These findings are consistent with the work of
Belyakov et al. who identified two types of Bi phases in Bi
containing solders. They described the two Bi morphologies
as large, chunky Bi particles that form in the grain boundary
during solidification and as small Bi plates that precipitate in
the solid state [53].
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Figure 10. Cross sectional solder joint images of sample
CABGA192 components with a) homogeneous Red Flesh
and b) homogeneous Sultan 2 before thermal cycling. Results
published previously [37].

Accelerated Temperature Cycling Results

This section includes the CABGA192 Accelerated
Temperature Cycling (ATC) Weibull statistics, distribution
plots and a summary analysis of this data.

= Figure 11 is a bar chart comparing the characteristic
lifetimes of the CABGA192 component for all LTS
alloy test legs from the 0/100 °C and -15/85 °C
thermal cycling profiles.

* Figure 12 is a bar chart comparing the 1%
cumulative failure values of the CABGA192
component for all LTS alloy test legs from the 0/100
°C and -15/85 °C thermal cycling profiles.

»  Figure 13 and Figure 14 are bar charts including the
CABGA192 component 1% cumulative failure and
characteristic lifetime statistics from the 0/100 °C
and -15/85 °C thermal cycling profiles respectively.
The Weibull statistics for both thermal cycling
profiles are summarized in Table 4.

=  Figure 15 is a composite Weibull distribution plot
for all 7 test legs, from the 0/100 °C and -15/85 °C
thermal cycling profiles respectively.

Additional Weibull distribution plots show
performance comparisons:

*  Figure 16: Hybrid Red Flesh, Hybrid Sultan 2 and
SAC305 baseline

=  Figure 17: Homogeneous Red Flesh, Homogeneous
Sultan 2 and SAC305 baseline

=  Figure 18: Beserah JRP, Golden Pillow 2 JRP, and
SAC305 baseline

specific

Figures 16, Figure 17, and Figure 18 are also presented in
Appendix B with 90% confidence intervals overlaid.

CABGA192 CHARACTERISTIC LIFETIME
u0/100°C ATC

m-15/85°C ATC

GOLDEN PILLOW 2 JRP

BESERAH JRP

HOMOGENEQUS SULTAN2

HOMOGENEOUS RED FLESH

HYBRID SULTAN2

HYBRID RED FLESH

SAC 305

Figure 11. A bar chart comparing the characteristic lifetimes
ofthe CABGA192 component for all LTS alloy test legs from
the 0/100 °C (results published previously [37]) and -15/85
°C ATC profiles.

CABGA192 1% CUMULATIVE FAILURE
¥ 0/100°C ATC W -15/85°C ATC

GOLDEN PILLOW 2 IRP
BESERAH JRP
HOMOGENEOUS SULTAN 2
HOMOGENEOUS RED FLESH
HYBRID SULTAN 2

HYBRID RED FLESH

SAC 305

Figure 12. A bar chart comparing the 1% cumulative failure
values of the CABGA192 component for all LTS alloy test
legs from the 0/100 °C (results published previously [37]) and
-15/85 °C ATC profiles.
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CABGA192 WEIBULL STATISTICS
0/100 °C ATC
® 1% FAILURE  m CHARACTERISTIC LIFETIME

GOLDEN PILLOW 2 JRP
BESERAH JRP
HOMOGENEOUS SULTANZ g
HOMOGENEQUS RED FLESH
HYBRID SULTAN2 1585

HYBRID RED FLESH

SAC305

Figure 13. CABGA192 component 1% cumulative failure
and characteristic lifetime statistics from the 0/100 °C ATC
profile (results published previously [37]).

CABGA192 WEIBULL STATISTICS

-15/85 °C ATC

® 1% FAILURE W CHARACTERISTIC LIFETIME

GOLDEN PILLOW 2 JRP
BESERAH JRP
HOMOGENEOUS SULTAN2
HOMOGENEOUS RED FLESH
HYBRID SULTAN2

HYBRID RED FLESH

SAC 305

Figure 14. CABGA192 component 1% cumulative failure
and characteristic lifetime statistics from the -15/85 °C ATC
profile.

CABGA192 Weibull Statistics for 0/100 °C Thermal Cycling

IR 3 1% Failures Correlation
ey 0
Solder Assembly Type Lifetime n (eycles) Slope B Coeficent, 12
(cycles)
SAC Baseline 1111 5012 10.7 0.97
Hybrid Red Flesh 7394 4468 9.1 0.94
Hybrid Sultan 2 11586 3931 43 0.96
Homogeneous
Red Flesh 5360 3006 5.3 0.96
Homogeneous
Sultan 2 7322 3925 74 0.92
Beserah
Joint Reinforced Paste 11642 5624 74 0.92
Golden Pillow 2
Joint Reinforced Paste 9376 5860 98 0.92
CABGA192 Weibull Statistics for -15/85 °C Thermal Cycling
Characteristic ; .
o 1% Failures Correlation
Solder Assembly Type Lifetime n (cycles) Slope B Coefiicient, 12
(cycles)
SAC Baseline 12756 7739 9.2 0.99
Hybrid Red Flesh 13482 7456 78 097
Hybrid Sultan 2 14483 6754 6.0 0.98
Homogeneous
Red Flesh 12464 7559 9.2 0.97
Homogeneous
Sultan 2 15193 7334 6.3 0.97
Beserah
Joint Reinforced Paste 19712 4763 32 0.98
Golden Pillow 2
Joint Reinforced Paste 12951 4038 3.9 0.99

Table 4. Summary of Weibull statistics for the CABGA192
component 0/100 °C ATC profile (results published
previously [37]) and the CABGA192 component -15/85C °C
ATC profile.
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Figure 15. CABGA192 composite Weibull distribution plots
showing thermal cycling results for 6 LTS legs and the
SAC305 baseline from the 0/100 °C ATC profile (results
published previously [37]) and the -15/85 °C ATC profile.

CABGA192
0/100 °C Thermal Cycling

99
% 95 [W/rr)

90 |
P
a 70
ﬁ 50
a 3
g Rybrid Hybrid
s Red Flesh Sultan 2

10
F
a 5 Solder Paste n B r nis
i SAC305 7711 | 1068 | 0.969 | 64/0
! 2 HybridRed Flesh | 7394 | 0.13 | 0.944 | 3210
e
d HybridSultan2 | 11586 | 4.26 | 0.965 |32/5

1 )
1000 2000 3000 5000 1E+4 2E+4 3E+4  SE+4 1E+5
Temperature Cycles
CABGA192
=15/85 °C Thermal Cycling
% SAC ‘
P
a
: s0 "
Hybrid Hvbrid

a Red Flesh v
9 Sultan 2
e
s

10
F
a s
i Solder Paste i B[ r [n/s
I i SAC305 12756 |9.2]0.99 [32/0}
e Hybrid Red Flesh | 13482 |7.8]0.97 [32/0}
d Iy Hybrid Sultan 2| 14483 |6.0]0.98 |32/1

1000 10000 1E+0n

Temperature Cycles
Figure 16. CABGA192 Weibull distribution plots showing
thermal cycling results for Hybrid Red Flesh, Hybrid Sultan
2 and SAC305 baseline from the 0/100 °C ATC profile
(results published previously [37]) and the -15/85 °C ATC
profile.
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Figure 17. CABGA192 Weibull distribution plots showing
thermal cycling results for Homogeneous Red Flesh,
Homogeneous Sultan 2 and SAC305 baseline from the
0/100 °C ATC profile (results published previously [37]) and
the -15/85 °C ATC profile.
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Figure 18. CABGA192 Weibull distribution plots showing
thermal cycling results for Beserah JRP, Golden Pillow 2 JRP
and SAC305 baseline from the 0/100 °C ATC profile (results
published previously [37]) and the -15/85 °C ATC profile.

The Weibull plots in Figure 15, along with the Table 4
summary, show the CABGA192 component Weibull
characteristic lifetime and 1% cumulative failure data for all
test legs in the 0/100 °C and -15/85 °C ATC profiles. From a
characteristic lifetime analysis, we see that all test legs,
except for the homogeneous Red Flesh from the 0/100 °C
profile which shows a relatively lower performance (which
was not the case for this component as run in the -15/85 °C
profile), have a thermal cycling performance comparable to,
or increased from, the SAC305 performance baseline. A key
component
characteristic lifetime performance for homogeneous Red
Flesh in the 0/100 °C profile went away when this part was

observation is that the relatively lower

run in the less aggressive -15/85 °C profile.

From a 1% cumulative failure analysis, we see that both
homogeneous Red Flesh and homogeneous Sultan 2 show
relatively lower performance (even with the 90% Confidence
Intervals overlaid in Appendix B) as compared with the
SAC305 baseline in the 0/100 °C profile. Additionally, we
see that both the Beserah JRP and Golden Pillow 2 JRP show
relatively lower 1% cumulative failure performance (even
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with the 90% Confidence Intervals overlaid in Appendix B),
as compared to the SAC305 baseline in the -15/85 °C profile.
A key observation is that the relatively lower 1% cumulative
failure performance from the homogeneous Red Flesh and
homogeneous Sultan 2 legs in the 0/100 °C profile went away
when this part was run in the less aggressive -15/85 °C
profile.

Figure 16 and its companion plot with 90% Confidence
intervals in Appendix B show that hybrid Red Flesh and
hybrid Sultan 2 have nearly identical or increased
characteristic lifetime performance for the CABGA192
component, across the 0/100 °C and -15/85 °C profiles, as
compared with the SAC305 baseline. The Weibull slope 3 for
hybrid Sultan 2 is noticeably lower than SAC305 across the
0/100 °C and -15/85 °C profiles, extrapolating to a
substantially larger characteristic lifetime for hybrid Sultan 2
but a lower 1% cumulative failure (Table 4), but the
difference is minimal when 90% Confidence Internals are
overlaid (as shown in Appendix B).

Figure 17 and its companion plot with 90% Confidence
intervals in Appendix B show that homogeneous Sultan 2,
across the 0/100 °C and -15/85 °C profiles, and homogeneous
Red Flesh, in the -15/85 °C profile, have comparable or
increased characteristic lifetime performance for the
CABGA192 component as compared with the SAC305
baseline. The homogeneous Red Flesh shows relatively lower
characteristic lifetime and 1% cumulative failure
performance, in the 0/100 °C profile, as compared with the
SAC305 baseline, but this difference went away in the less
aggressive -15/85C profile. The homogeneous Sultan 2
shows relatively lower 1% cumulative failure performance
(even with the 90% Confidence Intervals overlaid in
Appendix B), in the 0/100 °C profile, as compared with the
SAC305 baseline, but this difference also went away in the
less aggressive -15/85C profile.

Figure 18 and its companion plot with 90% Confidence
intervals in Appendix B show that Beserah JRP and Golden
Pillow 2 JRP have similar or increased characteristic lifetime
performance for the CABGA192 component, across the
0/100 °C and -15/85 °C profiles, as compared with the
SAC305 baseline. The Beserah JRP and Golden Pillow 2 JRP
show relatively lower 1% cumulative failure performance
(even with the 90% Confidence Intervals overlaid in
Appendix B), in the -15/85 °C profile, as compared to both
the 0/100 °C profile and to the SAC305 baseline.

Table 5 shows the CABGA192 component characteristic
lifetime ratio comparisons, to see the direct impact of these
two thermal cycle profiles on characteristic lifetimes. This
ratio is calculated by dividing the characteristic lifetime of
the -15/85 °C thermal cycling profile by the characteristic

lifetime of the 0/100 °C profile. Data analysis shows the
characteristic lifetime of the SAC baseline with the less
aggressive -15/85 °C profile was extended by a factor of
1.65X compared to the 0/100 °C profile. The Beserah JRP
ratio of 1.69X was comparable to the SAC baseline, while the
Hybrid Red Flesh ratio of 1.82X, the Sultan 2 ratio of 2.07X,
and the Homogeneous Red Flesh ratio of 2.33X were all
extended beyond the SAC baseline in the less aggressive
-15/85 °C profile. However, the Hybrid Sultan 2 ratio of
1.25X and the Golden Pillow 2 JRP ratio of 1.38X both show
a decrease in the ratio versus the SAC baseline in the less
aggressive -15/85 °C profile.

CABGA192 WEIBULL STATISTICS ; CHARACTERISTIC LIFETIME
THERMAL CYCLE PROFILE RATIO COMPARISON

0/100°C ATC -15/85°C ATC -15/85 °C

LECIRE PROFILE PROFILE | RATIO= —nosc
SAC Baseli 7711 12756 1.65X
Hybrid Red Flesh 7394 13482 1.82X
Hybrid Sultan 2 11586 14483 1.25X
Homogeneous Red Flesh 5360 12464 2.33X
Homogeneous Sultan 2 7322 15193 2.07X
Beserah JRP 11642 19712 1.69X
Golden Pillow 2 JRP 9376 12951 1.38X

Table 5. CABGA192 component characteristic lifetime ratio
comparison of the 0/100 °C ATC profile (results published
previously [37]) and -15/85 °C ATC profile.

Table 6 shows the CABGA192 component 1% cumulative
failure ratio comparisons, to see the direct impact of these two
thermal cycle profiles on 1% cumulative failure. This ratio is
calculated by dividing the 1% cumulative failure of the
-15/85 °C thermal cycling profile by the 1% cumulative
failure of the 0/100 °C profile. The 1% cumulative failure of
the SAC baseline with the less aggressive -15/85 °C profile
was extended by a factor of 1.54X compared to the 0/100 °C
profile. The Hybrid Red Flesh ratio of 1.67X, the Hybrid
Sultan 2 ratio of 1.72X, the Homogeneous Sultan 2 ratio of
1.87X and the Homogeneous Red Flesh ratio of 2.51X were
all extended beyond the SAC baseline in the less aggressive
-15/85 °C profile. However, the Beserah JRP ratio of 0.85X
and the Golden Pillow 2 JRP ratio of 0.69X both show a
relatively large decrease in the ratio versus the SAC baseline
in the less aggressive -15/85 °C profile.

CABGA192 WEIBULL STATISTICS ; 1% CUMULATIVE FAILURE
THERMAL CYCLE PROFILE RATIO COMPARISON

0/100°C ATC -15/85°C ATC -15/85 °C

HESRNAE PROFILE PrROFILE  |RATIO= e
SAC Baseline 5012 7739 1.54X
Hybrid Red Flesh 4468 7456 1.67X
Hybrid Sultan 2 3931 6754 1.72X
Homogeneous Red Flesh 3006 7559 2.51X
Homogeneous Sultan 2 3925 7334 1.87X
Beserah JRP 5624 4763 0.85X
Golden Pillow 2 JRP 5860 4038 0.69X

Table 6. CABGA192 component 1% cumulative failure ratio
comparison of the 0/100 °C ATC profile (results published
previously [37]) and -15/85 °C ATC profile.
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Failure Mode Analysis: Thermal Fatigue

The microstructural response of SAC solder joints during
thermal cycling is well known. The coarsening of the network
of AgsiSn precipitates is followed by recrystallization and
propagation of cracks along the newly formed Sn boundaries.
BGA thermal fatigue failures in Sn-based solders typically
have a crack path through the strain-localized region of the
bulk solder, although propagation may proceed close to the
IMC interfacial layer. The fracture path is characterized by
local recrystallization, global recrystallization, crack
branching, and cavitation at boundary triple points (for
example, at the triple junction between the solder, land and
solder mask). These are common fracture characteristics for
SAC solder thermal fatigue failures and are consistent with
those reported first by Dunford in 2004 [54] and confirmed
in many previous publications [37, 41, 42, 43, 55, 56].

Figure 19 and Figure 20 show Backscattered Scanning
Electron Microscope (SEM) images of failed thermally
cycled solder joints from CABGA192 SAC baseline samples,
from the 0/100 °C profile (results published previously [37])
and the -15/85 °C profile respectively. Crack initiation and
propagation is within the bulk solder close to the package side
interface. Mostly partial cracking was observed near the PCB
interface.

Figure 19. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 SAC baseline samples,
0/100 °C ATC profile (results published previously [37]).

Figure 20. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 SAC baseline samples,
-15/85 °C ATC profile.

Figures 21 through 32 show failed thermally cycled solder
joints from the hybrid, homogeneous, and JRP CABGA192
samples from the 0/100 °C profile [37] and the -15/85 °C
profile. In general, all test legs including hybrid Red Flesh
(Figures 21 and 22), hybrid Sultan 2 (Figures 23 and 24),
homogeneous Red Flesh (Figures 25 and 26), homogeneous
Sultan 2 (Figures 27 and 28), Beserah JRP (Figures 29 and
30), and Golden Pillow 2 JRP (Figures 31 and 32) exhibit the
same basic failure characteristics of the SAC305 baseline,
with thermal fatigue cracking through the bulk solder near the
package side. The backscattered SEM analysis found no
evidence of Bi precipitation in the vicinity of package-side
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cracking, even in hybrid Sultan 2, the hybrid assembly with
the greatest Bi mixing level (Figure 9). However, when Bi is
present in solid solution, it can affect thermal fatigue
performance, and dissolved Bi cannot be detected with
backscattered imaging. SEM-EDS (Energy Dispersive
Spectroscopy) analysis could be performed to investigate the
existence of dissolved Bi near the package interface.

The predominant fatigue failure location is at the package
side in the unmelted SAC region. Less fatigue cracking was
detected in the Bi-mixed region of some hybrid and JRP
solder joints (Figures 21-22). Mostly partial cracking was
observed in the Bi rich region near the PCB interface in some
JRP and hybrid solder joints. This is consistent with Weibull
plots for the hybrid and JRP assemblies that show no
evidence of a bimodal distribution indicative of more than a
single solder joint failure mechanism or crack propagation
path. An example of a thermal fatigue failure in a Bi mixed
region is shown in the lower image of Figure 21. The crack
likely initiates at an incoherent boundary between Bi and Sn
phases and propagates either along Sn grain boundaries,
along a phase boundary between Bi precipitates and the Sn
matrix, or through a large, coarsened Bi phase that has
accumulated near the intermetallic (IMC) layer. This crack
development process was also observed in both
homogeneous Red Flesh and homogeneous Sultan 2 (Figures
25-28).

Figures 25-28 show voids in the failed CABGA192
homogeneous solder alloy assemblies. The voiding is located
at adjoining large Bi precipitates or at Bi/Sn interfaces.
Because minimal voiding was detected before thermal
cycling (Figure 10), it is assumed that the voids were not
initiated purely as a result of thermal cycling (but they could
have grown in size). During thermal cycling, saturated Bi that
is in solid solution in the Sn matrix transforms into a
secondary Bi precipitate. It has been estimated that the
precipitation of Bi causes about a 25% reduction in the
localized volume [57]. This volume misfit generates an
elastic strain energy that is proportional to the volume change
during the phase transformation of precipitation. In turn, a
tensile stress is introduced at the boundary between the Bi
precipitate and the Sn matrix. This eventually causes
separation between the phases resulting in the formation of a
void [58]. This process is analogous to the cavitation voiding
at boundary triple points in SAC solders that is responsible
for tertiary creep during thermal cycling [54, 59].

X588  Semm

Figure 21. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 hybrid Red Flesh,
0/100 °C ATC profile (results published previously [37]).

5.9mm x200 LD

Figure 22. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 hybrid Red Flesh,
-15/85 °C ATC profile.
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Figure 23. Backscattered SEM images of two failed thermal Flgure 25. Bagkgcattered SEM images of two failed thermal

cycled solder joints from CABGA192 hybrid Sultan 2,  cycled solder joints from CABGAI192 homogeneous Red

0/100 °C ATC profile (results published previously [37]). Flesh, 0/100 °C ATC profile (results published previously
[37]).

Figure 24. Backscattered SEM images of two failed thermal Flgure 26. Backscattered SEM images of two falled thermal
cycled solder joints from CABGA192 hybrid Sultan 2, cycled solder joints from CABGA192 homogeneous Red
-15/85 °C ATC profile. Flesh, -15/85 °C ATC profile.
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Flgure 27. Backscattered SEM images of two failed thermal Figure 29. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 homogeneous Sultan cycled solder joints from CABGA192 Beserah JRP, 0/100 °C
2, 0/100 °C ATC profile (results published previously [37]). ATC profile (results published previously [37]).

Figure 28. Backscattered SEM images of two failed thermal ~ Figure 30. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 homogeneous Sultan  cycled solder joints from CABGA192 Beserah JRP,
2,-15/85 °C ATC profile. -15/85 °C ATC profile.
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Figure 31. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 Golden Pillow 2 JRP,
0/100 °C ATC profile (results published previously [37]).

Figure 32. Backscattered SEM images of two failed thermal
cycled solder joints from CABGA192 Golden Pillow 2 JRP,
-15/85 °C ATC profile.

Observation of Solder Ball Drift

Solder ball drift is an interesting deformation phenomenon
observed in thermally cycled hybrid LTS solder joints, first
reported by Wentlent et al. in 2020 [60]. During X-ray
inspection, it was noticed that in several locations the solder
joints were noticeably shifted out of position. Those shifted
positions were documented more clearly using destructive
cross-sectional analysis.

Because of these findings, thermally cycled CABGA192
samples were inspected for solder ball drift using X-ray
inspection and cross-sectional analysis. Previous work on the
CABGA192 revealed multiple examples of solder ball drift
in all experimental legs containing hybrid-type solder joints
[37], and similar findings were revealed from inspection of
the -15/85 °C profile. These solder ball drift examples include
Beserah JRP, Golden Pillow 2 JRP, hybrid Red Flesh and
hybrid Sultan 2. Solder ball drift was not found in hybrid
assemblies prior to thermal cycling and was not found in
homogeneous LTS or SAC assemblies. Dramatic examples
of solder ball drift in thermally cycled CABGA192 samples
are shown in the SEM cross sectional images in Figure 33.

»neee
DDDC!

P_J k.

DDL:I

Figure 33. Multiple examples of ball drift in the CABGA192
component [results published previously [37])

Figure 33 highlights an extremely interesting characteristic of
solder ball drift. Severe solder ball drift is often found when
there is no solder ball drift in adjacent solder joints that are
expected to experience nearly the same strain induced by the
CTE mismatch between the component and PCB. Solder ball
drift also can be found at inner row locations and away from
high-strain corner locations as shown in the top-down X-ray
images of the CABGA192 (from the 0/100 °C profile [37]
and the -15/85 °C profile) in Appendix C.

It is important to recognize that despite the severe
deformation, drifted solder balls generally are not detached
from the component interface and remain connected
electrically. Thus, solder ball drift is not necessarily
considered a primary failure mode, particularly one that
would be detected by the resistance monitoring and event
detection used in this study. Solder ball drift is an interesting
phenomenon, but further detailed characterization is beyond
the scope of this study.
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SUMMARY

The thermal fatigue resistance of four Low Temperature
Solder (LTS) alloys was assessed using a CABGA192 ball
grid array test vehicle and accelerated thermal cycling
profiles of 0 to 100 °C (IPC-9701B, TC1) and -15 to 85 °C.
The original concern with the accelerated 0/100 °C thermal
profile was that the Bi-Sn might not perform as well with the
higher acceleration provided at an upper temperature extreme
of 100 °C. As 100 °C is close to the onset of the low
temperature solder melting temperature, it may result in a
decrease in the strength of the solder, possibly lowering the
characteristic lifetime. Additionally, most computer
products, used by consumers, do not operate continuously at
100 °C. For both reasons, another profile with a lower upper
temperature extreme was also used for this study. Thus the
-15/85 °C accelerated profile was selected (after considering
the homologous temperature comparison between Sn-Ag-Cu
and Bi-Sn solder). Based on the results of this study, even
with failures occurring faster with the 0/100 °C profile, the
low temperature solders do perform well at 100 °C.

The alloys with code names Red Flesh and Sultan 2 were
evaluated using a hybrid assembly process (SAC BGA with
LTS solder paste) and a homogeneous assembly process
(matching LTS BGA and LTS paste). The alloys with code
names Beserah and Golden Pillow 2 were evaluated as hybrid
assemblies with joint reinforced pastes (JRP). JRP solder
pastes form a resin fillet that gels around individual solder
joints as the solder solidifies. In all cases, SAC305 BGA
assemblies were used as the performance baseline.

Metallographic cross-sectional analysis of failed samples
from all 7 test legs, across both thermal cycle profiles,
revealed thermal fatigue cracking in the bulk solder,
primarily at the package side of the solder joint. A much
smaller amount of fatigue cracking was detected in the Bi-
mixed region of hybrid and JRP solder joints. Fatigue
cracking at the package side is the predominant failure
location. Fatigue cracking at the package side in the SAC
region is characterized by local recrystallization, global
recrystallization, crack branching, and cavitation at boundary
triple points. The fatigue cracking at the PCB side in the Bi-
mixed region proceeds typically along phase boundaries,
recrystallized Sn grains, and occasionally by cleavage
through Bi precipitates. Backscattered SEM analysis showed
no significant Bi precipitation in the vicinity of the package-
side cracking, even in hybrid Sultan 2, the hybrid assembly
with the highest initial Bi mixing level. However, when Bi is
present in a solid solution, it is expected to affect thermal
fatigue performance, but dissolved Bi cannot be detected with
backscattered imaging.

The CABGA192 component was affected differently across
the 0/100 °C and -15/85 °C thermal cycling profiles. From a

characteristic lifetime analysis, all the low temperature solder
test legs, across both ATC profiles, were shown to have a
characteristic lifetime performance equivalent to the SAC
baseline, with one exception; the homogeneous Red Flesh leg
as run in the 0/100 °C profile. However, this performance
delta went away when this leg was run in the less aggressive
-15/85 °C profile. When looking at the thermal cycle profile
ratio comparisons for characteristic lifetime, all test legs were
extended beyond the SAC baseline in the less aggressive -
15/85 °C profile, except for the Hybrid Sultan 2 and the
Hybrid Golden Pillow 2 JRP, which showed a decrease in the
ratio. One hypothesis for the lower hybrid solder joint
performance difference versus SAC could be the occurrence
of the ball drift mechanism (solderballs shifting out of their
position during thermal cycling, potentially increasing the
solder joint strain within the unmelted SAC region with
increasing number of thermal cycles). Additionally, the
Golden Pillow 2 JRP performance may be influenced by HoP
or partial HoP defects generated during the reflow soldering
process (i.e., at Time Zero), which might also account for the
Golden Pillow 2 JRP performance difference versus SAC.

From a 1% cumulative failure analysis, the homogeneous
Red Flesh and homogeneous Sultan 2 were shown to have
relatively lower performance as compared with the SAC305
baseline in the 0/100 °C profile. However, this performance
delta went away when these legs were run in the less
aggressive -15/85 °C profile. It was also observed that for
both the Beserah JRP and Golden Pillow 2 JRP as run in the
less aggressive -15/85 °C profile, there was relatively lower
1% cumulative failure as compared to both the 0/100 °C
profile and to the SAC305 baseline. This finding was also
observed when looking at the thermal cycle profile ratio
comparisons for 1% cumulative failure.

As this JRP behavior was not observed with the 0/100 °C
profile, it suggests that earlier 1% cumulative failure values
for resin reinforced material properties may be more sensitive
to the colder temperatures found in the -15 °C to 0 °C
temperature range, or it may be possible that the resins are
not adhering as firmly to the solder mask or solder joint at
-15 °C as they do at 0 °C. To validate these hypotheses,
additional JRP experiments (including but not limited to
nano-hardness evaluations) should be conducted to determine
the impact of thermal cycling temperatures below 0 °C on
resin reinforcement materials. As resin reinforcement is
shown to be effective in resisting fatigue damage for greater
characteristic life performance, the potential effects of other
variables should be considered. It should be noted that other
factors may also influence the reliability performance of resin
reinforcement, such as the differences in the JRP test legs of
alloy composition, reflow profile, Bi mixing level (Figure 8),
microstructure, and resin chemistry and properties.
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Cross-sectional analysis also detected multiple examples of
the deformation phenomenon known as solder ball drift.
Solder ball drift was detected at inner and outer row sites, was
not limited to high strain locations, and occurred with both
hybrid reflow profiles. Solder ball drift occurred more
frequently, and the deformation was more severe with the
CABGA192 than with the CTBGAS84. Solder ball drift was
not found in hybrid (heterogeneous) assemblies prior to
thermal cycling and was not found in homogeneous LTS or
SAC assemblies. Despite the extent of the deformation,
solder ball drift seldom resulted in an open circuit failure in
the solder joint and was not considered a primary failure
mode in this investigation.

FUTURE WORK

The -15/85 °C thermal profile cycling work will be completed
on the CTBGA84 component to determine the characteristic
lifetimes, solder joint failure modes and failure locations in
the solder joint. This data will be compared to the CTBGA84
data from the 0/100 °C thermal profile cycling results.
Comparable failure analysis and data analysis will be
performed, and the results will be reported later.
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APPENDIX A

Relevant Board Assembly Parameters
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Figure A-2. Reflow Profile for the Raja Kunyit paste used in Leg #1, the SAC Baseline category [37].
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Oven Name: BTUD2

Process Window Mame: INEMIATC ALLOY
TV_PS_64800-05_LEG2
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Deita 0.18 11.94 6.00
Figure A-3. Reflow Profile for the Beserah paste used in Leg #2, the JRP Resin category [37].
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Owven Name: BTUDZ Process Window Name: INEMI ATC ALLOY
TV_P5S_64800-05 LEG3
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2.60 0% B35 13500 175.45 21 133.67 63
2,91 EE) #2.71 127T% 172.45 6T 13277 T2%
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3.02 2% 81.18 N 175.34 -29% 129.86 =101%
2.81 I T0.69 7% 170.56 -83% 131.04 -80%:
3.04 4 T0.82 B 172.85 61 130.53 T
3.12 1% B2.89 120% 179.01 20% 133.61 -Gd4%
2.84 -16% T6.01 B0 164.90 -168% 130.73 93%
0.28 7.50 14.11 381

Figure A-4. Reflow Profile for the Golden Pillow 2 paste used in Leg #3, the JRP category [37].
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Oven Name: BTUOZ Process Window Name: INEMIATC ALLOY TV_PS_64800-05_LEG
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Figure A-5. Reflow Profile for the Red Flesh paste used in Leg #4, the Hybrid (Heterogeneous) Ductile BiSn category [37].
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Oven Name: BTUOZ2 Process Window Name: INEMIATC ALLOYTV_PS_64800.05 LEGS
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Figure A-6. Reflow Profile for the Sultan 2 paste used in Leg #5, the Hybrid (Heterogeneous) Ductile BiSn category [37].
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Oven Name: BTUM Process Window Name: INEMIATC ALLOY TV_093_PS DP 5600
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Figure A-7. Reflow Profile for the Red Flesh paste used in Leg #6, the Homogeneous Ductile BiSn category [37].
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OwvenName: BTUM Process Window Name: INEMIATC ALLOY TV_093_PS5 DP 5600
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Figure A-8. Reflow Profile for the Sultan 2 paste used in Leg #7, the Homogeneous Ductile BiSn category [37].
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I Board Direction in the Reflow Oven

* In the solder joint

* On the board surface

ALFRTRL L IENT

Figure A-9. The location of the thermocouples on the Alloy ATC TV board for measurement the Reflow Profiles of various
experimental legs [37].
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Figure A-10. Resistances of the Daisy Chains for the two Component Types on the Alloy ATC TV Boards after reflow
soldering for all Legs in this Study [37].
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Appendix B
Weibull Plots with 90% Confidence Intervals
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o 0/100 °C Thermal Cycling -15/85 “C Thermal Cycling
95 W/rx/ci=fmD90 % | " 1/
a0 | g
P 2
70 a |
50 c |
k “‘| .
30 a | | Hybrid |
Hybrid 9 | Sultan 2
Red Flesh Sultan 2 e | e
10 s |
5 [ Solder Paste n [ ” nis F !
SAC305 mm 10.68 | 0.969 | 64/0 ? b ‘ Solder Paste H B 2 |nss
2 HybridRed Flesh | 7304 913 | 0.944 | 320 1 | TAC305 32756 [0.2|0.00 |32
HybridSultan2 | 11586 426 | 0.965 | 3215 e | Hybrid Red Flesh | 13482 |7.8|0.97 |32/

1 d | Hybrid Sultan 2 14483 [6.0]0.08 321
1000 2000 3000 5000 1E+4 2E+4  3E+4 5E+4 1E+5 h,l‘“ W08
Temperature Cycles Temperature Cycles

CABGA192
0/100 °C Thermal Cycling CABGA192
99 % -15/85 °C Thermal Cycling
o W/re/ci=fmDoo
P SAC
70 a
50 c
Red Flesh p Red Flesh i Homogeneous
e - Sultan 2
10 s SolderPaste | n | B | r? [nys
5 | soderpaste | p | e s sac305  |12756]9.2| 0.99]32/0|
SACI05 mn | 10.68 | 0.969 1 640 F - HOI'IICIgE"EOI.IS
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5 . . Sultan 2 ; R
1000 2000 3000 5000 TE+3 1E+4 e 2 /
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CABGA192 Weibull Statistics for 0/100 °C Thermal Cycling CABGA192 Weibull Statistics for -15/85 °C Thermal Cycling
Characteristic . . Characteristic . .
o 1% Failures Correlation o 1% Failures Correlation
Solder Assembly Type Lifetime n (s Slope B Coeficient, r2 Solder Assembly Type Lifetime n s Slope B Coeficient, 12
(cycles) (cycles)
SAC Baseline 7 5012 10.7 0.97 SAC Baseline 12756 7739 9.2 0.99
Hybrid Red Flesh 7394 4468 9.1 0.94 Hybrid Red Flesh 13482 7458 7.8 0.97
Hybrid Sultan 2 11586 3931 4.3 0.96 Hybrid Sultan 2 14483 6754 6.0 0.98
Homogeneous Homogeneous
Red Flesh 5360 3006 5.3 0.96 Red Flesh 12464 7559 9.2 0.97
Homogeneous Homogeneous
Sultan 2 7322 3925 74 0.92 Sultan 2 15193 7334 6.3 0.97
Beserah Beserah
Joint Reinforced Paste 11642 5624 74 0.92 Joint Reinforced Paste 19712 4763 3.2 0.98
Golden Pillow 2 Golden Pillow 2
Joint Reinforced Paste 9376 5860 9.8 0.92 Joint Reinforced Paste 12951 4038 3.9 0.99

Note: The 0/100 °C thermal cycling profile Weibull plots and
Weibull statistics data (above) were published previously [37].
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Appendix C
X-ray Detection of Ball Drift in a CABGA192 (0/100°C profile)

JRP ,
Beserah

JRP
Golden
Pillow2

Note: The 0/100 °C thermal cycle profile x-ray ball drift images above were published previously [37]
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Appendix C
X-ray Detection of Ball Drift in a CABGA192 (-15/85°C profile)
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