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Abstract

This paper reports how the solder joint fatigue lives of three types of lead free plastic BGA
components were affected by cracks formed in the printed PCB laminate during a thermal
cycling test. The investigation showed that cracks were formed in the laminate for all three
tested components. For one of the components having a large chip with solder joints located
under the chip, very large cracks were formed in the PCB laminate beneath some solder pads.

For lead-free solder joints to BGA components consisting of near eutectic solders based on
tin, silver and copper, a large fraction of the solder joints may consist of one single tin grain.
Due to anisotropy of tin grains, each solder joint to a BGA component will experience a
unique stress condition which will make laminate cracking more likely under certain solder
joints.

The laminate cracks increased the flexibility of the joints and thereby improved the fatigue
lives of the solder joints. Therefore, an estimation of the fatigue lives of solder joints to BGA
components based on the results from a thermal cycling test may lead to an overestimation of
the fatigue lives if products will be exposed to smaller temperature changes in the field than in
the test.

If cracks are not formed in the PCB laminate, or if the extent of cracking is small, single-
grained solder joints can be expected to result in a high spread in failure distribution with
some quite early failures.

Keywords: solder joint reliability, laminate cracking, lead-free soldering, anisotropy of tin
grains, BGA components.



1 Introduction

Comparisons of the thermo-mechanical fatigue lives of SnPb and lead-free solder joints of
Ball Grid Array (BGA) components have shown that lead-free solder joints generally have
longer fatigue lives than SnPb solder joints in low-stress conditions [1]. Under such
conditions, the fatigue lives of SnAgCu solder joints with 3.0 wt-% Ag and 0.5 wt-% Cu
(SAC305) may be 50-100% longer compared to SnPb solder joints [2-4]. However, in high-
stress conditions, the difference in fatigue lives are smaller or even reversed [1].

The stress on solder joints in a thermal cycling test are affected by a large number of factors.
Two of the most important are the temperature range (delta T) used in the test and the
mismatch of the coefficients of thermal expansion (CTE) between a component and the PCB.
However, plastic IC components are not homogenous and the CTE varies for different parts of
the components. For a BGA, the CTE is determined by the CTE of several different materials
and, therefore, may vary significantly for various parts of the component. The build-up of a
typical plastic BGA is shown in Fig. 1. For this type of BGA, the CTE is mainly determined
by the CTEs of the laminate (substrate) to which the chip is attached, the die attach material,
the chip and the moulding compound. Due to the large difference in CTE between the chip
and the other materials, the area of the BGA laminate located under the chip will have a much
lower CTE compared to the area outside the chip, and also compared to a polymeric printed
circuit board (PCB). The effective CTE of this area will be affected not only by the CTE of
the various materials but also by the thicknesses of the materials (laminate, die attach material
and chip) and by the elastic modulus of these materials and then especially that of the die
attach material. Hence, solder joints to a BGA component located under the chip will
experience a high CTE mismatch between the component and the PCB resulting in a high-
stress condition in a thermal cycling test.
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Fig. 1. Schematic cross-section of a plastic BGA of OMPAC type (over moulded plastic
pad array carrier).

During the last 10 years, component manufacturers have gradually changed to new moulding
compounds and today most IC components are probably manufactured using these new
compounds [5]. There are several reasons for this change. One of the main reasons is to
decrease the amount of water absorbed when the components are exposed to ambient
conditions prior to soldering in order to avoid high internal vapour pressure during soldering.
This has been achieved in the new moulding compounds by increasing both the level of
inorganic fillers and the degree of cross-linking of the polymer. Thereby, it has also been
possible to pass flame retardancy requirements without addition of flame retardant
compounds. The new moulding compounds are therefore promoted as green moulding
compounds. The high content of inorganic fillers gives them a very low CTE of 6-10 ppm/°C.
That can be compared with sintered alumina used in ceramic components which has a CTE of
about 7 ppm/°C. Thus, for BGAs produced using these new low-CTE moulding compounds,
also the part of the BGA outside the chip area will have a rather low CTE. Simulations done



by imec have shown that this may decrease the fatigue life of the solder joints with up to 85%
[5, 6].

The stress a solder joint will be exposed to in a thermal cycling test will also be affected by
the elastic modulus and the glass transition temperature (Tg) for polymeric materials in the
component and the PCB. A lower elastic modulus (more elastic material) will decrease the
stress on the solder joints. Since the CTE of polymeric materials usually increases
considerably above Tg, cycling to temperatures above Tgwill result in a larger CTE mismatch.
On the other hand, the elastic modulus is usually considerably lower at temperatures above
Tg. Therefore, increasing the upper temperature in a thermal cycling test above Ty may
actually result in lower stress on the solder joints.

In the case of lead-free soldering, there is also another important factor affecting the stress on
the solder joints. In contrast to SnPb solder joints, which consist of a large number of tin-rich
and lead-rich grains, SAC solder joints to BGAs often consist of only one or a few tin grains
[7-12]. Exceptions are solder joints with small solder volume [9, 12] and lead-free solders
based on tin and silver with no copper [11]. In both these latter cases, the solder joints will
have interlaced Sn grain morphology with many grains.

Tin grains are highly anisotropic. That is, the properties differ in various crystallographic
directions. The CTE of pure tin grains at ambient conditions varies between approximately 15
ppm/°C (a- and b-axes) and 30 ppm/°C (c-axis), and the elastic modulus varies between
approximately 22 and 69 GPa [7, 11, 13]. Furthermore, both CTE and elastic modulus are
highly dependent on temperature. At 125°C, the CTE various between 20 and 40 ppm/°C and
the elastic modulus between 15 and 60 GPa [11].

Single-grained solder joints with the c-axis parallel to the PCB surface have been shown to be
much more prone to fatigue during thermal cycling compared to solder joints with the c-axis
perpendicular to the PCB surface, at least for BGA solder joints exposed to comparatively low
strain [7, 11, 14]. For BGA solder joints exposed to very high strain, such as BGAs with 0.4-
0.5 mm pitch, the orientation of the tin grains has less influence on the fatigue of the solder
joints [14].

Thus, the number of tin grains and the orientation of the grains in a SAC solder joint will have
a large impact on the resulting stress levels. Several studies have shown that the orientation of
the tin grains has a nearly random distribution [7, 8, 15]. This means that there may be a large
difference in stress levels even for two neighbouring solder joints. Consequently, the solder
joints to fail first in an array of SAC solder joints to a BGA, which is not fine pitch, may be
more or less randomly distributed as have been shown in several studies [8, 16, 17]. These
solder joints may be far away from the point of maximum shear stress for a corresponding
BGA with SnPb solder joints. This is not observed for BGAs with Sn/Ag solder joints [16],
probably due to the fact that Sn/Ag solder joints have a multi-grained microstructure.

High stress on the solder joints during temperature changes caused by the CTE mismatch may
not only result in fatigue of the solder joints, it may also cause formation of cracks in the PCB
and BGA laminates. The cracks are usually formed near and under the solder pads and are
often called pad craters since they leave a crater in the laminate if the pads are ripped off. This
type of crack is mainly associated with very high strain rates caused by bending, drops or
vibration, but cracks in the laminates may also be caused by thermal cycling or during cool-
down in a soldering process [18-23]. An increase of delta T during thermal cycling has been
shown to increase the likelihood for pad cratering [22].

This paper reports on how the increase of the CTE mismatch between components, solder and
PCB due to lead-free soldering may affect the failure mechanism in a thermal cycling test due



to cracks formed in the PCB and BGA laminates. The results are from a larger study
investigating the impact of lead-free soldering on the reliability of solder joints to components
prone to fatigue in automotive applications. In this study the extensive laminate cracking
came as a surprise. That is, the test had not been designed to study this phenomenon.

2 Experimental work

2.1 Manufacture of test boards

The test board used for the evaluations was a four-layer board with a thickness of 1.6 mm, and
with copper planes in the two inner layers. The circuitry on the top-layer, where all
interconnections were done, is shown in Fig. 2.
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Fig. 2. Layout of the top layer of the test board

The test board laminate was a commonly used high performance FR-4 laminate with a Tg of
180°C conforming to IPC-4101C/21/24/26/98/99/101/126. According to the laminate
manufacturer, the laminate had CTE values of 14 and 17 ppm/°C in the x- and y-directions,
respectively.

The test boards were produced with four different surface finishes: SnPb HASL (hot air solder
levelling), SN100C HASL, ENIG (Electroless Nickel/Immersion Gold) and ImAg (Immersion
Silver). A solder mask was applied to the test boards. The SnPb HASL boards were used for
manufacturing of reference boards with SnPb solder joints.

The following types of components were soldered to the test boards: BGA208, BGA256,
BGAG676, QFN48, QFN72 and ceramic resistors of sizes 1206 and 2512. The BGAs were
supplied both with SnPb and SAC305 solder balls. Five components of each type could be
mounted on the test board except the ceramic resistors for which 25 components of each type
could be mounted. Two test boards were produced with each combination of solder finish and
solder to be tested. Only some of the results for the BGAs will be reported here.



The BGA208 component was a Thin Core Ball Grid Array (CTBGA) whereas the two other
BGAs were plastic BGAs (PBGA). All were of the OMPAC-type. Data for the tested BGAs
are given in Table 1.

Tablel  Data for the BGA components used.

Component  Pitch Body Ball Ball alignment Chip size
size matrix

BGA208 0.8 mm 15mm 17x17 Perimeter, 4 rows  11.5mm

BGA256 1.0mm 17 mm 16x16 Full array 5mm

BGAG76 1.0mm 27 mm 26X26 Full array 17 mm

All BGAs had daisy-chain interconnections. When analysed with energy dispersive X-ray
spectroscopy (EDX), no bromine or antimony could be detected in the moulding compounds
indicating the absence of brominated flame retardants. Thus, it is likely that all BGAs had
been produced using low CTE moulding compounds.

The daisy chain interconnections on the PCB for the BGA208 are shown Fig. 3. The
connections between the solder pads on the PCB are all passing through an annular ring to a
via. Thereby, by measuring the resistance between two vias next to each other in the daisy
chain from the opposite side of the test board, solder joints with increased resistance could be
identified to pairs of solder joints in the daisy chain. The daisy chains for the BGA256 and
BGAG676 components were designed similarly.
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Fig. 3. Daisy-chain interconnections for the BGA208 on the board (left image) and the
complete daisy chain (right image). Larger (black) dots represent solder pads and
smaller (red) dots vias. The grey square shows the size of the chip in the
component.

The types of solder pad definition and the sizes of the solder pads on the PCB for the BGAs
are presented in Table 2. In order to optimise solder joint fatigue, it is important to have a pad
design that provides a balanced stress on the solder joints. Since all BGAs had solder mask
defined (SMD) pads, this was also chosen for the BGA256 and BGA676 components which
both had 1.0 mm pitch. The reason non-solder mask defined (NSMD) pads were chosen for
the BGA208 component is that the line-routing space between the pads becomes too small for
components with 0.8 mm pitch if SMD pads are used. In order to still get a balanced stress on
the solder joints, the area of the solder pads was reduced with 15% compared to the solderable
area on the BGA208 component according to recommendations by Altera [24].



Table2  Types and sizes of solder pads on the PCB for the various BGA components.

Component Pitch Type of Diameter of  Diameter of solder
solder pad solder pad mask opening
BGA208 0.80mm  NSMD 0.30 mm 0.50 mm
BGA256 1.00 mm SMD 0.65 mm 0.45 mm
BGAG676 1.00 mm SMD 0.65 mm 0.45 mm

The test boards were soldered by a company producing automotive electronics using their
regular production lines for SnPb and lead-free soldering. The test matrix is given in Table 3.
Soldering was done at two different occasions. The boards with HASL finishes were soldered
first and the boards with the other finishes were soldered five months later. An exception was
the boards with SN100C finish that were soldered with SN100C solder paste (Board ID 3e)
which were also soldered five months later. The SnPb reference boards were soldered using a
Sn62Pb36Ag2 solder paste whereas the lead-free boards were soldered using either a SAC305
or a SN100C solder paste. For the lead-free soldering, the peak temperature was about 240°C,
the time above liquidus about 60 s and the cooling rate about 2°C/s in the temperature range
220-100 °C. At both production occasions, the solder paste print was defective for the
BGA208 component. Some solder paste remained in some stencil openings but solder paste
was printed on all solder pads. No cleaning was performed after soldering.

Table 3  Test matrix used for the thermal cycling test.

Board ID PCB finish Solder paste Testing

2a SN100C HASL SAC305 Thermal cycling
2b SnPb HASL SnPb

3a SN100C HASL SAC305

3b SnPb HASL SnPb

3c? ENIG SAC305 Ageing +
3d* IMAg SAC305 Therrgal cg clin
3e? SN100C HASL SN100C yeling
3f? ENIG SN100C

39° ImAg SN100C

& Soldered five months after the other boards.

2.2 Thermal cycling

Most of the assembled boards were aged for 500 h at 125°C prior to the thermal cycling test
(see Table 3). Thermal cycling was performed between -40°C and +125°C. The dwell times
were 10 min at -40°C and 20 min at +125°C, and the temperature change rate was 5°C/min
both when heating and cooling. That makes a total cycle time of 96 min. The boards that were
soldered first were cycled for 5167 cycles (about 11 months) whereas the boards soldered five
months later were cycled for 4030 cycles.

2.3 Failure detection

High-speed event detectors were used during the thermal cycling test for monitoring the daisy
chain resistance in situ. The event detectors could detect ultra-short resistance spikes or open
circuits provided that they were at least 1 ps long. An open circuit in this case was defined as
a total daisy chain resistance above 100 Q. A failure was defined when ten consecutive events
were detected within 10% of current life of the test.



2.4 Resistance measurements of the daisy chains

After the thermal cycling test had been finished, pairs of solder joints with increased
resistance or open solder joints where localised by measuring the resistance between via holes
from the backside of the test boards. This was done for three to four components with each
tested combination of solder finish and solder composition.

2.5 Cross-sectioning of samples

Cross-sectioning of samples included careful cutting out of samples from the test board using
a high-speed diamond saw, followed by moulding in room temperature hardening epoxy in a
low-vacuum step. The cross-sectioned samples were prepared through successive grinding
and polishing down to the areas of interest. All cross-sections were done in parallel to an edge
of the cross-sectioned components.

A fluorescent agent was added to the moulding resin in order to facilitate the detection of very
fine cracks when inspected in UV-light. This is especially useful for detection of cracks in the
PCB and BGA laminates since both the material surrounding a crack and the moulding
compound then consist of epoxy.

2.6 Dye penetrant analysis

The extent of cracking in the solder joints to some of the components was analysed using dye
penetrant analysis, also called “dye and pry” test. The samples were also in this case cut out
from the test boards using a high-speed diamond saw. They were then cleaned for 60 min in
Zestron FA at 50°C followed by drying at 125°C for 60 min. The cleaning was done in order
to enable the dye to more easily penetrate fractures by removing all flux residues. The
samples were then immersed in Dykem Red Steel layout fluid in a small tray and the tray was
placed into a vacuum chamber. The pressure in the vacuum chamber was decreased to about
0.2 bar and was then increased to 1 bar. This was repeated two times.

After the samples had been removed from the tray, excess dye was allowed to drain off. They
were then allowed to dry at ambient conditions for a few hours before they were finally dried
at 100°C for 60 min. The components were then mechanically removed by repeatedly flexing
the boards until the components easily could be pried off.

3 Results

3.1 Lead-free versus SnPb solder joints on HASL PCBs

The results from the failure detection using the event detector for the thermally cycled boards
were evaluated using two parameter Weibull plots. From the Weibull plots, the characteristic
life (eta) and the slope parameter (beta) were calculated. Eta is the time at which 63.2 % of
the population is expected to fail whereas beta shows how the failure rate develops in time.
The larger the beta value, the narrower is the failure distribution. In addition to eta and beta
values, the correlation coefficient (r*2) and the number of samples starting/surviving (n/s) the
test are given in the table on the graphs.

The results from the thermal cycling of lead-free boards (SAC305 solder joints to SN100C
HASL) and SnPb reference boards (SnPb solder joints to SnPb HASL) with no aging prior to
the test are presented in Fig. 4, whereas the results for the boards that were aged prior to the
test are presented in Fig. 5. With possibly one exception for one of the lead-free BGA208
components on a non-aged board, the high beta values indicate that the imperfect solder paste



print for this component type did not affect the fatigue lives of the solder joints. The early
failure for the lead-free BGA208 on the non-aged board, however, may be due to an effect of
the anisotropy of tin grains and not defective solder paste print as will be discussed in the
Discussion section.
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Fig. 4. Weibull plot for boards thermally cycled without prior aging for SAC305 and
SnPb solder joints to HASL PCBs.
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Fig. 5. Weibull plot for boards thermally cycled with prior aging for SAC305 and SnPb
solder joints to HASL PCBs.

The calculated eta and beta values are summarised in Table 4. For all BGAs, the components
with lead-free solder joints had considerably longer fatigue lives than those with SnPb solder
joints, as reported by many others [2-4]. For the BGA208 component, the eta was about 100%
larger for the components with lead-free solder joints and for the BGA676 component about
50% larger. The improvement in eta for the lead-free BGA256 was probably also at least 50%
but, since only two failures occurred for the lead-free BGA256 component, this value is



uncertain. These results are somewhat surprising since the large chip in the BGA208 and the
low stand-off for this component will cause a higher strain on the solder joints compared to
the other two BGAs. Normally, that results in less difference in the fatigue lives for SnPb and
lead-free components [1], and not the opposite as was observed in this study.

In most cases, aging prior to the thermal cycling test improved the fatigue lives with 3-18%.
An exception was the BGA208 with SnPb solder joints for which aging prior to the thermal
cycling test decreased the fatigue life with about 20%.

Table4  Eta and beta values for the BGA components with lead-free and SnPb solder
joints to HASL PCBs.

Board ID BGA208 BGA256 BGA676

Eta (cycles) beta Eta(cycles) beta Eta(cycles) beta
SAC, non-aged (2a) 2747 4.82 65292 7.00 4293 7.80
SnPb, non-aged (2b) 1421 9.74 3980 6.68 2797 10.3
SAC, aged (3a) 2884 10.1 >5000° - 4715 9.40
SnPb, aged (3b) 1134 12.6 4123 7.22 3293 6.15

2 Value uncertain due to only two failures.
b No failures after 5167 cycles.

3.11 Comparison of the results for the BGA676

In Fig. 6, typical results from resistance measurements of the pairs of solder joints in the daisy
chains for two BGA676 components are presented, one with SnPb solder joints and one with
SAC305 solder joints. For the BGA676 component with SnPb solder joints, most of the solder
joints in the rows closest to the edge of the chip failed, both in the rows beneath the chip and
in the rows just outside the chip. A bit surprising, very few failures occurred in the outermost
row with solder joints. For the BGA676 component with SAC305 solder joints, most of the
failures occurred in the rows outside the chip with only one failed pair of solder joints in the
row just beneath the chip edge. Except for some failures in the outermost row, the failures
seem to be randomly distributed as reported by several others and discussed in the
Introduction section. Both components in Fig. 6 were mounted on test boards that had not
been aged prior to the thermal cycling test but the results were similar for components on the
boards that were aged prior to the test.
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Fig. 6. Location of failed solder joints to BGA676 with SnPb solder joints (left image)
and SAC305 solder joints (right image). The components were mounted on test
boards that were thermally cycled without prior aging. Solder joint pairs with
increased resistance or open circuit are marked with x. The grey squares show
the size of the chip in the component.



Images of dye penetrant analysed BGA676 components are shown in Fig. 7 (not the same
components as in Fig. 6). The results for the BGA676 with SnPb solder joints confirmed the
results from the resistance measurements. Very few of the solder joints in the outermost row
were completely cracked. Somewhat more solder joints were completely cracked in the
second row whereas most of the solder joints were completely cracked in rows 3to 7. All
except a few of the completely cracked solder joints had cracked on the component side of the
solder joints. However, removal of solder balls remaining on the PCB in rows 3 to 7 showed
that there were also large cracks on the PCB side of the solder joints.

The cracks formed in the solder joints to the BGA676 with SAC305 solder joints were
considerably smaller. Another difference was that about half of the solder joints broke at the
PCB side of the solder joints. The extent of dye staining indicated that the formed cracks were
of about the same size on the two sides of the solder joints. Also for the lead-free component,
the cracks in the outermost rows were considerably smaller than in the other rows.
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Fig. 7. Images of dye penetrant analysed BGA676 with a) SnPb solder joints and b)
SAC305 solder joints. The components were mounted on test boards that were
aged prior to the thermal cycling.

Cross-sections of solder joints in the outer row to BGA676 components with SnPb and
SAC305 solder joints confirmed that the cracks in the lead-free solder joints were fewer and
smaller than in the SnPb solder joints. In addition, for most of the solder joints to both
components, cracks were also observed in the PCB laminate (Figs. 8 and 9). The laminate
cracks had started at the edges of the solder pads and had in some cases grown in under the
solder pads and in other cases away from them. The position of the glass weave in relation to
the solder pads seemed to be important for determining the direction of the crack growth.

It can be noted that the stand-off of the solder joints in the outer row is larger for the SAC305
solder joints compared to the SnPb solder joints, 615 pum versus 575 pm. This is probably due
to more extensive warpage of the lead-free BGA208 caused by the higher soldering
temperature. Normally, a higher stand-off leads to a higher flexibility of the solder joints.
Nevertheless, the cracks in the PCB laminate were slightly larger for the lead-free BGA676.
The reason for the higher extent of cracking for the lead-free BGA208 is likely the higher
elastic modulus of SAC305 solder compared to SnPb solder.
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Fig. 8. Cross-sections of solder joints a) A1 and b) M1 in the outer row of solder joints to
a BGA676 with SnPb solder joints showing cracks in the PCB.

Fig. 9. Cross-sections of solder joints a) A1 and b) N1 in the outer row of solder joints to
a BGA676 with SAC305 solder joints showing cracks in the PCB laminate.

3.12 Comparison of the results for the BGA256

The results for the BGA256 were similar to the results for the BGA676 except that much
fewer solder joints with increased resistance were registered and the cracks in the solder joints
were smaller. As for the BGA676 components, somewhat larger cracks were observed in the
laminate for the lead-free component. One difference was observed, however. Between some
of the solder joints to the lead-free BGA256, cracks were formed in the PCB laminate that
more or less completely bridged between them (Fig. 10). The cracks were formed just under
the PCB surface on top of glass fibre bundles aligned perpendicular to the cross-sectioned
surface. It was only when a glass fibre bundle was located right in between the solder joints
that the crack bridged between them.



Fig. 10.  Cross section of solder joints A16 and A15 in the outer row of solder joints to a
BGA256 with SAC305 solder joints showing a crack in the PCB laminate between
the solder joints.

3.13 Comparison of the results for the BGA208

Typical results from resistance measurements of the pairs of solder joints in the daisy chains
for two BGA208 components are presented in Fig. 11, one with SnPb and one with SAC305
solder joints. For the BGA208 with SnPb solder joints, all pairs of solder joints beneath the
chip had open circuits and only some pairs of the solder joints in the outer row of solder joints
had unaffected resistance. The BGA208 with SAC305 solder joints had less affected solder
joints but, also for this component, most of the affected solder joints were located beneath the
chip.
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Fig. 11.  Location of failed solder joints to BGA208 with SnPb solder joints (left image)
and SAC305 solder joints (right image). The components were mounted on test
boards that were thermally cycled without prior aging. Solder joint pairs with
increased resistance or open circuit are marked with x. The grey squares show
the size of the chip in the component.

An interesting result for the lead-free BGA208 components was that almost all solder joints
that failed were located at two opposing sides of the components and were the same sides for
all lead-free BGA208 components. This is probably due to the different CTE in the x- and y-
directions for the PCB. In the cross-section shown in Fig. 10, the distance between the glass
fibre bundles in the weave is about 0.57 mm whereas it is about 0.83 mm in Fig. 12 (taken
perpendicular to the cross-section in Fig. 10). Likely, it is this difference in distance between
the glass-fibre bundles in the x- and y-directions that cause the varying CTE in the two
directions.



Cross-sections of solder joints in the outer row and in the second row (under the chip edge) to
a BGA208 with SnPb solder joints are shown in Figs. 12 and 13, respectively. Most of the
solder joints in the outer row and all solder joints under the chip in the second row were
completely cracked and in most cases on the component side. Fig. 13a shows an example of
an outer solder joint that was not completely cracked.

As for the BGA676 and BGA256 components, cracks were also observed in the PCB
laminate. Very fine cracks could also be observed in the BGA laminate (Figs. 12b and 13b)
but the number of cracks in the BGA laminate was less than in the PCB laminate. Most of the
cracks in the PCB laminate formed at the edge of the opening in the solder mask but some
cracks were also formed at the edge of the solder pads. This was not observed for the other
BGA s since they had solder mask defined solder pads in contrast to the BGA208 that had
non-solder mask defined pads. Cracks at the edge of the solder pads were mainly observed in
the second row of solder joints. There were also somewhat more cracks in the PCB laminate
in this row.

Fig. 12.  Cross-sections of solder joints a) U1 and b) U9 in the outer row of solder joints to
a BGA208 with SnPb solder joints showing cracks in the PCB. A crack in the
BGA laminate can be observed for solder joint U9.

Fig. 13.  Cross-sections of solder joints a) T1 and b) T9 in the second row of solder joints
(under the chip edge) to a BGA208 with SnPb solder joints showing cracks in the
PCB and BGA laminates.

Corresponding cross-sections for a BGA208 with lead-free solder joints are shown in Figs. 14
and 15. In the outer row, only one solder joint was completely cracked and that was a corner
solder joint (Fig. 14a). Most solder joints in this row had only very small or no cracks at all.
In the second row, most of the solder joints were completely cracked or had large cracks



whereas a few solder joints had only very small cracks (Fig. 15). The solder joints with very
small cracks were located randomly and could be found next to a solder joint with a complete
crack.

Fig. 14.  Cross-sections of solder joints a) U1 and b) U10 in the outer row of solder joints
to a BGA208 with SAC305 solder joints showing cracks in the PCB and BGA
laminates.

Fig. 15. Cross-sections of solder joints T7-T9 in the second row of solder joints to a
BGA208 with SAC305 solder joints showing cracks in the PCB and BGA
laminates.

The extent of cracking in the PCB laminate for the outer row of solder joints to the lead-free
BGA208 was about the same as for the SnPb BGA208 (Figs. 12 and 14). In contrast, very
large cracks were observed beneath two solder joints in the second row to the lead-free
BGA208 (Fig. 15). These were found under solder joints that had only small cracks in the
solder joints. No such large cracks were observed for the SnPb BGA208. There were also
more and larger cracks in the BGA laminate for the lead-free BGA208 (Fig. 14) but some
were still very fine (Fig. 16). In Fig. 16, an image of the cross-section taken with ordinary
light is also shown to illustrate the difficulty to detect cracks in the laminates using optical
microscopy if no fluorescent agent is added to the moulding compound and UV-light is used
for the inspection. The upper part of the vertical crack in the PCB laminate to the right of the
solder joint can be discerned (when you know it is there), but the rest of the crack in the PCB
laminate and the crack in the BGA laminate are almost impossible to observe.



Fig. 16.  a) Image of solder joint T9 in Fig. 15 with larger magnification showing a very
fine crack in the BGA laminate. b) Image of the same cross-section but taken with
ordinary light.

An alternative to use a fluorescent agent and UV light is to analyse the cross-sections using
scanning electron microscopy (SEM). Using this technique, most cracks will be clearly
discernible (Fig. 17).
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Fig. 17.  SEM image of solder joint T9 in Fig. 15.

An interesting result is the very different behaviour of the three adjacent solder joints in Fig.
15. For the two solder joints with PCB laminate cracks, there are only small cracks in the
solder joints. In contrast, for the middle solder joint, there is no crack in the PCB laminate but
the solder joint is completely cracked. These three solder joints were analysed using electron
backscatter diffraction (EBSD) in order to determine the number of grains in the solder joints
and their orientation. Using this technique, grains with different orientations are shown with
different colours. As shown in Fig. 18a-c, solder joints T7 and T9 consisted of single grains
whereas solder joint T8 consisted of three large grains. Although there are streaks with orange
colour in solder joint T7 indicating another unit cell orientation, the unit cell is the same as for
surrounding areas except that it is rotated 180° around the a- or b-axes. Therefore, some
disturbance in the uppermost layer has probably caused a misinterpretation of the unit cell in
the orange area by the EBSD software.

There are also some small grains along the cracks but these have most likely been formed in a
recrystallisation process during the thermal cycling and were not present at the beginning. The
c-axis for the grain in solder joint T7 was close to perpendicular to the board surface. Also the



c-axis for the grain in solder joint T9 was mainly directed away from the board surface
whereas the grains in solder joints T8 had very varying orientations.
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Fig. 18.  EBSD images of solder joints a) T7, b) T8, ¢) T9 and d) T13 in the second row of
solder joints to a BGA208 with SAC305 solder joints.

In addition to these three solder joints, also solder joint T13 is shown in Fig. 18d. It had an
appearance similar to solder joint T8, i.e. a complete crack in the solder joint and no crack in
the PCB laminate. Nevertheless, the solder joint consisted of only one single grain but, in this
case, the c-axis was very close to parallel to the board surface but also to the cross-section
plane.

3.2 Impact of various combinations of surface finish and solder
paste

A Weibull plot with the results for all the BGA208 components soldered with the various
combinations of surface finish and solder paste is given in Fig. 19. The calculated eta and beta
values for these combinations are summarised in Table 5. It is striking that the beta values are
much lower for the combinations of surface finish and solder paste that were soldered five
months later than the combinations of SnPb/SnPb (finish/solder paste) and SN100C/SAC305.
The lower beta values indicate a different failure mechanism or a mixture of two or more
failure mechanisms. Whereas some of the components had fatigue lives that were well-
matched with the SN100C/SAC305 combination, other components failed even earlier than
the SnPb/SnPb combination. In fact, some components failed before 742 cycles. Due to a
shortage of test channels, the boards that were soldered last were not connected to the event
detector until after 742 cycles had been performed. Five components on these test boards had
then already failed.
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Fig. 19.  Weibull plot for BGA208 components with various combinations of surface finish
and solder paste on boards thermally cycled after aging.

Table5  Etaand beta values for the BGA208 component for the various combinations of
surface finish and solder paste.

Finish/solder paste Eta (cycles) Beta
SN100C/SAC305 (3a) 2884 10.1
ENIG/SAC305 (3c) 3020 4.06
ImAg/SAC305(3d) 1806 2.28
SN100C/SN100C (3e) 1710 2.41
ENIG/SN100C (3f) 2857 2.48
ImAg/SN100C (39) 2421 3.45
SnPb/SnPb (3b) 1134 12.6

Localisation of failed pairs of solder joints by resistance measurements of the daisy chains
showed that the numbers of failed solder joint pairs were less on these boards soldered five
months after the first boards were soldered. That may mainly be due to the fact that they had
passed through fewer thermal cycles (4030 cycles versus 5167 cycles). There was no clear
difference in the number of failed solder joint pairs between components that failed early and
components that failed late.

The combinations with SN100C/SN100C and ImAg/SAC305 had exceptionally low eta
values and also several very early failures. Measurement of the stand-off for the BGA208
components and X-ray inspection indicated that the components that failed early for the
SN100C/SN100C combination had higher stand-off compared to components that failed late.
That was not the case for the components that failed early for the ImMAg/SAC305 combination
or for any of the other components on the boards with the other combinations of surface finish
and solder paste.

One of the BGA208 components with the SN100C/SN100C combination that had failed after
742 cycles was analysed using the dye penetrant technique in order to determine if the early
failure was due to the imperfect solder paste print for the BGA208 components. Only for nine
of the solder joints, the solder joint broke at the interface between the solder and the solder
pad on the PCB. In all these nine cases, the appearance of the fractures indicated that a proper
solder joint had been formed. For many of the other solder joints, the solder pad was ripped



off from the PCB laminate. The appearance of many of these latter solder joints indicated
poor wetting of the side of the NSMD solder pads.

In addition, a BGA208 with the SN100C/SN100C combination that failed after 908 cycles
and had high stand-off was cross-sectioned (Fig. 20). The cross-section confirmed that the
wetting on the side of many of the solder pads was indeed poor for this component. This
resulted in a rather high stand-off of 290-320 um (solder pad to solder pad distance). That can
be compared with a stand-off of 220-225 um for the BGA208 with the SN100C/SAC305
combination (see Fig. 16).

Fig. 20.  Cross-sections of solder joints T8-T10 in the second row of solder joints to a
BGA208 with the SN100C/SN100C combination that failed after 908 cycles taken
with ordinary light.

Compared to the BGA208 with the SN100C/SAC305 combination, the solder joints under the
chip edge to the component with high stand-off had more and larger cracks in the solder
joints. Another difference was that for the SN100C/SN100C combination, the majority of the
cracks were located close to the PCB side of the solder joints, whereas most cracks for the
SN100C/SAC305 combination were located close to the component side. The non-symmetric
shape of the solder joints for the SN100C/SN100C combination with a smaller diameter at the
PCB side is likely the reason why the cracks were mainly formed there.

For most of the solder joints with the SN100C/SN100C combination, small vertical cracks
were observed in the PCB laminate (Fig. 21a) and, for two of them, the cracks grow in under
the solder pads (Fig. 21b). Although these horizontal cracks were rather large, they were
considerably smaller than the largest cracks for the BGA208 with the SN100C/SAC305
combination. A few cracks were also observed in the BGA laminate for this component (Fig.
21b).




Fig. 21.  Cross-sections of solder joints a) T12 and b) T8 in the second row of solder joints
to a BGA208 with the SN100C/SN100C combination that failed after 908 cycles
showing cracks in the PCB and BGA laminates.

A dye penetrant analysis was also carried out for a BGA208 with the ImMAg/SAC305
combination that had failed after 1115 cycles. The appearance of the fractures indicated that
proper solder joints had been formed also to this component. For solder joints where the
solder pads were ripped off from the PCB laminate, the solder seemed to have completely
wetted the sides of the solder pads. X-ray inspection of a component that failed before 752
cycles also indicated good wetting of the side of the solder pads and a small stand-off of the
component.

A cross-sectioning of the second row on one side to a BGA208 with the ImMAg/SAC305
combination that failed after 1631 cycles confirmed that the side of the PCB solder pads had
been wetted (Fig. 22). The stand-off was 230-240 um for non-cracked solder joints, which
was only slightly higher than for the BGA208 soldered with the SN100C/SAC305
combination which had a stand-off of 220-225 um. As for the BGA208 with the
SN100C/SN100C combination, most solder joints had large cracks. A difference was that
most of the cracks for the ImAg/SAC305 combination were located close to the component
side of the solder joints, similar to the SN100C/SAC305 combination.

Fig. 22.  Cross-sections of solder joints T4-T6 in the second row of solder joints to a
BGA208 with the ImAg/SAC305 combination that failed after 1631 cycles.

Apart from these observations, the results for the ImMAg/SAC305 combination were similar to
the results for the SN100C/SN100C combination. Small vertical cracks were observed in the
PCB laminate for most solder joints. In most cases, large cracks were observed in the solder
joints but not for all (Fig. 23a). Only one of the 17 solder joints in the cross-section had a
laminate crack that had grown under the solder pad but, on the other hand, that was a very
large crack (Fig. 23b). For this solder pad, the distance between the pad and the glass weave
was very short which may have facilitated the crack formation.




Fig. 23.  Cross-sections of solder joints a) T7 and b) T15 in the second row of solder joints
to a BGA208 with the ImAg/SAC305 combination that failed after 1631 cycles
showing cracks in the PCB laminate.

4 Discussion

4.1 Origin of the laminate cracks

It is a possibility that the laminate cracks formed during the preparation of the samples for the
cross-sectioning and then especially when the samples were cut out from the boards. To
prevent that, the samples were cut out very carefully but it is still a possibility that the cracks
were formed then. However, it is very unlikely that the cutting would cause much larger
laminate cracks under the solder pads in the second row than in the first row as was observed
for the BGA208 component with the SN100C/SAC305 combination (see Figs. 14 and 15).
This was also observed for a dye penetrant analysed component (Fig. 24). Several of the
solder pads were ripped off from the PCB when the component was removed revealing
extensive red staining of the PCB laminate under the pads in the second and third rows but not
in the first row. Therefore, it is not likely that the cracks were formed during the cutting out of
the samples for the analysis.
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Fig. 24 Image of dye penetrant analysed BGA208 component with the SN100C/SAC305
combination showing the upper left corner of the footprint on the PCB after the
component had removed.

4.2 Impact of laminate cracks on solder joint fatigue

Cracks in the PCB laminate were observed for all BGAs. For some BGAs, cracks were also
observed in the BGA laminate. The cracking in the PCB laminate was more severe for
components with lead-free solder joints compared to SnPb solder joints. Especially severe
laminate cracking was observed under some of the solder joints located beneath the chip for
the lead-free BGA208 components. Since such cracks in the PCB and BGA laminates will
reduce the stress on the solder joints by increasing their flexibility, they will improve the
fatigue life of the solder joints. The larger the cracks, the more will the fatigue life be
improved.

A survey of the fatigue lives reported in the literature for BGA208 and BGA288 components
having 0.8 mm pitch (Table 6) revealed that the reported fatigue lives varied considerably.
Notably and surprisingly, the component having the largest chip was reported to having the
longest fatigue life, both for SAC305 and SnPb solders. Furthermore, this component was



mounted on a rather thick PCB which normally is detrimental for the fatigue life of solder
joints [25]. It is also the most recently performed investigation of the investigations referred to
in Table 6. PCB laminate cracking may explain the unexpected long fatigue lives reported in
that investigation. Thus, the results reported in the literature indicate that cracking of the PCB
laminate may have influenced the fatigue lives of the solder joints in some of the
investigations (although cracks were not reported) and that the risk for laminate cracking has
increased in recent years.

Table6  Reported fatigue lives for BGA208 and BGA288 components having 0.8 mm pitch.
All were thermally cycled between -40°C and 125°C except the FPBGA208 which
was thermally cycled between -55°C and 125°C

Component Chip PCB Solder Eta Ref.
size thickness (cycles)
CABGAZ208 ? 24 mm  SAC305 1774 22
fleXBGA208 9.5mm 1.6 mm SnPb 2352 25
fleXBGA208 12.0mm 1.6 mm SnPb 708 25
PBGA208 12.7mm 24mm  SAC305 3422-37432 26
PBGA208 12.7mm 2.4 mm SnPb 3413 26
FPBGA208 11.4mm 1.6 mm SnPb ~400 27
PBGA288P ? 24mm  SAC405 ~1300 28
PBGA288° ? 2.4 mm SnPb ~1000 28

4 Two different finishes on the PCB solder pads.
b Package body size 19 mm x19 mm.

4.3 Impact of tin anisotropy on laminate cracking

One interesting result for the lead-free BGA208 components was that the behaviour could be
very different for adjacent solder joints. This was most pronounced for solder joints located
under the chip. This difference in behaviour can be explained by the anisotropy of tin grains.
Thermo-mechanical fatigue of solder joints is caused by stress-induced creep as a result of
cyclic changes in temperature. The stresses solder joints are exposed to can be split into
stresses caused by global, local and internal CTE mismatches. Stress caused by global CTE
mismatch is caused by the CTE mismatch between a component and the PCB. It increases
with increasing CTE mismatch, delta T and distance from the centre of the component but,
likely, it is not affected much by the number of tin grains and their orientation in lead-free
solder joints.

The local CTE mismatch is caused by the CTE mismatch between the solder and the solder
pads/laminates which will cause stresses at the corresponding interfaces. In this case, the
orientation of a tin grain in a single-grained SAC solder joint will have a large impact on the
resulting stresses. At ambient conditions, the CTE along the a- and b-axes in a tin grain (about
15 ppm/°C) is at the same level as the CTE of copper (16-17 ppm/°C [11, 15, 29]) and of the
PCB and BGA laminates in the x- and y-directions (about 12-18 ppm/°C [14, 15, 30]).
Therefore, if the tin grain is oriented with the a- and b-axes parallel to the board surface, the
stresses at the interfaces will be low. On the other hand, since the CTE along the c-axis in a
tin grain is about 30 ppm/°C, the CTE mismatch will be about 15 ppm/°C if the tin grain is
oriented with the c-axis parallel to the board surface. Whereas the CTE of copper is fairly
independent of the temperature [29] and probably also for the PCB, the CTE of tin is strongly
affected by temperature. At 125°C, the CTE of tin is about 20 ppm/°C along the a- and b-axes
and about 40 ppm/°C along the c-axis [11]. That will result in a CTE mismatch to the pads of
20-25 ppm/°C in the worst case. Furthermore, if the solder pad on the BGA laminate is



located beneath the chip, the very low CTE of the chip will reduce the expansion of the solder
pad which will lead to an even higher CTE mismatch on the component side of the solder
joint [7]. That may contribute to the observations that most cracks in the solder joints usually
are formed on the component side.

For solder joints consisting of more than one grain, there will be an internal CTE mismatch
between the grains which will depend on their orientation. The mismatch may be up to 15-20
ppm/°C, which will cause a high internal stress at the grain boundaries which will facilitate
formation of fatigue cracks [7, 13]. This is to some extent also the case for SnPb solder joints,
but the tin grains are then mixed with much softer lead grains [7, 11] and the general grain
size is much smaller. Therefore, the impact of internal stresses is much smaller in SnPb
solders [7].

In addition, due to the anisotropy of tin grains, a special case of CTE mismatch occurs for
SAC solder joints to BGAs. For a single-grained solder joint oriented with the c-axis parallel
to the board surface, the CTE of the solder joint in the direction perpendicular to the board
surface will be lower than for the surrounding solder joints unless they all are single-grained
solder joints with the c-axis parallel to the board surface [8]. This will cause a tensile stress on
the single-grained solder joint with the c-axis parallel to the board when temperature is
increased, and a compressive stress when temperature is decreased. The opposite will be the
case for the surrounding solder joints.

The global CTE mismatch is usually much more important for the fatigue life of SnPb solder
joints than the local and internal CTE mismatches, but the situation is different for SAC
solder joints due to the anisotropy of tin. As discussed, single-grained solder joints having the
c-axis parallel with the board surface will have a substantial local stress close to the solder
pads and these solder joints have been found to be much more likely to crack even if they are
not the solder joints with the largest global mismatch [8, 11]. Nevertheless, the global CTE
mismatch will also be important for the total stress level on a solder joint. That is, a single-
grained solder joint having the c-axis parallel with the board surface will be more likely to fail
if it is far away from the centre of the component compared to if it located close to the centre.

Probably, the number of grains and their orientation in neighbouring solder joints will also to
some extent affect the fatigue life of the solder joints due to the alternating tensile and
compressive stresses that they will cause. However, not only the solder joints will be exposed
to these tensile and compressive stresses but also the laminates in the PCB and the BGA. If a
single-grained solder joint having the c-axis perpendicular to the board surface is surrounded
mainly by multi-grained and/or single grained solder joints having the c-axis parallel to the
board surface, then it will be exposed to high tensile and compressive stresses when cooled
and heated, respectively. If the stress is high enough, it may cause a crack to form in the PCB
laminate beneath the solder pad. The high elastic modulus along the c-axis (three to four times
higher than along the a- and b-axes [8]) will also contribute to that high stress is transferred to
the PCB laminate. Since the c-axes for the single-grained solder joints T7 and T9 in Fig. 18
were close to perpendicular to the board surface, this is probably what caused the formation of
the large cracks in the PCB laminate beneath these solder joints.

The PCB laminate will also be exposed to shear stress due to the global CTE mismatch. The
further away a solder joint is from the centre of the component, the larger will the shear stress
be. Due to the higher elastic modulus along the c-axis, the shear stress which the PCB
laminate will be exposed to will also be affected by the orientation of the tin grains. For a
single-grained solder joint having the c-axis parallel to the board surface, the shear stress on
the PCB laminate will be higher if the c-axis is pointing to the centre of the component
compared to if it is turned 90° (as in Fig. 18d).



Therefore, for SAC solder joints located under the chip of the BGA208 component, the
stresses on the solder joints and the laminates can be expected to vary considerably for
adjacent solder joints due to the anisotropy of the tin grains. That not only explains why a
solder joint with no cracks in the PCB laminate could be found between two solder joints with
extensive cracking in the PCB laminate but also why the solder joints that fail first are to a
large extent randomly located.

In previously performed studies of ceramic BGAs with Sn10Pb balls soldered to Thermount
85NT and polyimide/glass PCBs, cracking beneath the solder pads was always initiated on the
side of the solder pads that faced the centre of the component [18, 19]. All cracks then grew in
under the solder pads. The cross-sections carried out in those studies were done along the
diagonal of the components. Since the cross-sections carried out in this study was done
parallel to an edge of the components, it is more difficult to tell were the cracks were initiated
although cross-sections of solder joints near corners of the components indicate that many of
the cracks were initiated on the side facing the centre of the components. Nevertheless, the
cracks in the PCB laminate seem to be more randomly formed in this investigation with some
cracks growing in under the solder pads and other cracks growing away from the solder pads.
The complex stress distribution with some solder joints being under combined shear and
tensile stresses at the same time as adjacent solder joints being under combined shear and
compressive stresses may be the reason for this deviant distribution of the cracks. The
location of the cracks and the extent of crack growth under the solder pads, however, are also
dependent on the location and orientation of glass fibre bundles with respect to the solder pads
[20]. For example, the formation of the crack shown in Fig. 23b has probably been facilitated
by the very short distance between the solder pad and the underlying glass fibre bundle.

4.4 Impact of laminate properties and soldering on laminate
cracking

Since the tested PCBs were produced using only one laminate material, it is not possible to
determine to what extent the laminate properties have affected the formation of the laminate
cracks. However, it is possible or even likely that the test boards used have been especially
prone to form laminate cracks. The PCB laminate used was a phenolic-based high T4 and high
Tq material with low CTE developed to withstand lead-free soldering and to generate low
stress on through-hole platings. The properties are achieved by using a resin with a high
degree of cross-linking and a high content of inorganic fillers. This result in a laminate with a
high elastic modulus but also a laminate that is more brittle than traditional low T4 laminates
[21, 31]. The higher elastic modulus will result in higher stress levels both in the solder joints
and in the PCB laminate during thermal cycling. This in combination with the higher
brittleness contributes to making the material more susceptible to laminate cracking when
exposed to stress. Nevertheless, the extent of laminate cracking, and the fact that cracks also
formed in the BGA laminate, indicate that cracking in the PCB laminate is likely to occur to
some extent also for other laminates during thermal cycling of assemblies with BGAs.

The highest thermo-mechanical stress that solder joints will be exposed to will occur during
the cooling phase after soldering. Hence, it is possible that the laminate cracks that formed
beneath the solder joints most susceptible to laminate cracks were initiated in the soldering
process. Even very small cracks initiated in the laminate during soldering can possibly change
the failure mode from fatigue cracking of the solder joints to laminate cracking [32]. In fact, it
has been shown that pre-stress on the laminate prior to a thermal cycling test may cause latent
damages in the laminate which cannot be observed as cracks in cross-sections, but
nevertheless increase the risk for laminate cracking in a subsequent thermal cycling test [23].



Soldering processes increase the hardness of PCB laminates due to the exposure to high
temperature [20, 33]. A higher hardness probably makes the laminate more brittle and thus
more vulnerable to laminate cracking. The increase in hardness is higher in lead-free
soldering due to the higher soldering temperature [33]. Since HASL is basically a soldering
process, where the PCBs actually are exposed to even higher temperatures than during
assembly, HASL can be expected to increase the susceptibility to laminate cracking,
especially for lead-free HASL. That may explain the shorter fatigue lives for the solder joints
to the BGA208 components mounted on the non-HASL boards. If the laminate is less prone
to laminate cracking, fewer and smaller laminate cracks will form. The stress will then be
higher on the solder joints resulting in a shorter fatigue life. It may also explain the longer
fatigue lives for the samples that were aged prior to the thermal test. The aging would also
make the laminate more brittle resulting in more and larger laminate cracks and, thereby,
longer fatigue lives of the solder joints.

The lead-free HASL PCBs soldered with SN100C solder paste that were soldered five months
after the lead-free HASL PCBs soldered with SAC305 solder paste had also a rather short
fatigue life for the BGA208, at least for some of the components. These components had poor
wetting on the sides of the solder pads. Non-solder mask defined pads with lead-free HASL
have a very thin coating with SN100C at the edges of the pads. When stored, the thin tin layer
at the pad edges may be completely consumed forming tin-copper intermetallics. That will
make it more difficult to wet the sides of the solder pads resulting in a higher stand-off if the
sides of the pads are not wetted. The low solder paste volume printed on the solder pads may
also have contributed to the difficulty to wet the sides of the solder pads. Normally, a higher
stand-off would lead to improved fatigue life due to higher flexibility of the solder joint but
the opposite was observed for these components. There may be two explanations for this
behaviour. Due to the poor wetting on the sides of the PCB solder pads, the diameter of the
solder joints decreased at the PCB side of the solder joints. This will make the solder joints
more susceptible to fatigue on this side. Since the failure location was shifted to the PCB side
of the solder joints, the reduced diameter of the solder joints at the PCB side may the reason
for the shorter fatigue life. Alternatively, the higher flexibility of the solder joints may have
led to that fewer and smaller cracks were formed in the PCB laminate, which was actually
observed. As a consequence, the fatigue life would become shorter. In this case, the shorter
fatigue life for some of the components would be due to the higher stand-off of them.

However, the results for the non-HASL boards showed large variation in eta and beta values
indicating that also other factors may affect the results. In fact, the ENIG/SAC305
combination had even a higher eta value than the SN100C/SAC305 combination although the
beta value was much lower. In this case, the much higher elastic modulus of the nickel plating
on the solder pads may have caused more stress to be transferred to the PCB laminate
resulting in more cracking of the laminate.

4.5 Impact of laminate cracks on the interpretation of results
from thermal cycling

The results from this investigation have a large impact on how to interpret results from
thermal cycling of area array components. In order to correctly interpret the results, it is
important to clarify to what extent cracking may have occurred in the PCB and BGA
laminates. Since fine cracks in the laminates may be difficult to observe in cross-sections,
moulding should be done using moulding compounds with an added fluorescence agent to
facilitate the detection of cracks in the laminates. Alternatively, inspection should be done
using SEM.



If cracks are formed in the laminates, it indicates that cracks may form in assemblies if they
will be used in field conditions with a temperature exposure similar to the thermal cycle used
in the test. It will improve the fatigue lives of the solder joints but it may cause other types of
failures and then mainly formation of Conductive Anodic Filaments (CAF) and fracturing of
copper tracers connecting the solder pads or fracturing of via-in-pad [19, 33, 34]. Although
the risk that laminate cracks will cause these types of failures may be small [33], they need to
be considered. Since there is no standard that has acceptance criteria for this type of cracks in
the laminates, it is up to each producer/buyer to determine what is acceptable.

The likelihood for cracks to develop in the laminates when exposed to temperature changes
decreases with decreasing delta T. Therefore, if cracks are formed in a thermal cycling test
and a product will be used in more benign conditions, it will be difficult to estimate the
fatigue lives in these conditions. The test results may lead to grossly overestimated fatigue
lives as the results from this study show. Cracks in the PCB laminate were observed for all
BGAs, both for SnPb and lead-free solder joints but the cracks were larger for the lead-free
solder joints. The solder joints that are most likely to cause cracks in the PCB and BGA
laminates are probably those that would be the first to develop fatigue cracks if no cracking
would occur in the laminates. Consequently, the fatigue lives of the lead-free BGA208
components can be expected to have been much shorter if the cracking of the PCB and BGA
laminates had not occurred.

Thus, if one would try to estimate the fatigue lifetimes in more benign conditions from the
results in this investigation, they will be overestimated and most for lead-free BGAs. The
overestimation would perhaps not be so much for the BGA256 and BGA676 components but
it is not possible to tell from the results in this investigation how large the overestimation
would be. However, the results for some of the BGA208 components soldered to non-HASL
PCBs with relatively small laminate cracks that failed before 742 cycles indicate the
overestimation may be at least a factor of three for the lead-free BGA208. Note that a few
relatively large cracks were also formed in the PCB laminate for a BGA208 that failed very
early (Fig. 21). That is, the fatigue life for this lead-free BGA208 may indeed have been
considerably shorter if no cracks in the laminate had formed.

To avoid that cracks are formed during thermal cycling, it may be necessary to decrease the
delta T in the test. The drawback is that it will necessitate longer test times. For products used
in relatively harsh conditions with long expected lifetime, for example electronics in
automotive compartments or truck cabs, it may require test times of more than one year. Still,
even if the delta T in the test is decreased, there is a risk that some cracking will occur for the
solder joints that are most susceptible to form PCB laminate cracks, i.e. solder joints located
under the chip for BGAs with low stand-off. For these components, there will inevitably be a
risk for an overestimation of the fatigue life of the solder joints if the delta T in the test is
larger than the delta T in the field conditions. To rule out that cracking in the PCB laminate
has affected the results for these components, it would be necessary to cross-section all solder
joints to the BGAs, at least the solder joints located under the chip.

Thus, many of the results reported in the literature from thermal cycling of area array
components may to some extent have been affected by the formation of cracks in the
laminates, especially if solder joints are located under the chip. This is in particular true for
results reported during the last five to ten years. There are many contributing factors to this.
The most important is the transition to lead-free soldering. Since lead-free solder joints are
considerable stiffer than SnPb solder joints, the lead-free solder joints will transfer
considerably more stress to the PCB laminate. The existence of single-grained SAC solder
joints makes the situation even worse. Also, the transition to low-CTE moulding compounds
has increased the global CTE mismatch leading to more stress on the laminate. Furthermore,



in order to make PCB laminates more resistant to lead-free soldering, new laminates with
higher Tg, Tq and filler content have been developed. The higher soldering temperature used
in lead-free soldering will contribute to an increased hardness of the PCB laminate. The price
to be paid for these changes is a higher elastic modulus and lower fracture strength, both
contributing to making the laminate more susceptible to laminate cracking. Decreasing pitch
for BGA components leading to shorter stand-off will also increase the stress on the PCB
laminate.

4.6 Implications on the assessment of solder joint reliability

All these factors increasing the risk for laminate cracks may have a very large negative impact
on the fatigue lives of the solder joints if cracks are not formed in the PCB laminate. The
percentage of solder joints to a BGA that are single-grained may vary between 20 and 85%
depending on the surface finish on the PCB [12, 15]. The lowest percentage of single-grained
solder joints to BGAs is observed for PCBs with HASL finish [12]. According to Bieler et al.
[8], about 25% of single-grained SAC solder joints may have an orientation of the c-axis that
is close to parallel with the board surface, i.e. the orientation that will cause most local stress
on the solder joints. For these, only some will have the c-axis pointing to the centre of the
component, i.e. the orientation that will transfer most shear stress to the laminate. Even fewer
than 25% of the single-grained solder joints may have an orientation of the c-axis that is close
to perpendicular to the board surface, i.e. the orientation that will cause most
tensile/compressive stress on the PCB laminate.

Accordingly, each solder joint to a BGA will have a set of neighbouring solder joints with
quite varying number of grains and orientation of these. Therefore, each solder joint to a BGA
will have a unique stress situation. Consequently, the spread in failure distribution can be
expected to be high for BGAs soldered with SAC solder, i.e. a low beta value in a Weibull
plot. As pointed out by Bieler et al. [7] and Lehman et al. [17], some components can be
expected to have a very unfavourable combination of stresses on the solder joints located
under the chip corners. These may cause quite early failures, earlier than predicted by a
Weibull plot. This is of large concern for products with long expected service life and very
low acceptable failure levels.

A low beta value and an early failure were indeed observed in this investigation for the lead-
free BGA208 component on the boards that had not been aged prior to the thermal cycling
test (Fig. 4). Low beta values and early failures have also been reported in other investigations
of the fatigue lives of lead-free BGAs [3, 4, 28, 35-37]. However, it is not observed in most
investigations. For some of these investigations, it may be due to that cracking of the PCB
laminate has occurred.

The results from this investigation do not only affect how to interpret the results from thermal
cycling, it affects also the basis for reliability simulations. As stated by Bieler et al. “Certainly
failure rates determined on the basis of prevalent microstructures cannot be construed to be
representative of the behaviour of all Pb-free, near eutectic SAC solder joints in a package.
Rather, minority orientations that are susceptible to damage nucleation need to become the
basis for reliability prediction” [7]. Variations in tin grain size and grain orientation in solder
joints must be examined, quantified and understood in order to anticipate and predict the
reliability of BGAs with lead-free solder joints, but that is not enough. The impact of grain
size and grain orientation in solder joints on laminate cracking must also be examined,
quantified and understood to enable adequate reliability simulations. In addition, the fracture
strength of the laminates and the impact of the position of the glass weave in relation to the
solder pads must also be considered. That will make reliability simulations a true challenge.



5 Conclusions

Thermal cycling of assemblies with BGAs may cause formation of cracks in the PCB
laminate and, to a lesser extent, in the BGA laminate for plastic BGAs. The cracks are formed
at or under the solder pads. They may be hard to detect in optical inspection of cross-sections
if not moulding compounds with added fluorescent agents are used and the inspection is done
using UV-light.

Since the cracks increase the flexibility of the joints, they will improve the fatigue lives of the
solder joints. The results from this investigation indicate the improvement in fatigue life may
in some cases be a factor of three or more. As a consequence, the fatigue life of a BGA that
will be exposed to smaller temperature variations in field conditions than in a thermal cycling
test may be grossly overestimated.

A large number of changes in the manufacture of assemblies during the last 5-10 years has
increased the risk for that this type of laminate cracks are formed. The most important is the
transition to lead-free soldering. Lead-free solders have higher elastic modulus than SnPb
solders and, therefore, will transfer more stress to the laminate. Another ongoing change that
increases the risk for laminate cracking is the decreasing pitch for BGAs leading to shorter
stand-off. The risk for laminate cracking is especially large if the solder joints are located
under the chip. Transition to low-CTE moulding compounds for encapsulation of plastic
components and new PCB laminates with higher Tg, Tq and filler content have also
contributed to an increased risk for laminate cracks. The new moulding compounds because
they increase the CTE mismatch between components and the PCB and the new PCB
laminates because they are more brittle than traditional PCB laminates.

Due to the anisotropy of tin grains and the fact that SnAgCu solder joints often consist of only
one or a few tin grains, the number of tin grains in a solder joint and the orientation of them
are crucial for the stress level in the solder joint, but also for the stress transferred to the PCB
and BGA laminates. Since the orientation of the tin grains has a nearly random distribution,
there may be a large difference in stress levels even for two neighbouring solder joints leading
to that each solder joint to a BGA will have a unique stress condition. Thus, the solder joint
with the highest stress level may be located randomly under the BGA, which may be far from
the point of maximum shear stress for a BGA soldered with SnPb solder. Consequently, that
can be expected to result in a high spread in failure distribution with some quite early failures.

As a result, it is important to clarify to what extent cracking has occurred in the PCB and
BGA laminates in order to correctly interpret results from thermal cycling of area array
components. The solder joints that are most prone to fatigue cracks are also the solder joints
that are most likely to cause cracks in the laminate. Such cracks would moderate the stress on
these solder joints causing a lower spread in failure distribution. The large spread in fatigue
lives reported in the literature for similar BGA components indicates that laminate cracking
may have affected the results in some of these investigations, but the laminate cracks have not
been observed since they have not been looked for.

Another consequence of the test results is that for products that will be exposed to relatively
large temperature variations in the field, for example automotive electronics, it may be
necessary to avoid having a larger temperature range in the thermal cycling test than in the
intended field environment. Otherwise, a wrong failure mechanism may be accelerated
making the result invalid. That may necessitate testing times of one year or more. The impact
of grain size and grain orientation in solder joints on laminate cracking must also be
examined, quantified and understood when performing reliability simulations.
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