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Abstract 
This study investigated brittle solder joint failure 

mechanisms during high-speed solder ball shear and pull 
testing. BGA package samples with different solder alloys 
(Sn4.0%Ag0.5%Cu and Sn37%Pb) were fabricated and a 
series of solder ball shear and pull tests were conducted at 
various testing speeds.  The ball shear test speeds ranged from 
10 mm/s to 3000 mm/s, while the ball pull test speeds ranged 
from 5 mm/s to 500 mm/s. Following high-speed shear/pull 
testing, the brittle fracture surfaces of the solder balls and 
corresponding pad were inspected using SEM/EDX. The 
results describe an increased incidence of brittle interfacial 
fracture for SnAgCu solder compared to SnPb solder. 
Microstructure analysis of brittle solder joint fracture surfaces 
appears an effective method to aid correlation between board 
level drop test and high-speed solder ball shear/pull tests.  

Introduction 
Solder joint reliability concerns are increasing with the 

continuous push for device miniaturization, the introduction 
of lead-free solder, and the rise in use of portable electronic 
products. In order to predict solder joint reliability under drop 
conditions, it is important to increase the testing speed of 
package level test methods such as high-speed solder ball 
shear and pull [1-4].  Traditional ball shear and pull tests are 
not considered suitable for predicting joint reliability under 
drop loading, as the applied test speeds, usually lower than 5 
mm/s, are far below the impact velocities applied to the solder 
joint in a drop test [5-8].  Recently, high-speed shear and pull 
test equipment with testing speeds up to several meters per 
second (max. speed of 4 m/s for shear, and 1.3 m/s for pull) 
has become available. Thus it was expedient to thoroughly 
characterize these tests, especially failure modes and the 
mechanism of any brittle fractures that occurred. 

Failure analysis of fracture surfaces of solder balls 
following ball shear and pull tests usually consists of visual 
evaluation using an optical microscope to identify failure 
mode and possible fracture mechanisms. Although it is 
common to see micrographs of solder ball fracture surfaces 
illustrating failure modes from shear and pull tests, the actual 
mechanism of brittle fracture failure is obscure, especially for 
high-speed testing. Previous papers typically did not discuss 
detailed mechanisms of brittle interfacial fracture between 
solder balls and bond pads. Furthermore, high-speed ball 
shear/pull tests are relatively new, and therefore there are few 
publications reporting detailed failure analysis, especially for 
the brittle fracture interface between the solder ball and bond 
pad. 

In this paper, the brittle fracture surfaces of SnAgCu and 
SnPb solder balls have been systematically analyzed using 
SEM/EDX characterization of brittle fracture surfaces 
following high-speed ball shear/pull testing.  Detailed images 
were recorded for the fractured surfaces of both solder balls 
and their corresponding package pads.  In order to compare 
brittle fracture failures in both high-speed ball shear and pull 
tests, the morphologies and elemental distributions of the 
brittle fracture surfaces from these two methods were also 
compared.  A companion paper in this conference proceeding 
provides additional analysis of the brittle fracture interfaces, 
and establishes initial correlations between board level drop 
testing and high-speed ball shear/pull tests [9].   

Experimental Procedures 
The ball shear nominal test speeds ranged from 10 mm/s to 

3000 mm/s, and the ball pull test speeds ranged from 5 mm/s 
to 500 mm/s. New test equipment (Dage 4000HS) was 
employed to perform both types of test.  The test machine (see 
Figure 1) used the most recent updates for the control and 
analysis software, as well as the latest generation of high-
speed transducers to capture both peak force and total fracture 
energy. 

 

 
Figure 1. DAGE 4000HS Bond tester 

 
A large matrix of test packages was evaluated, employing 

various combinations of solder alloys, surface finishes, 
substrate materials, solder ball sizes and package dimensions.  
Space constraints limit this paper to a single 316 PBGA (27 
mm x 27 mm) construction, using an electroless nickel 
immersion gold (ENIG) substrate surface finish, but with two 
BGA solder alloy options: Sn4.0%Ag0.5%Cu (SAC405) and 
Sn37%Pb (SnPb).  The packages were fabricated using 
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standard 0.76 mm (0.030 in.) dia. solder spheres, attached to a 
BT laminate substrate with solder-mask-defined pad openings 
of 0.635 mm dia.   

A summary of the various sample and test parameters is 
listed in Table 1. The shear and pull speeds listed are nominal 
values only.  Actual loading rates are most uniform during the 
solder joint fracture events above approximately 100 mm/s. 

 
Table 1. Description of mechanical tests for solder balls 

Test Method HS Shear Test HS Pull Test 
Loading 

Rates 
10, 100, 500, 1000 

and 3000 mm/s 
5, 50, 100, 200, 400 

and 500 mm/s 
Shear Height 50 µm － 

Clamping Force － 2.2 bar 
Solder 

Compositions 
Sn37%Pb and 

Sn4.0%Ag0.5%Cu 
Sn37%Pb and 

Sn4.0%Ag0.5%Cu 
Pad Finish ENIG ENIG 

Sample 
Status 

As-received  
(one time reflow) 

As-received  
(one time reflow) 

 

 
Figure 2. Typical deformation of solder ball sample during 

shear testing. 
 

 
Figure 3. Typical deformation of solder ball sample during 

pull testing. 
 

 
(a) Ductile mode (100% area with solder left) 

 
(b) Quasi-ductile mode (<50% area with exposed pad) 

 
(c) Quasi-brittle mode (>50% area without solder) 

 
(d) Brittle mode (almost no solder left) 

 
(e) Pad lift  

Figure 4. High-speed ball shear failure modes  
 

Results and Discussions 
Actual solder ball shear and pull testing results in non-ideal 

deformation of the solder ball due to the practical limitations 
of the test hardware. As Figure 2 illustrates, solder ball shear 
samples typically have a flattened surface at the contact 
region between the shear tool and solder ball, with a related 
bulge at the opposite non-contact surface. The extent of this 
deformation varies not only with solder composition, shear 
tool placement, etc., but also with test speed, due to the highly 
strain-rate dependent properties of most solder alloys. A 
typical question concerns the effect of this non-shear 
deformation on the fracture mechanics and resultant interface. 
Pertinently, this study provides some answers to this query. 
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(a) Ductile mode (100% area with solder left) 

 
(b) Quasi-ductile mode (<50% area with exposed pad) 

 
(c) Quasi-brittle mode (>50% area without solder) 

 
(d) Brittle mode (almost no solder left) 

 
(e) Pad lift 

Figure 5. High-speed ball pull failure modes  
 

Similar to the non-ideal shear deformation seen in the shear 
test samples, Figure 3 illustrates the annular deformation at 
the base of the solder ball due to the clamping tweezers of the 
DAGE 4000HS that grip it during the pull test. Although the 
extent of this deformation is adjustable through a variety of 
test machine settings and clamping jaw geometries, some 
non-tensile deformation of the pull samples is unavoidable, 
even in an optimized set-up. Parallel to the concerns with 
shear testing, it has been questioned whether the annular 
deformation due to the jaw clamping significantly alters the 
fracture mechanics, uniformity, repeatability, etc. As the 
following results will demonstrate, it appears that the non-
ideal solder ball deformation of the pull test samples may 

actually be of less significance than that for the shear test 
samples. 

 
 

 
(a) SAC405  

High-speed ball shear 
(b) SnPb  

High-speed ball shear 

 
(c) SAC405 

High-speed ball pull 
(d) SnPb  

High-speed ball pull 
Figure 6. Failure mode distribution in ball shear and cold 

ball pull tests at various loading speeds 
 

 
Figure 7. Typical shear force-displacement curve of 

ductile and brittle failure modes 
 

 
Figure 8. Typical pull force-displacement curve of ductile 

and brittle failure modes 
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Figure 4 shows a series of fracture interfaces (both the 
solder ball fracture surface on the left and the corresponding 
BGA pad fracture surface on the right) for the high-speed 
solder ball shear testing. Representative images are shown for 
each of 5 failure mode categories (ductile, quasi-ductile, 
quasi-brittle, brittle and pad lift). 

 

 
(a) SEM images 

 
(b) Sn element distribution 

(c) Ni element distribution 

(d) Ag element distribution 

 
(e) Cu element Distribution 

Figure 9. SAC405 EDX mapping analysis after high-speed 
ball shear (1000 mm/s, Quasi-brittle) 

 
Observing the basal surface of the sheared solder ball, the 

flattened tool/ball contact face on the solder ball side is often 
obscured. Particularly for mixed ductile/brittle fractures, the 
trailing lower surface of the solder ball is dragged across the 
solder resist opening, smearing the basal surface, leaving a 

thin trail or “tongue” of solder. This interaction of the 
fractured solder ball surface with the solder mask opening 
was further observed on several BGA package constructions 
using high-speed video (1,000 – 20,000 frames/s). SEM/EDX 
analysis of the fracture interfaces indicated that solder residue 
on the package pad was more prevalent for SnPb compared 
with SnAgCu solder. 

 

 
(a) SEM images 

(b) Sn element distribution 

 
(c) Ni element distribution 

(d) Pb element distribution 
Figure 10. SnPb EDX mapping analysis after high-speed 

ball shear (3000 mm/s, Brittle) 
 

For brittle fracture samples, the flattened solder surface is 
obscured in the basal view because the lowermost surface of 
the solder joint has separated intact, leaving a circular face 
that matches the solder mask opening. Cross-sectional views 
of these brittle fracture samples, however, still show a 
somewhat flattened side at the tool/ball contact region. 

Figure 5 provides a similar series of solder ball fracture 
interfaces, but this time for the high-speed pull test samples.   
Although the pull test solder balls are additionally deformed 
along the “knit” line between the two halves of the clamping 
jaws, little biasing or directionality relative to this line is 
observed in the fracture surfaces. Unlike with solder shear test 
samples, the fracture surface of a pull test sample is never in 

Shear Direction Shear Direction 
Shear Direction Shear Direction 
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contact with any package surface following the fracture event.  
From analysis of complementary fracture surfaces, high-speed 
pull testing revealed the solder joint brittle fracture surfaces 
more clearly than the ball shear test, especially for SnPb 
solders, due to the absence of secondary solder ball 
interactions with the solder mask and the already fractured 
surface. 

A brief graphical summary of the solder ball shear/pull test 
results is shown in Figure 6. For both shear and pull testing, 
the same general trends can be observed: the percentage of 
brittle fracture mode failures increases with increased test 
speed, and the SAC405 solder alloy shows a markedly 
increased rate of brittle fracture, initiating at lower test 
speeds, relative to eutectic SnPb solder. 

 

 
(a) SEM images 

 
(b) Close-up view at location indicated by rectangle in (a) 

(c) EDX analysis of the image area in (b) 

 
(d) Element percentage of the image area in (b) 

Figure 11. Brittle fracture surface and EDX analysis after 
high-speed ball shear (SAC405, 3000 mm/s) 

 

Figure 7 illustrates how the brittle solder ball fracture 
often occurs prior to the shear tool traveling the entire 
distance of the solder ball or pad diameter, in contrast to a 
ductile failure.  Although the peak force values of the brittle 
and ductile solder failures shown in Figure 7 differ by 
approximately 20%, the integrated force-distance area 
(fracture energy) is many times greater for the ductile failure.  
Besides being a more sensitive quantitative measure of 
fracture strength, fracture energy also correlates much better 

to the failure mode type (see also Fig. 10 of companion paper 
[9]). 
 

 
(a) SEM images 

 
(b) Close-up view at location indicated by rectangle in (a) 

(c) EDX analysis as shown at point 1 in (b)  

 
(d) EDX analysis as shown at point 2 in (b) 

(e) EDX analysis as shown at point 3 in (b) 

(f) EDX analysis as shown at point 4 in (b) 
Figure 12. Brittle fracture surface and EDX analysis after 

high-speed ball shear (SnPb, 3000 mm/s) 
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Shear Direction 
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Shear Direction 
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A similar comparison of ductile and brittle failures is 
shown in Figure 8 for solder ball pull test samples. The earlier 
solder joint rupture of a brittle fracture, relative to a ductile 
failure, is once again apparent. Again, fracture energy 
correlates better than peak force with the failure modes (see 
also Fig. 11 of companion paper [9]). 

 

 
 (a) SEM images 

 
(b) Sn element distribution 

(c) Ni element distribution 

 
(d) Ag element distribution 

(e) Cu element Distribution 
Figure 13. SAC405  EDX mapping analysis after high-

speed ball pull (400 mm/s, Brittle) 
 
In order to assess the composition of the solder ball shear 

brittle fracture surfaces, a series of  detailed SEM and energy 
dispersive X-ray (EDX) images were captured for both the 
solder ball and package substrate fracture interfaces and are 
shown in Figures 9-12. The failure interface for all samples 

occurred between the Ni layer and intermetallic compound 
(IMC). 

 

 
(a) SEM images 

(b) Sn element distribution 

(c) Ni element distribution 

 
(d) Pb element distribution 

Figure 14. SnPb EDX mapping analysis after high-speed 
ball pull (400 mm/s, Quasi-brittle) 

 
Compared to the brittle fracture surfaces of SAC405 

solder joints, solder residues were found by EDX analysis as 
shown in Figures 12 (b) and (f) on the pad of SnPb specimens 
after high-speed ball shear testing.  

SEM and EDX images for the solder ball pull brittle 
fracture surfaces are shown in Figures 13-16. The elemental 
mapping and SEM imaging of the fracture surfaces are 
essentially identical between the pull and shear test samples.  
The brittle failures occurred between the Ni layer and IMC, 
both on the SAC405 and SnPb specimens. From the 
comparison of Figures 12 (b) and 16 (b), it can be found that 
more solder residues are left on the pad after ball shear tests 
than after ball pull tests. In addition, more Ni element was 
found on the pad after ball pull tests compared with ball shear 
tests, regardless of solder composition (see Figures 11(d) and 
15(d)-SAC405, 12(e) and 16(e)-SnPb, respectively).  The 
high-speed pull test revealed the brittle fracture interface of 
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the solder joints more clearly than in ball shear tests, 
especially for SnPb solders. 

 

 
(a) SEM images 

 
(b) Close-up view at location indicated by rectangle in (a) 

 
(c) EDX analysis of the image area in (b) 

 
(d) Element percentage of the image area in (b) 

Figure 15. Brittle fracture surface and EDX analysis after 
high-speed ball pull (SAC405, 400 mm/s) 

 
The companion paper [9] to this study provides a detailed 

description of a board level drop test (BLDT) that includes 
board test assemblies using the same package lots as those 
used for shear and pull testing in this paper. A limited 
summary of the drop test results are shown in Figures 17-20.  
Figure 17 provides a comparison of drops-to-failure for the 
BGA packages using either SAC405 and eutectic SnPb solder 
balls; all observed drop failures were brittle fracture at the 
solder/package interface. Similar to the shear and pull 
findings, the SAC405 solder alloy demonstrated a greater 
susceptibility to brittle fracture than SnPb solder [10].  
Figures 18-20 describe the SEM results for typical fracture 
interfaces of drop test and ball shear/pull testing. It is very 
clear that the fracture interfaces between high-speed shear, 
high-speed pull and BLDT are remarkably similar. Hence, the 
brittle fracture mode in high-speed ball shear/pull test can be 
used as an indicator of BLDT. 

 
(a) SEM images 

 
(b) Close-up view at location indicated by rectangle in (a) 

 
(c) EDX analysis as shown at point 1 in (b) 

 
(d) EDX analysis as shown at point 2 in (b) 

 
(e) EDX analysis as shown at point 3 in (b) 

 
(f) EDX analysis as shown at point 4 in (b) 

Figure 16. Brittle fracture surface and EDX analysis after 
high-speed ball pull (SnPb, 400 mm/s) 
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Figure 17. Drop test failure rates of SAC405 and SnPb 

solder 
 

  
(a) Brittle fracture surface of 

solder joint 
(b) Brittle fracture surface of the 

relative pad of (a) 

  
(c) Close-up view at location 
indicated by rectangle in (a) 

(d) Close-up view at location 
indicated by rectangle in (b) 

Figure 18. Brittle fracture surface after drop test (SAC405) 
 

Conclusions 
This study investigated the brittle failure mechanism of 

high-speed ball shear/pull testing. Two kinds of solder alloys 
(SAC405 and SnPb) with ENIG package substrate pad finish 
were studied. The brittle fracture surfaces were inspected by 
SEM/EDX after ball shear/pull testing. The major findings 
follow: 
1) High-speed solder ball shear and pull tests produced high 

brittle fracture failure rates, regardless of solder 
composition. 

2) Solder ball pull testing generated a higher percentage of 
brittle failures than solder ball shear testing, at all test 
speeds, and for both SAC405 and eutectic SnPb samples. 

3) In drop testing, SAC405 showed a greater susceptibility 
to brittle fracture than Sn-Pb solder alloy, coincident with 
the results of the high-speed solder ball shear and pull 
tests. 

 
(a) Brittle fracture surface of 

sheared ball 
(b) Brittle fracture surface of 

the relative pad of (a) 

 
(c) Close-up view at location 
indicated by rectangle in (a) 

(d) Close-up view at location 
indicated by rectangle in (b) 

Figure 19. Brittle fracture surface after high-speed ball 
shear test (SAC405 after two times reflow, 500 mm/s) 

 

 
(a) Brittle fracture surface of 

pulled ball 
(b) Brittle fracture surface of 

the relative pad of (a) 

 
(c) Close-up view at location 
indicated by rectangle in (a) 

(d) Close-up view at location 
indicated by rectangle in (b) 

Figure 20. Brittle fracture surface after high-speed ball pull 
test (SAC405 after two times reflow, 50 mm/s) 

  

4) SEM imaging and EDX mapping of the fracture 
interfaces indicates that the brittle failures for the drop, 
shear and pull testing all occurred at the Ni/IMC interface 
and resulted in nearly identical fracture surfaces.  

5) High-speed pull tests revealed the brittle interface with a 
greater sensitivity than in the ball shear test, especially 
for SnPb solders, due to the absence of secondary solder 
ball interactions with the solder mask and the already 
fractured surface. 

6) SEM/EDX analysis of the fracture surfaces indicated that 
solder residue on the package pad is more prevalent for 
SnPb solder compared to SnAgCu solder, and for high-
speed shear testing compared to pull testing. 

 

Shear Direction Shear Direction 

Shear Direction Shear Direction 
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