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Figure 16. Cross-sections of a perfectly centred ball (a) and a maximum tilted ball (b)
Solder joints formed using reduced amounts of solder paste are shown in Figures 17-19. A
44% reduction in solder paste gave a fillet diameter of about the same size as the pad
diameter, i.e. about 0.70 mm, whereas a 75% reduction in the solder paste volume caused a
decrease in the solder fillet diameter to 0.55 - 0.60 mm, i.e. a 15% to 20% reduction.

Figure 17. Solder joints to CBGA with solder paste volume reduced by 44% for corner joints,
in this case the ball to the right
Figure 18. Solder joints to CBGA with solder paste volume reduced by 75% for corner joints, in

this case the ball to the left
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Figure 19. Cross-sections of solder joints formed with reduced solder paste volume, to the left
by 44% and to the right by 75%
The columns on the CCGAs were aligned to the edge of the pads on the printed boards,
resulting in asymmetrical fillets (Fig. 20), which is normal [39]. Most solder joints were tilted
in the same direction, but not always (Fig. 21).

Figure 20. Appearance of solder joints formed to a CCGA

Figure 21. Ceramic CCGA with columns tilted in different directions

8.5

Cleaning

The soldered boards were cleaned in Zestron LP at 50 °C for 10 min using ultrasonic
agitation. Zestron LP is a blend of di(propylene glycol) ethyl ether and propylene glycol
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dialkyl ether with a boiling point of 160-220 °C. After cleaning, the boards were first washed
with isopropanol followed by deionised water, and then once more with isopropanol. Finally,
the boards were blown dry with nitrogen and then heated in an oven at 100 °C for 4 hours.
Visual inspection of the area beneath a package on a spare board showed that no visible flux
residues remained after this cleaning procedure. The package was mechanically removed by
bending the board so that the pads on the boards were ripped from the laminate.

8.6

Application of CV4-2500

The CV4-2500 material was applied along one side of the packages at room temperature and
was sucked in under them by capillary forces. The application was done manually using a
syringe. A polyimide tape was applied over the via holes on the opposite side of the boards to
prevent the coating material from escaping through them. Material was added until it become
visible at the opposite side of the packages. The polyimide tape was then removed and curing of
the CV4-2500 material was performed at 65 °C for 60 min.

8.7

Application of OHMCOAT 1570 and 1572

The underfills were applied using Asymtek DP-2000 dispensing equipment. Both the underfill
material and the test board can be heated in this equipment to improve the fluidity of the
underfill. When applying OHMCOAT 1570, the underfill and the test board were heated to 50 °C,
while when applying OHMCOAT 1572 they were heated to 30 °C. Application was made along
one side of the packages (Fig. 22). Material was added until it became visible at the opposite
side of the packages. As when applying the conformal coating, polyimide tape was applied
over the via holes on the opposite side of the boards. This polyimide tape was then removed
and curing was performed at 120 °C for 20 min.

Figure 22. Application of underfill along one side of the packages

9

Reliability Verification Methods

Reliability testing was done by a combined temperature cycling/vibration test. In order to
simulate true conditions as much as possible, the test was started with 100 thermal cycles
followed by the vibration test and then another 900 thermal cycles. The idea was that
vibration testing might have a much larger impact on crack propagation than on crack
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initiation. Since testing prior to launching could initiate cracks, the purpose of the first 100
thermal cycles is to simulate such testing.
For the first part, evaluation of fatigue mechanism, the vibration test was not executed.

9.1

Thermal-Cycling Test

Temperature cycling was performed as per ECSS-Q-70-08A, Section 13.2 [48]. An air circulating oven, Heraeus HT 7015-10/S, was used for the test. The temperature was cycled
between -55 and +100 °C with a temperature ramp of 10 °C/min and a soak time of 15 min at
each temperature extreme. The actual temperature profile measured for a corner lead to a
package is shown in Figure 23.

Figure 23. Temperature profile measured for a corner lead to a CBGA during the thermal
cycling test
An Anatek 1281VF high-speed event detector was used for monitoring resistance of the daisy
chains in situ in the temperature-cycling chamber. The event detector records ultrashort spikes or
open circuits in the daisy chains, provided the spikes last at least 1 µs. An open circuit was
defined in this case as a total daisy-chain resistance above 100 ohms, i.e. about 5 times the
measured resistance of the BGA daisy chain prior to the test.
A failure was defined as the first interruption of electrical continuity that is confirmed by 9
additional interruptions within an additional 10% of the cycle life per the recommendation in
IPC-SM-785 [49].
Due to a limited number of channels, the packages were connected two by two during the
measurements. Connection to the boards was made with wires soldered to the boards.

9.2

Vibration Test

Sine and random vibration testing were performed using the conditions given in Table 2,
which reflect the minimum severity for vibration testing given in Chapter 13 of ECSS-Q-7008A [48]. The vibration testing was performed in two axes, one parallel to the long side of the
test board and one perpendicular to the test board.
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The test boards were fixed directly to the vibration board using five steel bars as shown in
Figure 24. The screws were drawn with a moment of 0.25 - 0.27 Nm. Four product response
accelerometers were attached to the test boards in the positions shown in Figure 24. The
registered responses for the board with CBGAs and CV4-2500 as underfill are shown in
Figures 25 and 26. The responses were very similar for the other boards.

Figure 24. View of test board mounted on the vibration exciter
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Figure 25. Acceleration spectral density recorded during the random vibration test in the xdirection (upper diagram) and in the z-direction (lower diagram) for the board
with CBGAs and CV4-2500 as underfill
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Figure 26. Acceleration recorded during the sine vibration test in the x-direction (upper
diagram) and in the z-direction (lower diagram) for the board with CBGAs and
CV4-2500 as underfill
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9.3

Analysis Methods

After testing, the impact on the integrity of the solder joints was analysed using two
techniques. The first technique involves the standard metallurgical practice of crosssectioning and polishing samples potted in epoxy. An epoxy with an added fluorescent agent
was used to facilitate the detection of cracks. The cross-sectioned samples were studied using
optical microscopy.
The cross -sectioning technique offers only a planar view of the solder joint. A threedimensional view of a crack can be obtained by using dye penetrant analysis. Dye penetrant
analysis was originally developed by Motorola [12]. In this method, the packages were
mechanically removed after the application of the dye through bending the board numerous
times. The method works well if the cracks in the solder joints are large. If they are not large
enough, the pads on the board are ripped from the laminate. A method of remov ing the
components that allows the solder joints to creep during the removal has been developed in
this project and is described in Annex A. It is important to note that by using this method,
even small cracks can be detected.

10

Results

10.1

Impact of Thermal Cycling on Solder Joint Reliability

Two test boards with CBGAs on polyimide/glass were cycled until all eight packages had
failed. The cycles-to-failure are presented in Figure 27. The packages were connected two by
two during the measurements. For two pairs of packages, both packages in each pair had
failed before the package failing first was disconnected. Therefore, the exact numbers of
cycles-to-failure for failures 4 and 6 are not known, but they occurred between cycle 725 and
cycle 816.

Figure 27. Cumulative cycles-to failure of CB GA on polyimide/glass
The solder joints were severely deformed during the thermal-cycling test. Figure 28 shows
corner joints after 100, 270, 500, and 1000 cycles. The two solder joints exposed to 500 and
1000 cycles, respectively, in Figure 28 show that some solder joints were deformed at both
the board and the package side, whereas some were basically only deformed at the package
side. Furthermore, at the package side, a tongue of solder has pressed itself outwards.
26

STM-266

Figure 28. Corner solder joints exposed to 100 cycles (a), 270 cycles (b), 500 cycles (c), and
1000 cycles (d)
Cross-sections of solder joints exposed to 500 cycles are shown in Figure 29. The cut was
made diagonally between two corners. Note the big difference in deformation for joints AD 1
and A24 (Figs. 10 and 13 give the coordinates for the ball numbering system). Joint AD1 is
deformed both towards the package and the board sides, whereas A24 is basically deformed
only towards the package side. Examination of the solder joints that were not deformed
towards the board side revealed that cracks had formed in the laminate under the pads (Fig.
30). The cracks are initiated on the inward side of the solder joints. In fact, all solder joints in
the outer rows have cracks under the pads, except those pads that are connected to vias
located on the inward side of the pads, i.e. the side towards the centre of the package. Thus, a
conductor located there prevents the initiation of a crack.
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Figure 29. Deformation of solder joints after 500 cycles at positions AD] (a), AC2 (b), AB3 (c), Y5
(d), V7 (e), and A24 (9. The arrows show the direction to the centre of the package, the
neutral point (NP)
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Figure 30. Cracks in the laminate under the pads at positions AC2 (a) and A24 (b)
Analysis of the cracks using dye penetrant after temperature cycling (see Annex A) clearly
showed the location and size of the cracks in the solder joints. When removing the packages,
the majority of the solder balls remained attached to the board, indicating that the largest
cracks in the solder joints were formed between the balls and the pads on the package.
Exceptions were the solder joints on the board pads connected inward to vias (Fig. 31). For
these joints, the balls remained on the package.
For some pads on the board not connected to inward vias, the pads were ripped from the
laminate. For corner joints, the backsides of the pads were coloured with the dye indicating
the presence of a crack in the laminate (Fig. 31). It was predominantly the inward side of the
pads that were coloured, supporting the theory that the cracks initiate on the inward side of the
pads.

Figure 31. Extent of cracks after 500 cycles (a) and after 1000 cycles (b) analysed using dye
penetrant. Ball coordinates are super-imposed on the images
On the package side of a joint, a crack close to the pad/solder interface is formed on the
outward side of the joint (Fig. 32). The "tilting" of the solder ball causes a further reduction in
the cross-sectiona l area from the inward side. This results in the characteristic appearance of
partly fractured solder joints as shown in Figure 32.
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Figure 32. Views showing how the cracks develop on the package side of the solder joints
The formation of cracks on the board side of the solder joint differs from the package side. In
this case, the "tilting" of the ball causes a reduction in the solder joint on the outward side of
the joint (Fig. 33). This reduction is smaller than on the package side. The crack, which is
formed on the inward side, is usually not close to the pad/solder interface.

Figure 33. Views showing how the cracks develop on the board side of the solder joints
Closer to the centre of the package, the deformation of the solder joints is very sma ll.
Nevertheless, cracks can be found in the solder joints predominantly at the package side close to
the pad/solder interface (Fig. 34).
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Figure 34. Extent of cracks in solder joints seven and eight rows from the periphery of 'a
CBGA after 500 cycles. To the left a cross-section of a solder joint, and to the
right cracks developed on the package side of the joints analysed using dye
penetrant
Figures 35a and b show the extent of cracking, on the board and package sides, respectively,
for corner joints to a CBGA exposed to 500 cycles. Even though some corner joints are
completely coloured red, no open circuit event had been registered for this package during the
test. Figure 35 also shows the extent of cracking 6 and 9 rows in from the periphery. At row 9
the cracks are very small. Corresponding views of a CBGA exposed to 1000 cycles can be
found in Figure 36. After 1000 cycles, the cracks are rather large, even in row 9.

Figure 35. Extent of cracking in solder joints to a CBGA after 500 cycles analysed using dye
penetrant on the board side (a) and on the package side (c-d). Ball coordinates are
superimposed on the images.
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Figure 36. Extent of cracking in solder joints to a CBGA after 1000 cycles, analysed using
dye penetrant at various positions on the package side

10.2

Impact of Meagre Solder Joints on Reliability

Four packages with solder paste volume reduced by 44% and eight packages with solder paste
volume reduced by 75% for corner joints were cycled to total failure. The results are
presented in Figure 37. For the packages with 75% reduced solder paste, only the first failed
package of a pair has been registered.
The reduction of the solder paste volume by 75% had a very large impact on the fatigue life of the
solder joints, with a reduction in lifetime by a factor of 3 to 5. Even the reduction in the
solder paste volume by 44% caused a rather large decrease in the fatigue life, even though the
solder fillet diameter was affected very little.
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Figure 37. Cumulative cycle-to failure of CBGAs on polyimide/glass boards with 44% (•) and
75% (A) reduced solder paste volume for corner joints, compared to
packages with non-reduced solder paste volume (.)

10.3

Reliability Verification Testing

Polyimide/glass Boards
The results from the electrical continuity measurements during the reliability verification
testing of the polyimide/glass boards are presented in Table 3 and Figure 38. The cycles-tofailure
for all three combinations with CBGAs were of about the same order, and on the same level as in
the part evaluating the fatigue mechanism. Thus, neither the additional vibration test during the
reliability verification testing nor the application of underfill had any significant impact on the
fatigue life of the solder joints.
The only factor that had a significant effect on fatigue life was the exchange of CBGAs for
CCGAs. No failures had been registered after 1000 cycles for the CCGAs when no
underfill or CV4-2500 was applied. However, rather surprisingly, very early failures were
registered for the CCGAs when OHMCOAT 1570 was applied as underfill.
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Table 3. Results from the reliability verification testing of CBGAs on polyimide/glass boards

* First failure of a pair of failed packages. The number of cycles to failure for the second package has not been
recorded, but was less than 941 cycles

Figure 38. Cumulative cycle -to failure during reliability verification testing of polyimide/glass
boards with CBGA/no under fill (.), CBGA/CV4-2500 (4), CBGA/OHMCOAT
1570 O, and CCGA/OHMCOAT 1570 (o). The results from the fatigue mechanism
evaluation are shown as a reference (.)

The impact of the reliability verification testing on the integrity of the solder joints was also
analysed using cross-sectioning and dye penetrant (only for the package with no underfill).
The results from these analyses are reported for each combination of package and underfill
type.
CBGA and no Underfill
Cross-sectioning and dye colouring of the boards equipped with CBGAs and no underfill gave the
same results as presented in Chapter 10.1. That is, the additional vibration test performed in the
reliability verification test had no observable impact on the cracking of the solder joints.
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CBGA and CV4 -2500 as Underfill
Due to the softness of the CV4-2500 material, it had to be peeled off along the periphery of
the packages before they were moulded in epoxy in order to avoid smearing of solder when
grinding the samples. However, it was very difficult to completely remove all material and
therefore it was difficult to get good cross-sections.
Figure 39 shows a solder joint to a package underfilled with CV4-2500. The deformation and
cracking of the solder joint are similar to what was observed for packages without any applied
underfill, although the extent of deformation is perha ps slightly less.

Figure 39. Deformation and cracking of a corner solder joint to a CBGA with CV4 -2500 as
underfill on polyimide/glass after 1000 cycles. Views (b) and (c) show crosssections of the solder joint taken with ordinary light and "black light", respectively
CB GA and OHMCOA T 1570 as Underfill
No deformation of the solder joints was observed for the packages underfilled with
OHMCOAT 1570 (Fig. 40). However, after 500 cycles, delamination between the underfill
material and the package, and cracks close to the package pad, were observed (Fig. 41). After
1000 cycles, the gap between the underfill material and the package had expanded and corner
joints were completely cracked. No delamination was observed between the underfill material and
the boa rd. At some solder joints, a crack going downward in the board material was
observed. These cracks were initiated at the edge of the solder lands (Fig. 42).
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Figure 40. Cross-sections of corner solder joints to CBGAs underfilled with OHMCOA T 1570
on polyimide/glass after 500 cycles (a) and after 1000 cycles (b)

Figure 41. Cross-sections of corner solder joints to CBGAs underfilled with OHMCOAT
1570 on polyimide/glass showing delamination between the underfill material and the
package, and cracks close to the package pad formed after 500 cycles (a) and after
1000 cycles (b)

Figure 42. Cross-sections of solder joints to CBGAs underfilled with OHMCOAT 1570 on
polyimide/glass showing cracks in the board laminate formed after 500 cycles (a)
and after 1000 cycles (b)
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CCGA and no Underfill
The columns on the CCGAs showed the typical deformations after the thermal cycling reported by
IBM [39]. The deformations were located towards the top of the eutectic fillets at the joints to
both the package and the board lands (Fig. 43). Cracks are also formed in the deformed
locations (Fig. 44). Figure 45 shows the extent of cracks in fractured joints analysed with dye
penetrant. No cracks were found in the laminate beneath the pads on the board.

Figure 43. Deformation of corner columns to CCGAs on polyimide/glass after 500 cycles (a) and
after 1000 cycles (b)

Figure 44. Cracks in the corner column shown in Figure 43b on the board side (a) and on the
package side (b)
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Figure 45. Extent of cracking in corner columns after 1000 cycles on the board side (a) and
on the package side (b) analysed using dye penetrant
CCGA and CV4 -2500 as Underfill
The results for the CCGA packages underfilled with CV4-2500 were practically identical to the
results for the packages without any underfill (Fig. 46).

Figure 46. Deformation and cracks in a corner column to a CCGA underfilled with CV4 2500
on the board side (a) and on the package side (b) after 1000 cycles
CCGA and OHMCOAT 1570 as Underfill
Use of OHMCOAT 1570 as underfill caused severe delamination between the underfill and the
package, resulting in very early fracturing of the solder joints (Fig. 47). The cracks occurred
in the fillets towards the package pads, and the early failures indicate a very fast cracking
process.
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Figure 47. Cross-section of corner column of a CCGA under f lled with OHMCOAT 1570
showing the board (a) and the package (b) sides of the joint
Thermount Boards
The reliability of CBGAs and CCGAs was improved considerably by the use of Thermount
boards instead of polyimide/glass boards. Only for the CCGA and OHMCOAT 1572
combination were failures recorded during the temperature-cycle testing of the Thennount
boards. For this combination, six of the seven packages failed during cycles 97 or 98 and the
remaining during the vibration test performed after 100 cycles. The integrity of the solder
joints analysed using cross-sectioning and dye penetrant are reported for each combination of
package and underfill type.
CBGA and no Underfrll
In contrast to CBGAs mounted on Polyimide/glass, practically no deformation at all was
observed in the solder joints for the CBGAs mounted on Thermount (Fig. 48). Nevertheless,
cracks had formed close to the package pads (Figs. 49 and 50). No cracks could be seen on
the board side of the solder joints, but extensive cracking was observed in the laminate
beneath the corner lands (Fig. 51).

Figure 48. Views of corner solder joints to a CBGA mounted on Thermount after 1000 cycles
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Figure 49. Cross-section of a corner solder joint to a CBGA mounted on Thermount after
1000 cycles

Figure 50. Extent of cracking in corner solder joints to CBGAs mounted on Thermount after
500 cycles (a) and after 1000 cycles (b)

Figure 51. Cracking in the Thermount laminate beneath solder pads to corner joints after
1000 cycles. View (b) shows pads ripped off after colouring with the dye penetrant
CBGA and CV4-2500 as Underfill
Due to the difficulties in examining the packages underfilled with CV4-2500 using crosssectioning and dye penetrant, these packages have not been analysed. However, since CV42500 had a negligible effect when applied as underfill on the polyimide/glass boards, the same
can be expected on the Thermount boards.
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CBGA and OHMCOAT 1572 as Underfll
Delamination between the OHMCOAT material and the package was observed also for the
Thermount boards (Fig. 52). Cracks were found both on the package and on the board sides of the
joints (Fig. 53). The cracks were formed in the ball region. Furthermore, delamination had
occurred between the underfill material and the solder mask between some solder joints,
predominantly between solder joints connected to the same via. Between other solder joints,
cracking had instead occurred in the laminate beneath the solder mask (Fig. 54). No cracks
were observed beneath the solder lands.

Figure 52. Cross-section of a corner solder joints to a CBGA mounted on a Thermount board
and underfilled with OHMCOAT 1572 after 1000 cycles

Figure 53. Cracking after 1000 cycles in solder joints to a CBGA mounted on a Thermount
board and underfilled with OHMCOAT 1572 on the board (a) and the package
sides (b) of the joints, respectively
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Figure 54. Delamination after 500 cycles between underfall and solder mask (a) and cracking in
laminate (b) between solder joints to a CBGA mounted on a Thermount board and
underfilled with OHMCOA T 1572
CCGA and no Underfrll
The columns on the CCGAs were seemingly unaffected after the thermal cycling (Fig. 55)
and no cracks were found in the solder joints (Fig. 56).

Figure 55. View of corner columns on a CCGA mounted on a Thermount board that had
been exposed to 1000 cycles

Figure 56. Cross-sections of 'a corner column to a CCGA mounted on a Thermount board
after 1000 cycles showing the solder joints towards the board side (a) and the
package side (b)
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CCGA and CV4-2500 as Underfill
The results for the CCGAs underfilled with CV4-2500 have not been investigated, but are
expected to be similar to the results for the packages without any underfill.
CCGA and OHMCOA T 1572 as Underfill
As for the polyimide/glass boards, use of OHMCOAT as underfill caused severe delamination
between the underfill and the package, resulting in fracturing of the solder joints (Fig. 57).
Delamination also occurred between the underfill material and the board, although no
cracking of the solder joints was found in the fillets to the board.

Figure 57. Cross-sections of columns to a CCGA mounted on a Thermount board,
underfilled with OHMCOAT 1572 and exposed to 500 cycles. These views show
the solder joint to the package side for one of the columns (a) and the solder joint to
the board side for the other column (b)
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Conclusions

1 According to the European Space Agency's requirements specification for surface mount
technology (SMT), ESA PSS-01-738 [43], a configuration is considered verified if there are
no cracked joints or package damage after exposure to 500 thermal cycles and
vibration testing per ECSS-Q-70-08A, Chapter 13 [48]. Surface cracks that penetrate less
than 5% of the solder fillet or less than 20 micrometers in depth are considered acceptable.
Ceramic BGAs with 625 I/Os soldered to polyimide/glass are very far from passing this
requirement. In fact, some packages failed before 500 cycles and those that had not failed
after 500 cycles had solder joints that were almost completely cracked through. Since the
distance of a solder joint to the centre of the package is crucial for the fatigue life,
packages with smaller size would have longer fatigue life. The extent of cracking at
various locations indicates that a CBGA package needs to have less than 200 I/Os (with
unchanged pitch) to pass the acceptance requirement.
2 Application of the silicone material, CV4-2500, had no significant impact on the
reliability of the solder joints, neither negative nor positive. Probably, it is too soft to
affect the distribution of mechanical stresses due to mismatch of the CTEs for the various
materials. This is supported by the results of a previous ESA study which confirmed that
thick silicone conformal coatings had little effect on the thermal fatigue life of either SMT or
through hole soldered joints. Polyurethane and epoxy conformal coatings had a
progressively negative effect [50].
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The epoxy underfill prevented the deformation of the solder joints to CBGAs soldered to
polyimide/glass but had no measurable effect on the fatigue life of the solder joints.
However, it cannot be excluded that an underfill with other properties (CTE, modules,
etc.) might have improved the fatigue life. The adhesion of the underfill to board, solder,
and ceramic might also be important [51]. Cross-sections of solder joints after testing
showed that the underfill had delaminated from the ceramic substrate in the CBGAs.
3 Substitution of the balls on the packages for columns improved the fatigue life
considerably of packages soldered to polyimide/glass. No failures had been registered
after 1000 cycles. Thus, the improvement in fatigue life is at least doubled. Nevertheless,
the deformation of the solder columns is considerable after 500 cycles and CBGAs
mounted on polyimide/glass do not pass the acceptance requirement in ESA PSS-01-738.
However, a smaller package would probably pass.
4 As for the CBGA, application of CV4-2500 beneath CCGA soldered to polyimide/glass
had no significant impact on the reliability of the solder joints. By contrast, the epoxy
underfill caused a catastrophic decrease of the fatigue life. This should perhaps have been
expected. The purpose of replacing the balls with columns is to give more flexibility to the
interconnections between package and board. By applying an underfill, this flexibility is
ruined.
5 The low CTE values in-plane for Thermount 85NT improved the fatigue life considerably for
both CBGAs and CCGAs. Most remarkably, no defonnation occurred for the solder
joints to the CBGAs. Nevertheless, cracks formed in the solder joints, predominantly
towards the package pads. The reason why the cracks formed predominantly at the
package pads is probably that the stresses there are due to a combination of global
mismatch (package/board) and a local mismatch (solder/ceramic) of CTEs. The local
mismatch at board pads between solder and board laminate is much less. Thermount
85NT has recently been approved as a laminate suitable for space-use according to the
requirements of ESA [44].
6 For the CBGAs, the cracks that formed in corner joints penetrated up to 20% of the solder
fillet after 500 cycles and up to 50% after 1000 cycles. Thus, CBGAs mounted on
Thermount 85NT were on the borderline to pass the acceptance requirement in ESA PSS01-738. Although the cracks are larger than acceptable, it is a considerable improvement
when comparing with polyimide/glass boards. The improvement in fatigue life is probably
in the order of at least a factor of four.
7 The only combination of package and board substrate that passed the acceptance
requirement in ESA PSS-01-738 was CCGAs mounted on Thermount 85NT. No
deformation or cracks were detected in the solder interconnections even after 1000 cycles
for this combination.
8 The application of an epoxy underfill beneath both CBGAs and CCGAs mounted on
Thermount 85NT caused faster cracking, especially for the CCGAs. Again, this was
probably due to the fact that an underfill impairs the flexibility of the solder
interconnections.
9 The amount of solder paste printed on the solder pads is very critical for the fatigue life of the
solder joints to CBGAs. A decrease of the solder paste volume to 0.068 mm3, about 10%
less than the minimum solder paste volume recommended by IBM, caused a decrease of
the fatigue life with 20-40%. This decrease occurred even though the appearance of the
solder fillet was not much affected. The change in solder fillet geometry is probably too
small to be detected with any X-ray technique. Therefore, it will be
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difficult to verify adequate solder fillet geometry using any inspection method. A teardrop
design of the pads maybe could be used to indicate a "surplus" of solder. Anyhow, paste
volume measurements are strongly recommended to minimise the risk for insufficient
solder paste volumes resulting in meagre solder joints. Too little solder paste printed on a
single pad due to, for example, clogging of the stencil, could dramatically reduce the
reliability of the package. Since warpage will also cause reduced solder fillet diameter,
measures should be taken to ascertain that warpage will be at an acceptable level.
10 Laminate cracking occurred beneath board pads to CBGAs mounted on both polyimide/glass
and Thermount 85NT. Such failure is thought to be caused by thermal mechanical stress
during reflow and/or subsequent mechanical stresses on the joints [Section 8.4 in Ref.
2]. Since cracks were not present beneath the solder pads to the packages underfilled
with epoxy, the cracks must have formed during the thermal cycling. It should be noted
that cracks formed in the laminate also when the packages were underfilled with
epoxy, but then between the solder pads. Clearly, the epoxy underfill caused a
redistribution of the stresses although this did not improve the fatigue life of the solder
joints.
Cracks were also found in the laminate on boards that were used for the initial assessment of
the soldering process (Fig. 58a). Since the boards used for assessing the soldering
process had not been thermally cycled, there must be another cause for the cracks on these
boards. Bending of the boards during handling may have caused the cracking. Although
the boards had not been handled especially carelessly, they had been handled to a larger
extent than the boards used in the main study. Another difference was that the boards used for
assessment of the soldering process had not been baked prior to soldering. Thus, a
plausible explanation for the cracking is that a higher water content in the laminate causes a
"pop-corn" type of failure mechanism. This latter explanation is supported by the
finding that one pad seems to have "popped up" during soldering (Fig. 58b). Whatever the
reason why the cracks formed, these findings demonstrate the higher vulnerability for this
type of failure when using BGA packages compared to components with leads. This early
failure mode must also be considered when evaluating the reliability of BGA packages.
Since cracks in the laminate beneath pads will decrease the mechanical stress on the
solder joints during thermal cycling, they actually improve the fatigue life of the solder
joints. However, they may increase the risk for other failure mechanisms. If the
connection to the pads is achieved by via-in-pads, the copper barrel in the via holes may
crack causing open circuits (see Annex B). Ingress of humidity and ionic contamination in
the cracks may also cause short circuits due to formation of conductive anodic filaments
[52, 53].
11 The suitability of a "destructive dye penetrant" test method for quantifying the extent of
thermal fatigue cracks within soldered interconnects was demonstrated. This procedure has
been documented. It is likely to supplement all the X-ray system inspection and
metallographic methods that were recently evaluated by ESA for BGA assemblies [41].
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Figure 58. Views showing defects on a board used for verifying the soldering process. View (a)
shows a crack in the Thermount 85NT laminate under a corner solder joint and
view (b) shows a pad that has 'popped up"
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Annex A: Dye Penetrant Analysis of Soldered Grid Array
Interconnections
Al

Background

Dye penetrant inspection provides a way to detect discontinuities that are open to the surface of
metallic items. Industry has incorporated dye penetrants to reveal defects such as cracks,
delaminations and open seams. The traditional method is non-destructive, the liquid penetrant is
applied to the dry metal surface being inspected, it enters the discontinuity aided by
capillary forces and after a specified time the surface of the item is wiped clean and dried. The
location of defects may be revealed by inspecting the surface for signs of dye which might
seep out from the discontinuity. Black (ultraviolet) light will assist when the dye consists of a
fluorescent liquid. Other liquids are often coloured with a red dye and can be highlighted
when, after drying, the metal surface is covered (sprayed) with a white powder called a
developer. This becomes stained by the dye and reveals the location of underlying defects.
The traditional use of dye penetrants for the inspection of soldered joints is not feasible
because defective joints that contain cracks are usually covered by a rough surface caused by
upsetting of the surface grain structure. Dye penetrant causes general staining of the solder and
actual defects, such as thermal fatigue cracks, are impossible to distinguish from laps and orange
peel effects on the solder fillet.
Destructive microsectioning methods are also used to investigate the depth of cracks that
might occur within solder joints during environmental testing. Microsections are required as a
final destructive test during the verification of surface mount technologies for space use [A1].
However, it is known that the plane of section can occasionally miss short cracks that have
propagated in a different part of the joint. Whereas microsectioning is generally suitable for
surface mount devices that have readily inspectable leads, it has only a limited use when
applied to the evaluation of grid array packages where solder connections (balls or columns)
are hidden from view and where the sheer numbers make microsectioning an almost
impossible task.
"Destructive dye penetrant analysis" offers a three-dimensional view of cracks in solder joints to
a component. The technique was originally developed by Motorola's Land Mobile Products
Sector's Advanced Manufacturing Technology group [A2]. The component assembled on the
printed circuit board was flooded with a dye penetrant liquid to define the cracked area. After
having applied the dye, the component was removed by bending the board numerous times.
The fractured solder joints were then visually inspected and photographs were made to record the
position that dye had penetrated into the joint. This method works well if the cracks in the solder
joints are large. If they are not large enough, the pads on the board will rip off from the laminate.
The method for dye penetrant analysis used in this investigation is described in this annex. It
involves a development of the technique to remove the components that makes it possible to
remove them even if the cracks in the solder joints are small.

A2

Application of Dye

In order to facilitate the application of the dye, a dam was created around the component
using a modelling wax. A tape was applied to the via holes on the opposite side of the board to
prevent the dye from escaping through them. The dam was then filled with the dye (Steel Red
from DYKEM) and the board was placed in a vacuum chamber. Two evacuations were
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made down to 100 mbar in order to remove any air trapped in the cracks. Since solvents in the
dye evaporate during this process, it should be done as fast as possible to prevent the viscosity of
the dye getting too high. The surplus dye was then poured out and the sample was dried at 100
°C for 15 minutes.

A3

Removal of Components

The upper side of the component package was roughened using a grinding paper and was then
dried with a cloth wetted with acetone. A steel cylinder with a threaded hole was glued to the
component using a two-part epoxy glue, Plastic Padding Super Steel from Loctite (Fig. Al).
The steel cylinder had been shotblasted in order to improve the adhesion of the glue.
The board was then fixed by screws to an aluminium plate with a thickness of 1 cm. A hook
was screwed to the steel cylinder and the sample was arranged so that a pulling force could be
applied through the hook (Fig. A2). The whole arrangement was placed on a heating plate
with the heat controlled by a thermocouple attached to the upper side of the board. The
temperatures of the balls or columns were registered using another thermocouple.
A pulling force of 50 grams per joint was applied to the package (i.e. in total 31 kg to a 625
I/O BGA package). This force causes the solder to creep and the package can be removed
without bending the board. If the solder joints are severely cracked, it may be possible to
remove the package within a few hours at room temperature. However, in most cases it was
necessary to heat the samples to be able to remove the packages within a reasonable time. By
heating the solder joints to 140 °C, even packages with only small cracks in corner joints
could be removed within one to two hours. However, the colour of the dye slightly faded at
such high temperatures. Also, a good temperature control system is required to ensure that the
temperature of the board will not rise above the melting point of the solder when the package
becomes loose.
It should be noted that fading of the dye can be avoided by limiting the solder joint
temperature to maximum 120 °C. This temperature of 120 °C was used to remove the
packages in the main study of this report. The time required to remove the packages was, in
most cases, less than two hours and at the most 8 hours.

Figure A1. A component with a steel cylinder glued to it
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Figure A2. Arrangement, for applying a pulling force to a package
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Annex B: Case Study of DBGA
B1

Background

The main part of this report describes experimental work related to the reliability of ceramic
ball grid array and column grid arrays. These packages originated from IBM and had 625
I/Os, they were assembled, then environmentally tested and evaluated using methods that
included destructive dye penetrant testing according to the procedure detailed in Annex A.
In order to gain further experience with the dye penetrant procedure, two additional grid array
package terminations were evaluated. This Annex describes the analyses made on two Dimple
BGA (DBGA) packages from Kyocera, which have 228 I/Os. These DBGAs had been
assembled by a major European company according to well defined process procedures, using
space-approved materials and cleaning methods. The assembled PCB had been verification
tested by thermal cycling. The dye penetrant test results are as follows.

B2

Test Vehicle

The DBGA packages had a body size of 17 x 17 mm and 228 I/Os with a pitch of 1.0 mm.
Both packages had daisy chain interconnections. The packages were soldered to a multilayer
polyimide/glass board with tin-lead plated pads using vapour phase soldering. A flux was
added to promote wetting but no additional solder. One package was soldered to a footprint
with round solder pads (Component A) whereas the second package was soldered to a
footprint having pads with a teardrop form (Component CX).
The test vehicle had been thermally cycled in air per ESA-PSS-01-738, but with the
temperature extremes -55 to +125 °C. At 500 cycles the cycling was stopped. The package
soldered to the footprint with round pads still functioned electrically after the thermal cycling
test but one electrical defect had occurred in one row of I/Os on the other package.

B3

Dye Penetrant Analysis

The extent of cracking in the solder joints to the two DBGA packages was analysed using the
procedure for dye penetrant analysis described in Annex A. The solder joints were heated to
about 100 °C during the removal of the components. At this temperature, the components
were removed within 30 min.
All solder balls remained on the printed circuit board for both packages. The fractures in the
solder joints were very close to the component pads for all solder joints (Fig. B1). The
majority of the solder joints were severely cracked for both components and to about the same
extent (Fig. B2). The fractures in some corner solder joints were coloured completely red
(Fig. B3). Thus, although failure had only been registered for Component CX, failure for
Component A must have been imminent.
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Figure B1. View of solder balls remaining on the PCB after removal of Component CX

Figure B2. Extent of cracking in Component A (a) and to Component CX (b) analysed using
dye penetrant

Figure B3. Close-up of the fracture to corner joints to Component A (a) and to Component
CX (b)
The remaining solder balls on the PCB were broken away at some locations by deliberately
gripping them with a micro-tweezer and pulling vertical to the board surface. This enabled us to
examine the integrity of the joints towards the board pads. In all cases, the pads were ripped off
from the laminate. For a connection in the inner row, no fracture in the laminate could be
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observed (Fig. B4) whereas extensive cracking was observed for corner joints (Fig.
B5). The cracks had formed on the inward side of the joints, as was also the case in the main
study of this investigation. For one solder joint, the "inside" of the via-in-pad also was
coloured red indicating damages to the copper plating in the via hole (Fig. B6). The results were
similar for Component CX (Figs. B7-B9).

Figure B4. Views showing the fracture between a pad and the board laminate for a ball in the inner
row to Component A. View (a) shows the ball with the underside of the rippedoff pad and view (b) shows the location on the PCB where the ball was attached

Figure B5. Views showing the fracture between a pad and the board laminate for a c o r n e r ball to
Component A. View (a) shows the ball with the underside of the ripped off pad and
view (b) shows the location on the PCB where the ball was attached
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Figure B6. Views showing the fracture between a pad and the board laminate for a corner ball
to Component A. View (a) shows the ball with the underside of the ripped off pad
and view (b) shows the location on the PCB where the ball was attached

Figure B7. Views showing the fracture between a pad and the board laminate for a ball in the
inner row to Component CX View (a) shows the ball with the underside of the
ripped off pad and view (b) shows the location on the PCB where the ball was
attached

Figure B8. Views showing the fracture between a pad and the board laminate for a corner ball
to Component A. View (a) shows the ball with the underside of the ripped off pad
and view (b) shows the location on the PCB where the ball was attached
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Figure B9. Views showing the fracture between a pad and the board laminate fbr a corner
ball to Component A. View (a) shows the ball with the underside of the ripped off
pad and view (b) shows the location on the PCB where the ball was attached
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