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ABSTRACT

BGA mezzanine connectors are essential elements of
today’s Telecom and Datacom systems because they
provide distinct advantages to system designers and
manufacturers. To developers, they offer design flexibility
and cost reduction opportunities. To assemblers, they often
eliminate the expensive wave soldering process, thus
improving operational efficiency and profitability.

Area array connectors have proven their long-term
performance in Tin-Lead solder systems, but the mandatory
switch to Lead-free alloys has forced requalification
programs that include assembly process and reliability
testing. Before any new connector can be designed or
adopted, concerns about SMT process windows, reliable X-
ray inspection and rework, and BGA joint reliability must
be defined and assessed.

A new BGA connector system that is designed to improve
both assembly and reliability has been developed. This
paper describes the connector’s design features that address
processing concerns and increase long-term reliability. It
reviews the results of tests that assessed the system’s
performance in accelerated thermal cycling.

Accelerated thermal cycling (0-100°C) of over 72,000
solder joints produced six confirmed failures between 7,700
and 10,000 cycles, indicating a level of performance that far
exceeds typical BGA packages. Weibull and dye & pry
analyses showed that the connectors’ individual blocks

function independently of each other during thermal cycling,
presumably contributing to their surprisingly high long-term
performance. The predicted life of the connectors when
subjected to daily thermal cycles of 25 — 60°C is 30 years.

Key words: BGA connector, Area Array connector,
Reliability, Lead-Free

BACKGROUND

Used primarily in telecommunications systems, area array
mezzanine connectors provide better routing densities,
signal integrity and signal speeds than Plated Through-Hole
(PTH) connectors. In addition to the design advantage, the
elimination of the PTH connection eliminates the need for
press fits or wave solder processing during circuit assembly.

Although the first-generation of BGA mezzanine connectors
were assembled on SMT production lines, they were not
necessarily SMT process-friendly. The two-piece designs
consisted of a plug and a receptacle. The receptacle portion
of the connector was very compatible with the SMT process,
but the plug portion could present issues depending on its
stack height. Taller stack heights have higher masses and
centers of gravity, making them more susceptible to
skewing during transport; their greater thermal masses make
them more difficult to profile for reflow and rework; and the
wafers that conduct the signals can interfere with x-ray
inspection.  The processing issues are by no means
insurmountable, but they do detract from yields and profits.
A new generation of connector that is designed to maintain
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the reliability of the previous generation but improve upon
its manufacturability has been introduced.

Area array mezzanine connectors are relatively new, and
little long-term reliability data is available regarding their
performance over time. Therefore, reliability must be
assessed using established industry standard measurement
techniques, such as accelerated thermal cycling (ATC).
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Figure 1. Three-piece BGA Mezzanine Connector System

The new high-speed mezzanine connector has been
designed as a modular three-piece system to provide high
assembly yields and overall reliability.  Each board-to-
board connection is made by two receptacles and one
interposer, as shown in figure 1.

The receptacles that mount to the PWBs are BGAs with
0.65mm balls placed on a 1.5 x 1.75mm staggered grid,
effectively similar to 1.0mm BGAs. To provide a strong
component-ball interface, the balls are mounted on pins.
The pin is compliant to help absorb stresses and strains
under mechanical loads.

Figure 2. Connector blocks of 100 signal and 90 ground
interconnections are mounted on a flexible frame.

To further relieve stresses, the balls and pins are made into a
block for 190 pins. The blocks are incorporated onto thin,
flexible frames, as illustrated in figure 2. The frames hold 1,
2 or 3 blocks to achieve the component I/O counts of 190,
380 or 570. The block-frame design is a key contributor to
the connector’s long-term reliability.

Figure 3. Floating wafers and compliant pins relieve
stresses from the solder joints and mechanically decouple
the mother board and daughter card.

The parts that go into the balls are the tail of the contact pins
that secure the interposer wafers. The interposer contains
10, 20 or 30 individual wafers that each carries 10 signal
and 9 ground connections. The wafers float inside the
interposer chassis and are captured by the compliant
contacts within the receptacles as shown in figure 3. The
floating wafer and compliant pin design elements help to
relieve stresses from the solder joints.

More information on the design elements that contribute to
long-term reliability and thermal cycling performance can
be viewed in Appendix A.

The connector was also designed for easy assembly: its low-
profile, low thermal mass BGA receptacles are easy to
reflow, use X-ray and rework, when necessary. Mass
production testing at two global contract electronics
manufacturers demonstrated overall defect rates of 2.2
dpmo.’

TEST VEHICLE

The test vehicles were 16-layer, 3.2mm (0.125in) thick,
300mm x 300 mm (12in) PWBs constructed of high glass
transition temperature (Ty) FR-4 with Organic Solderability
Preservative (OSP) finish. The 16 layer stack-up included 7
ground planes of 35 micron (10z) copper and 7 signal layers
of 18 micron (1/20z) copper. The outer layers were 18
micron copper; the top layer was daisy chained and the
bottom layer contained test points.
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Figure 4. Test vehicle mother board
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Figure 5. Test vehicle daughter card that enables four

connector configurations. It is scored for singulation into
different test configurations.

The mother board contained four 300 signal (570 1/O)
connectors, with one placed in each quadrant of the PWB.
The daughter card was the same size and had four
corresponding connectors, but its quadrants could be
singulated to allow the testing of different mounting
configurations. The mother board and daughter cards are
shown in figures 4 and 5.

EXPERIMENTAL SETUP
The objective of the test was to quantify thermal cycling
performance of PWB assemblies simulating various
application conditions:

T Virgin and reworked BGA modules

{1 Single and multiple connector mounts

1 Different connector configurations and locations

(= =]

Configuration 2

Configuration 1

- = | [
[ [ [ | |
Configuration 3 Configuration 4
Mother Daughter

Board Y Card
X >

Figure 6. Mother board — daughter card test configurations

Four different mounting configurations were tested as
shown in figure 6:
1. 4 daughter cards; 1 connector per card
2. 2 daughter cards; 2 connectors per card; oriented in
X direction
3. 2 daughter cards, 2 connectors per card, oriented in
Y direction
4. 1 daughter card; 4 connectors per card

Table 1. Experimental Design

Interposer Solder Configuration Total
Height Proces 1 2 & 4
1reflow 6 6 6 6 24
17mm
reworked 2 2 2 2 8
1reflow 6 6 6 6 24
32mm
reworked 2 2 2 2 8
1reflow 12 12 12 12 48
Total
reworked 4 4 4 4 16
Total # of Connector Systems | 16 16 16 16 64

Two different interposer heights were used: 17mm (0.670in)
and 32mm (1.260in). For each interposer height-
configuration combination, 6 virgin (as reflowed in single
pass) and 2 reworked connectors were tested. Mother
boards were reflowed once. Daughter cards were reflowed
twice, and were inverted on the second pass to simulate a
double reflow assembly process. A total of 64 connector
systems with 72,960 solder joints were assembled and
thermal cycled, as described in table 1.

ASSEMBLY AND TEST

The PWBs were assembled at Jabil in San Jose, CA. They
were used directly from the dry packaging with no pre-bake.
No-clean and water-clean lead-free solder pastes were
printed using a 125 micron (5 mil) stencil with 0.54mm (21
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mil) apertures. The assemblies were reflowed in a 10-zone
oven with a nitrogen atmosphere of < 300ppm oxygen.

Rework was performed with a hot air rework system. The
receptacles were removed and the pads were redressed. No-
clean solder paste was stenciled down with the same stencil
design used in the assembly, and new receptacles were
resoldered with nitrogen.

All assemblies were X-ray inspected and no defects were

found. Continuity checks were also performed on all boards.

THERMAL CYCLING

Accelerated Thermal Cycling was performed at Trace
Laboratories in Chicago, IL.  Prior to cycling, the
assemblies were preconditioned for 24 hours at 100°C to
accelerate possible processes such as solder grain growth,
intermetallic compound growth and oxidation.

1y, iy e i
Figure 7. Test Assemblies in Thermal Cycling Chamber

The thermal cycling was performed in accordance with IPC-
9701A.2 Assemblies were cycled from 0°C to 100°C with
(approximately) 10°C/min ramp rates and 5 minute dwell
times at each extreme. Electrical resistance was monitored
continually throughout the test. A photograph of the test
setups is shown in figure 7.

Solder joint failure criteria was an increase in resistance of
20% or more for five consecutive scans during cycling.
Failures were confirmed at room temperature by resistance
increase.

RESULTS
Of the 72,960 solder joints that were tested, six failures
were recorded in situ at the following cycle counts:*
T 7720 (M004: 17 mm stack height, configuration 4,
not reworked, no clean on MB side)
1 9337 (M006: 32 mm stack height, configuration 2,
not reworked, water soluble on MB and DC sides —
2 failures on this assembly)
1 9620 (M005: 32 mm stack height, configuration 1,
not reworked, water soluble on MB side)
1 9742 (M002: 32 mm stack height, configuration 2,
not reworked, no clean on MB side, and

MOO05: 32 mm stack height, configuration 1, not
reworked, water soluble on MB side)

The first solder joint failure at 7720 cycles is remarkable for
a BGA connector. By comparison, conventional BGA
packages show joint failures in the range of 1000 to 5000
thermal cycles. Similar BGA connectors have been reported
to fail at nearly 3000 cycles.* In fact, most leadless SMT
components fail before reaching 6,000 cycles. Only leaded
devices, such as QFPs, can typically survive 10,000 cycles.
The thermal cycling performance of the 300-position BGA
connector appears to exceed that of typical BGA packages,
and is comparable to devices with gull-wing leads.

FAILURE ANALYSIS

Figure 8. Joint failure on mother board M0O5 at 9620
thermal cycles

Several of the failures detected during thermal cycling were
confirmed via cross sectional analysis.> The joint failures
that were observed all showed typical fatigue fractures in
the bulk solder at the PWB interface, as shown in figure 8.
They were also located in the two outermost columns of
each connector block. All failures occurred at a Connector
# 4 site, but it is not clear why, given that there were very
few failures and they occurred on different boards.

Weibull Analysis
Due to the extraordinarily low number of failures during the
10,000 thermal cycle test and the decoupled block design,
the Weibull analysis was performed using two approaches.
The approaches differentiated failure times and sample sizes
for populations of connectors and populations of blocks:
1 Approach #1 treated each connector as a single
entity
1 Approach #2 treated each connector as three
individual blocks
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Figure 9. Weibull distribution of failures using two

analysis methods

Five failure points for each approach were plotted in figure
9. (MOO05 mother board had two failures in the same block,
but from a statistical perspective, the block/connector is
taken out of the population after its first failure; therefore,
five of the six failures are used in the Weibull analysis.) b
values were 8.629 using approach #1 and 8.521 using
approach #2. These values are typical of solder joint wear-
out distributions, and are reasonably high. The Weibull
slopes and correlation coefficients suggest a homogeneous
population of solder joints with no apparent manufacturing
defects, and pins correctly centered with respect to the pads.
The high quality manufacturing results can be attributed to
both a well controlled assembly process and to the ease of
assembly of the connector itself, as evidenced by its 2.2
dpmo defect rate in high-volume production runs.

While the number of failures is small, the similarity of the
results of the two approaches suggests that the individual
blocks are statistically and mechanically independent under
thermal cycling conditions.

To further understand the relationship between the entire
receptacle and the individual blocks, the connector’s
predicted characteristic lives (d) from both approaches are
compared. Assuming the three blocks of the connector are
independent and have equal probabilities of failure, the ratio
of characteristic lives for the block and connector
populations should be:

kl/b
where k is the subset size of 3.5

For H=8.629 with the connector population, the ratio of
characteristic lives is:

31/8.629 = =1. 136

For b=8.521 with the block population, the ratio of
characteristic lives is:

31/8.521 = =1. 138

The ratio of characteristic lives, dgiocks/dconnector; from the
Weibull plot in figure 9 is:

15,252/13,326=1.145

The difference between the theoretical ratios of 1.136 or
1.138 and the calculated ratio of 1.145 is only 0.6 and 0.8%,
suggesting that the three blocks of the connector system
have equal probability of failure and behave independently
in thermal cycling.

In summary, both approaches to the Weibull analysis
returned similar results. Slopes (b) were 8.629 and 8.521
and characteristic lives (d) were 15,252 and 13.326 for
approaches #1 and #2, respectively. The actual ratios of the
two characteristic lives are extremely close to the theoretical
ratio for all three blocks functioning independently,
differing by less than 1%. Both the similarity of the
Weibull results and the ratio of characteristic lives suggest
independent statistical and mechanical performance of the
separate blocks in the connector during thermal cycling.

Dye and Pry Analysis

A total of 16 connectors were subjected to dye and pry
analysis, exposing 9120 solder joints. The assemblies that
were analyzed included the following characteristics:

1 Mother board (single reflow) and daughter card
(double reflow)

17 and 32mm stack heights

As-reflowed and reworked assemblies

No-clean and water-clean solder pastes
Four different mother board - daughter card
configurations

E

Figure 10. Solder joint with 75% dye intrusion, or 75%
cracking, after 10,000 thermal cycles.

Pin locations where approximately 75% or more of the joint
area showed dye intrusion, as represented in figure 10, were
recorded and mapped.



As originally published in the 2010 SMTA International Conference Proceedings

kg 5755 89 51

LIRS O L

B4R 56 ST B0 AE 45 4L &) 411

R e - e e —
=

5T e P

-3
e P

All

strips have a width of one pitch (P}
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Figure 12. Locatlon of joints with 75% dye penetration on mother board side of nine test boards: M001 M002, M003, M008,

MO005, M011, M014, M016

Joints that showed 75% dye penetration are indicated by red
circles on the maps in figures 11 and 12. Observation of the
crack locations reveals:

1. The locations with 75% dye penetration are equally
distributed among the three connector blocks,
suggesting that the three blocks are not
mechanically coupled and can be treated as
statistically independent.  If the blocks were
mechanically coupled, the failures would more
likely be concentrated at the outside ends of the
connectors, not at the ends of each block.

2. Within any given block, the vast majority of
locations showing 75% dye penetration are on
columns within one pitch of the side edges. None
of the failures are on the top or bottom row, with
the exception of the corner joints, which also
happen to be on the side edges. This failure pattern
suggests more thermal expansion in the X-direction
than in the Y-direction, and is counterintuitive to
conventional expectations that corner joints would
fail first based on a maximum thermal mismatch or

maximum Distance to Neutral Point (DNP) theory.
Subsequent analysis investigates the directional
dominance of the failure pattern.

Analysis of Failure Locations

Joint Cracking and Block Locations

8%
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Figure 13. Average amount of joints within one pitch of
blocks’ edges showing 75% (or more) dye penetration after
10,000 thermal cycles
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Figure 13 shows the percentage of joints within one pitch of
the blocks’ edges showing 75% cracking, breaks them down
by assembly characteristic, and compares them to the
average amount of 3.73 percent per connector. Note that
this was not a full factorial experimental matrix; the
numbers in parentheses next to the characteristic’s name
indicate the number of boards in that subset. No strong
correlations were found regarding mother board/daughter
card, stack height, solder process conditions or flux type.
The only substantial difference is between configurations 2
and 3, but there is no obvious cause for this difference, and
the small sample size limits any statistically significant
conclusions regarding these two particular configurations.

Joint Cracking and Block Positions

] ]

DCEnds DCCenter MB Ends MB Center  All Location/
Position
Average

6%

Average across all
connectors = 4.28%%
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8
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within 2 Pitches of Block Edges
N
B

)
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Figure 14. Average number of joint locations with 75%
cracking within 2 pitches of the connector’s edge

To investigate any dependence of block location or position
on failure rate, the average numbers of joints showing 75%
cracking within two pitches from block side edges are
evaluated.  Figure 14 compares the overall average
percentage of affected joints with center and end blocks on
both the daughter card and the mother board. No significant
difference is observed based on block location or position.
This finding concurs with findings of prior analyses that
indicate independent performance of individual blocks
during thermal cycling.

In summary, the Dye and Pry analysis after 10,000 thermal
cycles revealed the majority of joint cracking on the outside
columns of the connector blocks, equally distributed among
the blocks, with a strong influence in the X-direction. No
correlations were found regarding stack height, solder
process or type, mother or daughter board location, or block
position within the connector. The dye and pry findings
support the conclusion from the Weibull analysis that the
individual blocks are mechanically decoupled and
statistically independent under thermal cycling conditions.
The X-direction dominance of the failure pattern calls for an
analysis of the thermal expansion characteristics of the
assembly.

THERMAL EXPANSION AND SHEAR FORCE
ANALYSIS

The solder joints most likely to fail first in a traditional
BGA package are often located near the corners of the die
shadow or the package. In a traditional BGA package, the
stresses imparted by thermal expansion mismatch are
dominant factors in joint reliability and are often the greatest
at the corners. However, based on the dye and pry analysis,
the solder joints expected to fail first in this BGA connector
are the joints on the outside columns of each connector
block. The failure pattern indicates a potentially large
thermal expansion mismatch in the X-axis, along the length
of the connector. To understand the effects of thermal
expansion mismatch, the CTEs of the boards and connectors
were measured, the effective CTEs for individual pin
locations were calculated, and the maximum possible
stresses placed on each joint were analyzed.

The coefficients of thermal expansion for both the
connectors and the PWBs were measured using a
thermomechanical analyzer (TMA). This method subjects
the specimens to a precisely controlled temperature
environment while continuously monitoring its expansion
and contraction.”’

Board
CTE,=16.7

Connector

CTE,=47.9

CTE,=13.4
ppm/°C

CTE,=15.0
ppm/°C

Figure 15. Coefficients of Thermal Expansion below PCB
glass transition temperature

Figure 15 shows the CTEs of the connector receptacles and
the PWB below the PWB’s glass transition temperature
(Tq ) of 160°C, and far below the connector material’s T,
The mismatch between the CTEs in the X and Y directions
are 31.2 ppm/°C and 1.6 ppm/°C, respectively. The 31.2
ppm/°C mismatch in the X mismatch is considered large for
a surface mount component; the 1.6 ppm/°C in the Y
direction is more typical and is considered small.
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Figure 16. Diagram of a single connector block. The

connectors used in this test are comprised of three individual
blocks that function independently during thermal cycling.

Figure 16 shows a diagram of the connector block, its pin
layout, and its neutral point. Because the parts expand at
different rates in the X and Y directions, each pin that is
located diagonally from the connector’s neutral point
experiences a different rate of expansion, known as its
Effective CTE.

Effective CTE
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Figure 17. Diagram of pitches used to calculate Effective
CTEs in diagonal directions for pins located on outside
column of the connector block.

The Effective CTE for each point is based on the CTEs in X
and Y directions, aspect ratios r=X/Y or Y/X, the DNP
measured in pitches, and the pitch of the pins in each
direction, as illustrated in figure 17. Young's modulus does
not appear in this simplified model for effective CTEs.

Effective CTE of Connector Block
on Outer Column of Pins
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Figure 18. Effective CTE of connector block in diagonal
(radial) direction at joints in last column on right side of
connector, where X = 4.75* P1and P1=1.75mm.?
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Figure 19. Effective CTE of connector block in diagonal
(radial) direction at joints on top row of connector, where Y
= 4.5*P2 and P2 = 1.5mm.°®

The Effective CTE, U, for each pin location on the areas
most affected by thermal expansion — those on the block’s
outermost columns and rows - is calculated and plotted as
shown in figures 18 and 19.

When the Effective CTEs of the connector block’s outer
(right side) column and the top row are compared, the outer
column shows considerably higher wvalues, which is
consistent with the strong X-direction dominance of solder
joint cracking observed in the dye and pry analysis, and the
absence of any 75% joint cracks in the top and bottom rows
of the connectors.

The PWB itself experiences similar radial thermal
expansion that varies with joint location, and the effective
CTEs can be calculated for each pin location in a similar
fashion.

Thermal Expansion Mismatches
The thermal expansion mismatch at any given pin location
is the product of the DNP, the difference between effective
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CTEs of the connector block and PWB, and the temperature
rise:

Lo = DNP * (UBLOCK - UPWB) *oT

Thermal Expansion Mismatch
on Outer Column of Pins

Y/P2
=1.5mm
w

2 2423

P2

249.4
254.8

258.2
259.4

0 100 200 300
Mismatch (nm)

Figure 20. Thermal expansion mismatch on outer column
of pins for 1°C of temperature rise.

Thermal Expansion Mismatch
on Top Row of Pins

Mismatch (nm)

X/P1
P1=1.75mm

Figure 21. Thermal expansion mismatch of top row of pins
for 1°C of temperature rise.

The actual thermal expansion mismatch for a one degree
Celsius temperature rise along the outer columns and rows
of the connector blocks are plotted in figures 20 and 21.
When the mismatch of the block’s outer column and the top
row are compared, the outer column again shows
considerably higher values, which is consistent with the
strong X-dependence of solder joint cracking observed in
the dye and pry analysis and the absence of 75% joint cracks
in the top and bottom row of the connectors.

The thermal expansion mismatch is the largest near the
center of the outermost column of joints. The profile of the
thermal expansion mismatch is steep, varying by less than
10% from the center position to the first three positions
moving up or down the column from the center.

The thermal expansion mismatch of the top row of pins
shows negative values near the neutral Y-axis of the
connector because the effective CTE of the connector is less

than that of the PWB material at these locations, and the net
result is a mismatch in the opposite direction of the other
joints in this row.

The greatest thermal expansion mismatch is on the X-axis of
the connector blocks. Once again, this finding is consistent
with the dye and pry results shown in figures 11 and 12.
Thermal expansion mismatches play a considerable role in
solder joint failure under thermal cycling, and are large
components of the stresses and strains applied to the solder
joints.

SHEAR STRESSES ON SOLDER JOINTS

Calculation of Maximum Shear Stresses

The shear forces applied to a solder joint during thermal
cycling depend on the Effective CTE Mismatch, the DNP,
and stiffness of the pins or leads. The stiffer the pins, the
higher the forces applied the joint; the more compliant the
pins, the lower the forces applied to the joint.”

Pin Geometry

-
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Figure 22. Pin and solder joint parameters of interest.

The stiffness of the pin is based on the portion that
protrudes from the connector block’s body. That portion is
also referred to as the pin free height (figure 22). It is
treated as a cantilever beam with a rectangular cross section.
The stiffness of the leads in the X and Y directions, Kx and
Ky, and in a given diagonal direction, Kp, are calculated as
per Kotlowitz."® ™ 2 This simple calculation model is
considered sufficient for life prediction. More complicated
models that consider solder ball height were not used
because none of the full fractures occurred between the pins
and solder balls.

The Effective Force on the joints is then calculated as the
product of the lead stiffness'®, the DNP and the Effective
CTE mismatch:

Fo = Kp X DNP x gpUp

The shear stress, U, is then calculated as

U=Fp/A
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where A is the pad area of the solder joint, in this case, 3.4¢e”
4 in? or 0.22 mmZ

The maximum shear stress is calculated by multiplying the
stress applied per degree Celsius by the maximum
temperature differential in the test, 100°C.

Shear Stresses on Solder Joints
On Outer Column of Pins at 0°C

5
8.36

4 A 8.54

= 8.69

~ uE7 34 8.83
Qo 8.93
>~ (Q, 2 9.02
o 9.08
14 9.12
9.14
0 : : 1015

0.00 2.00 4.00 6.00 8.00 10.00
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Figure 23. Maximum shear stress applied to solder joints
on outside column of connector block.

Shear Stresses on Solder Joint
On Top Row of Pins at 0°C
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X/P1
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Figure 24. Maximum shear stress applied to solder joints
on top row of connector.

The shear stresses applied to the solder joints on the outside
column and top row are the highest at 0°C and their
maximum possible values are shown in figures 23 and 24.

When the forces on the block’s outer column and the top
row are compared, the outer column again shows
considerably higher values, which is consistent with the
strong X-dependence of solder joint cracking observed in
the dye and pry analysis, and the absence of any 75% joint
cracks in the top and bottom row of the connectors.

The largest shear stresses are applied near the center of the
outermost column of joints. The force profile is steep,
varying by less than 5% from the center position to the first
four positions moving up or down the column from the
center. This indicates that these joints are likely to fail first,

and accounting for normal statistical variation, all are about
equally as likely to fail first.

In summary, the solder joints with the greatest shear forces
applied to them during thermal cycling are those on the
outside columns, near the horizontal centerline of the
component. Based on calculations that consider pin location,
geometry and material along with the thermal expansion of
the connector body and PWB, the solder joints predicted to
fail first are those located on the outside columns of the
blocks, within four vertical positions from the horizontal
centerline.

COMPARISON OF MAXIMUM STRESS AND
FAILURE LOCATIONS

Comparison with
75% Cracking
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Figure 25. Location map of joints showing 75% (or more)
cracking after 10,000 thermal cycles

Figure 25 shows the number of failures found per pin
location for all the connectors/blocks dyed & pried. Blue
circles represent locations that showed only one joint with
75% cracking. Red circles with numbers represent locations
with multiple joints showing 75% cracking and the quantity
of them.  The highlighted areas on the outer column
represent the areas that experience the greatest stresses
during thermal cycling.

Comparison of the areas calculated to experience the highest
stress to the actual sites with 75% cracking reveals:

1 56% of the cracked joints fell within the highest
stress areas — the outermost columns, within 4
positions of the centerlines

1 82% fell within one pitch in the x-direction of
those predicted to fail first.

The theoretical computation of the maximum shear stress
locations matches the actual findings of crack propagation
due to thermal cycling extremely well.
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FAILURE ANALYSIS

Acceleration Factors (AFs) are used to predict the time to
failure for a specific use condition based on a test condition.
In this analysis, the specific use condition is 25-60°C, the
typical thermal cycle specified by the user and based on
IPC-9701A Table 3-1. The test condition is 0-100°C, as per
IPC 9701A.

Thermal Cycle Profiles

Test and Use Conditions
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Figure 26. Thermal cycle profiles for test and use
conditions

Figure 26 shows the thermal cycles that are used in the
calculation of the acceleration factors. Other variables in
the calculations pertain to the component design and the
PWB construction. There are numerous ways to calculate
acceleration factors; the two approaches used in this study
include the calculation of strain energy and application of
the Miremadi model, both of which account for dwell time
effects.

Strain Energy Approach
The strain energy approach determines the assembly’s
stress/strain histories due to:
1  Global CTE Mismatch, based on overall expansion
of PWB and connector blocks
1 Local CTE Mismatch, based on interfacial CTE
mismatches between the pins and the solder, or
between the solder and the PWB

Global Mismatch Loops
Mother board, SAC305
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Figure 27. Hysteresis loops for mother board due to global
CTE mismatch. ***7

Local Mismatch Loops
Mother board, SAC305
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Figure 28. Hysteresis loops for mother board due to local
CTE mismatch. ***7

The cyclic strain energy is computed as the area of the
stress-strain hysteresis loops shown in figures 27 and 28.
The AF is then calculated as the ratio of total strain energies
for test and use conditions.% '3

Solder Joint Height Differences

Solder Joint
‘ Height I

T
|
Load Bearing Area |

Daughter Card
Two Reflows — Second One Inverted

Mother Board
Single Reflow Pass

Figure 29. Mother board and daughter card solder joints

The solder joint heights and crack areas for both mother
board and daughter card solder joints are shown in figure 29.
The daughter card has a taller solder joint height because it
was subjected to two reflow processes and was inverted
during the second one.
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Table 2. Acceleration Factors for mother board and

daughter card

ON MOTHER BOARD SIDE

Compact Strain Energy
Model for SAC305 Solder

STRAIN ENERGY DW (MPa)

ATC
(0/100C)

USE = 25C to 60C

1CYCLE/DAY

ACCELERATION FACTOR

AF=DW (ATC) / DW (USE)

GLOBAL MISMATCH
LOCAL MISMATCH

3.122E-04
6.550E-03

1.306E-05
2.060E-03

TOTAL (LOCAL + GLOBAL)

6.862E-03

2.073E-03

3.310

% Local Strain Energy Over
Total Strain Energy

95.450%

99.370%

(a) Strain energy in worst case solder joints on mother board side.

ON DAUGHTER CAR

D SIDE

Compact Strain Energy
Model for SAC305 Solder

STRAIN ENERGY DW (MPa)

ATC
(0/100C)

USE = 25C to 60C

1CYCLE/DAY

ACCELERATION FACTOR

AF=DW (ATC) / DW (USE)

GLOBAL MISMATCH
LOCAL MISMATCH

3.056E-04
5.031E-03

1.280E-05
1.792E-03

TOTAL (LOCAL + GLOBAL)

5.336E-03

1.805E-03

2.957

% Local Strain Energy Over
Total Strain Energy

94.273%

99.291%

(b) Strain energy in worst case solder joints on daughter card side.

The global

mismatch loops shown in figure 27 are

extremely narrow, suggesting that the pins in the connector
are compliant and absorb the stresses and strains applied to
them by the global thermal expansion mismatch between the
boards and the connectors.

The calculations in table 2 show that the majority of the
total strain energy is due to local CTE mismatches, which
account for 94% of the total strain energy in the daughter
card and 95% of it in the mother board, confirming that the
majority of the in-plane expansion mismatch between the
boards and the connectors is taken up by the compliance of
the pins. Stiffer pins would transmit more stresses and
strains to the solder joints.

The stress relief of the compliant pins is consistent with the
unusually high number of thermal cycles the assembly
survived before its first failure. The effects of the global
CTE mismatch are still apparent in the outermost columns
of solder joints, where the CTE effect is the greatest and the
most crack propagation occurred.

Using the Strain Energy approach, the AFs for the mother
board and daughter card were calculated as 3.310 and 2.957.
The daughter card’s AF is about 10% lower than the mother
board’s; the joints are slightly taller and therefore slightly
less stressed.

Miremadi Model

The second AF model selected for this analysis was
developed by Miremadi and others and is a Norris-
Landzberg type of model®® with component-dependent
constants. This model calculates AFs as:

a

b N9 ~

aDT. § at 0 € a 00

AF =g—-8 &8 expécg t ! ol

(;DT0+ (;t0+ g (;Tmax,o Tmax,t+g
where:

1 DT = temperature swing
T T=dwell time

1 Tmax= maximum temperatures (in Kelvin)

and the subscripts:
1 o = operating conditions
1 t = test conditions

The factors a, b and ¢ are material constants that apply to
SAC305 solder and the type of component. The model
provides different constants for different package types.
Based on the hysteresis loop analysis, the connector’s pins
are very compliant; therefore, the constants selected for this
calculation are for leaded devices, not BGASs.

The material constants for SAC305 alloy and leaded devices
that are used in AF computations are:

1 a=214
T b=021
I ¢=2736

For the thermal profiles under consideration, the AF is then
calculated as:

214, 02

o 021 .
AF=E0% 458 exporast 1 - 1 ¥
¢35+ (710 & c60+273 100+273:
=0455730.353221.0921

=3,647

The agreement between the AFs calculated by the Miremadi
model and the strain energy approach is excellent. The AF
of 3.647 from the Miremadi model is 10% larger than the
strain energy AF of 3.31 for the mother board and 23%
larger than the strain energy AF of 2.957 for the daughter
card.

Both AF calculations provide similar values, and either
could be used to predict service life. In this analysis, the
strain energy values are used because they are more
conservative and they provide differentiation between the
mother board and daughter card assemblies. The thermal
cycling performance difference between them is based on
solder joint heights, which depend on the reflow
configuration of the PWB assembly.

LIFE PREDICTIONS

Statistical subpopulations based on test cell variables are
enumerated and life prediction calculations using the strain
energy based AFs are detailed in Appendix B.
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Table 3. Life predictions of connectors using AFs from
strain energy calculations, years to acceptable fraction failed
of 0.01%%.

Connector Life Predictions (Years)

Sub- Mother Daughter
Population Board Card
P1 35.0 31.3
p2* 34.1 31.3
P3 35.0 31.3
P4 35.0 31.3
P5 38.0 33.9
P6 38.0 33.9
p7* 30.7 35.6
Pg* 365 33.9
P9 355 317
P10 38.0 33.9
P11 398 35.6
P12 35.0 31.3
P13 35.0 31.3
P14 35.0 31.3
P15 35.0 31.3
P16 35.0 31.3
P17 35.0 31.3
P18 35.0 31.3
P19 35.0 31.3
P20 35.0 31.3
P21 35.0 31.3

* denotes joint failure during thermal cycling

The range of years of service to 0.01% failure is reasonably
narrow, as seen in table 3:
T 30 to 40 years for connector attachment on the
mother board side
T 31 to 36 years for connector attachment on the
daughter card side.

All the lead-free connector assemblies are predicted to
survive over 30 years of thermal cycling at a rate of one 25-
60°C cycle per day. This survival rate prevails regardless of
the connector’s stack height, position, loading configuration,
reflow process or soldering flux type.

The life predictions assume reasonable assembly quality,
which is considered a realistic assumption given the
connector receptacles’ process-friendly design, the 2.2
dpmo high volume testing results, and the high quality of
the test assemblies indicated by the b values of > 8.5 in the
thermal cycling tests.

CONCLUSIONS

The connector showed outstanding reliability for a BGA
device, demonstrating zero solder joint failures after the
benchmark of 6000 thermal cycles of 0 to 100°C. Six
failures were confirmed between 6001 and 10,000 cycles,
detected at 7720, 9337, 9620 and 9742 cycles. This level of
performance is remarkable for a BGA device, and is due to
design attributes that include compliant pins and individual
connector blocks.

The Weibull analysis and comparison of characteristic lives
showed that the three individual blocks of each connector
are mechanically decoupled. This independent functioning
improves the connectors’ reliability by limiting the effect of
thermal expansion mismatches.

Reliability is also improved by the design of the pin, which
is compliant and absorbs some of the shear stresses that
would typically be transferred to the joints by stiffer pins.
In cross-sections, the pins were all well centered with
respect to the pads, indicating both a robust assembly
process and the ease of manufacturability associated with
this connector design.

There is a strong influence of thermal expansion in the X-
direction of the connector (along its long axis), due to the
large CTE of the connector body relative to that of its Y-
axis and the PWB. However, the majority of the stresses
induced by thermal expansion are absorbed by the pins,
which act as compliant leads.

Under thermal cycling conditions of 25 to 60°C at 1
cycle/day, the 300 1/0O BGA connector assembly is predicted
to survive 30 years with an acceptable fraction failed of
0.01% at the end of life.

The predicted lives were extrapolated from test results
which showed little or no sensitivity to:
1 assembly type, as reflowed or reworked
1  paste type, no clean or water-soluble
T stack height, 17 or 32mm
T loading configuration, 1, 2 or 4 connectors mating
mother board and daughter card

Regardless of any of the assembly conditions tested, the
connectors are expected to survive a minimum of 30 years
in a typical service environment, outlasting many other
components of the assembly.
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