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Although the performance of electronic devices in extreme temperature ranges
has been extensively studied, the interconnections, which are still mainly Sn-
based materials, require thorough observation and assessment to support the
mechanical and electrical stability in subzero to cryogenic temperature envi-
ronments. An in-depth assessment is required because of the nature of Sn,
which has a ductile-to-brittle transition temperature of approximately �60�C.
Sn-1Ag-0.5Cu (wt.%) (SAC105) solder joints were subjected to shear testing at
room temperature and at �196�C at liquid nitrogen temperature. Isothermal
aging at 150�C for 50–500 h prior to cryogenic temperature testing indicated
further degradation under certain aging conditions. The study presented here
investigates the maximum shear strength variations for SAC105 single solder
joints with NiAu and Cu-organic solderability preservative (Cu-OSP) pad
surface finishes using a multibond tester with a 10-lm shear height and 100-
lm/s shear speed. An increase in the maximum shear strength was observed
at liquid nitrogen temperature compared to that at room temperature due to
an increase in the yield strength and loss in ductility of the solder material in
response to the low-temperature environment. The maximum shear strength
decreased with isothermal aging due to the crack propagation path variation.
Fracture locations were identified between the Ni pad and the (Cu, Ni)6Sn5

interface for the NiAu surface finish components, and Cu-OSP surface finish
solder joints revealed transgranular crack through the Cu6Sn5 and crack
propagation between the Cu6Sn5 and the solder interface. The shift in the full
fracture location is discussed in association with electron backscatter
diffraction (EBSD) analysis on partially sheared solder joints at room tem-
perature and at �196�C.
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INTRODUCTION

Recent deep-space exploration, quantum comput-
ing, and extreme environmental conditions have
pushed the limits of interconnect reliability

challenges in electronic devices to cryogenic tem-
peratures. Aerospace exploration has the potential
to encounter planets and moons with cryogenic
temperatures of approximately �220�C, while quan-
tum computing requires an environment of cryo-
genic temperatures of approximately � 270�C.1–3

Even though the solder joints and interconnects
might not be exposed directly to these tempera-
tures, the mechanical and electrical stability at
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understanding the mechanical properties of solder
interconnects at cryogenic temperatures is impor-
tant to improve their reliability in such harsh
conditions. An interconnect inside an electronic
device is constructed with either Cu or Ni layers
that have face-centered cubic (FCC) lattice crystal
structures, unlike the Sn-based solder joint, which
has a body-centered tetragonal (BCT) crystal struc-
ture. FCC lattice structure materials in general do
not experience ductile-to-brittle temperature tran-
sitions, but Sn shows brittle behavior at low
temperatures, which could lead to a high failure
risk due to fast crack propagation.4–7 Several
studies, including the work by An et al., investi-
gated the failure mode and fracture mechanism of
several types of Sn-based solders at a temperature
range of 20�C to �150�C using a Charpy test and
found that for pure Sn, a brittle fracture occurs
below �60�C with both transgranular and inter-
granular fracture modes. It was also indicated that
the addition of Cu in the SAC305 alloy altered the
fracture toughness, shifting the ductile-to-brittle
transition temperature to a higher temperature
between �30�C and �40�C.6,7 However, along with
the ductile-to-brittle transition temperature in Sn,
the mechanical response of the Sn-based solder
joint at low temperatures presents other important
behavior shifts. The interconnect mechanical shock
performance is closely related to the level of shock
absorption. If a solder joint can absorb a certain
amount of shock-induced strain, the weak interface
experiences a decreased amount of damage and
results in an increased life cycle number at a given
shock condition. Previous studies show that low-Ag
solder joints and fast-cooling-rate solders have an
increased shock performance due to their acceler-
ated grain refinement and grain recrystallization
behavior, which ultimately are very sensitive to
absorbing shock-induced strain.8,9 Additionally,
solder joints in the elevated temperature shock
test show an enhanced shock performance due to
the low yield strength at high temperatures, which
results in an increased degree of ductile behavior
during dynamic shock.10 Shock performance in
subzero temperature environments is expected to
show a very different behavior since the solder
joints are expected to have a decreased potential
strain absorption capability due to their increased
yield strength and ductile-to-brittle transition-in-
duced behavior. The Sn solder joint itself may
avoid damage accumulation, but the localized
interface has an increased strain and stress to
accommodate. The change in fracture toughness of
solder alloys due to temperature and the correla-
tion to fracture surface modes of SAC305 solder in
temperatures ranging from �196�C to 25�C were
studied by Tian et al.,11 which revealed that the
fracture surface shifted from ductile fracture to
brittle fracture along with a change in fracture
location from the bulk solder to the solder to the
intermetallic layer interface with a decrease in the

temperature. Due to this important phenomenon,
in recent years, careful and systematic studies
have been actively published focused on both the
Sn bulk property and solder joint configuration at
relatively high strain rates to mimic the shock
condition.6,7,11,12 However, fracture at the interface
may have a high possibility of occurring even at
slow strain rates since the absorption of the strain
is constrained at subzero to cryogenic tempera-
tures. Thus, great interest still remains in inter-
connect mechanical stability in actual solder joint
structures with small grain sizes, identical solder
interconnect geometries, metallization and espe-
cially slow strain rates at cryogenic temperatures.
In this study, maximum shear strength measure-
ments for SAC105 single solder joints attached on
both NiAu and Cu-organic solderability preserva-
tive (OSP) pad surface finishes at room tempera-
ture and liquid nitrogen temperature (�196�C)
were conducted using a multibond tester (Nordson
DAGE 4000Plus) with a relatively slow shear
speed. The mechanical properties were investi-
gated along with the fracture mechanics and
microstructure of SAC105 solder joints with cryo-
genic shear testing.

EXPERIMENTAL PROCEDURES

The sample used in this study is shown in Fig. 1.
A body size of 12 9 12 mm comprising fine-pitch
ball grid array (BGA) components with two different
surface finishes, an electrolytic NiAu surface finish
and a copper pad organic surface preservative (Cu-
OSP) surface finish, and one type of solder alloy, Sn-
1.0Ag-0.5Cu (wt.%) (SAC105), were used. The BGA
components had 300-lm-diameter solder balls in an
arrangement with a 0.5-mm pitch. As indicated in
Fig. 1a, the second rows from the edge solder array
were removed to provide clearance for solder ball
shearing of the first row. The shear applied solder
ball location (red circle) and the shear direction
(white arrow) are indicated in Fig. 1a. Two sides of
the first-row solder balls along the edge were
sheared by rotating the sample 180� after finishing
the edge on one side so that the shear direction was
always from the edge toward the component center.
Figure 1b and c shows the solder joint configuration
and schematic shear tool configuration with dimen-
sions for both the electrolytic NiAu and Cu-OSP
surface finishes. The width of the shear tool was
400 lm, and all shear tests were performed with a
shear height of 10 lm and shear speed of 100 lm/s.
The shear height was selected based on expanded
shear testing with various shear heights. The 10-lm
shear height was determined by comparing differ-
ing shear heights, and it was found that 10 lm was
the optimal shear height to analyze the effect of the
intermetallic growth and the effect it had on crack
propagation near the substrate and solder joint
interface. The general industry recommendation for
shear height ranges from 10 to 15% of the solder
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diameter, but with � 10% of the solder height, the
mechanical behavior response comes from a region
that is slightly away from the interface. Since the
behavior near the interface is important in this
study, the 10-lm shear height was selected. The
cooling stage apparatus for the �196�C cryogenic
temperature shear condition is shown schematically
in Fig. 2. The BGA component is mechanically
clamped inside an aluminum container stage, then
submerged into liquid nitrogen for 10 s before
contact with the also-submerged shear tool for
temperature saturation of both the solder joint
and shear tool. The liquid nitrogen immersion
testing methodology was selected to achieve an
isothermal temperature condition throughout the
sample configuration with multiple layers of mate-
rials. The combination of epoxy, glass fiber and
metal layers significantly induced a thermal gradi-
ent if the heating/cooling source is unidirectional.
Full immersion into liquid nitrogen provided a
solution to this, since all sample layers, including
the shear tool, maintained an isothermal tempera-
ture condition during testing. A thermocouple was
attached to the location indicated in Fig. 2b to
ensure a consistent solder joint temperature before
initiating each shear test. To compare the interface
microstructure variation, samples were isother-
mally aged at 150�C for 50 h, 100 h and 500 h
before shear testing. For microstructure analysis,
cross sections of the samples were observed using

scanning electron microscopy (SEM, FEI Sirion
XL30) equipped with an electron backscatter diffrac-
tion (EBSD) detector (Oxford Instruments) to ana-
lyze the crack propagation path, fracture surface and
localized strain and stress via strain contour and
grain reference orientation deviation (GROD) maps.

RESULTS AND DISCUSSION

Figure 3 shows the room-temperature shear test
data per surface finish and isothermal aging pre-
conditions. Selected shear load-to-distance curves
for the NiAu surface finish that were selected from
each isothermal aging condition are plotted in
Fig. 3a, and the maximum shear load values per
condition are plotted in Fig. 3c. During room-tem-
perature shearing, the solder joints were easily able
to plastically deform, and all of the sheared surface
indicated ductile deformation, as shown in the inset
figure in Fig. 3a. Overall, the maximum shear load
was in the 260-g to 330-g range with a small but
identifiable difference between the isothermal aging
conditions, and a downward trend associated with
an increasing aging time at 150�C was observed.
The shear test results for the Cu-OSP samples are
shown in Fig. 3b and d and can be compared to
those for the samples with a NiAu surface finish.
The maximum shear load with no aging was similar
to that of the samples with a NiAu surface finish,
but revealed an upward trend with increasing aging
times, which is the opposite trend to that of the

Fig. 1. Ball grid array (BGA) test component configuration. (a) Solder joint arrangement top-down view, (b) NiAu surface finish solder joint
configuration and shear tool dimension front view and (c) Cu-OSP surface finish solder joint configuration side view.
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samples with a NiAu surface finish. One of the
reasons for this upward trend with increasing aging
time for Cu-OSP can be explained by the higher Cu
concentration near the interface with long aging
times. An earlier study by Duh et al. on the Cu
concentration with different surface finishes identi-
fied that a higher Cu concentration resulted in high-
reliability performance.13 Since the 10-lm shear
height in this test condition revealed the mechanical
response near the interface region rather than in
the overall bulk solder joint, the increase in Cu
concentration near the interface resulted in an
increased shear strength with increasing aging
time. Along with the upward trend of the shear
load with increasing aging time, the shear load-to-
distance curves in Fig. 3b also show a shift in the
peak shear load toward an increased distance with
increasing aging conditions, which potentially indi-
cates an increased ductility of the near-interface
region for the samples with the Cu-OSP surface
finish compared to that for the samples with the
NiAu surface finish.

The shear test in liquid nitrogen (�196�C) for the
NiAu and Cu-OSP surface finishes can be seen in
Fig. 4. Compared to those for the room-temperature
shear test curves in Fig. 3a and b, the shear curves
obtained at �196�C in Fig. 4a and b show an abrupt
increase in shear load up to 1000 g immediately
after the shear tool made contact with the solder
joint. Most of the shear curves reached a peak shear
load in a travel distance of less than 10 lm. For the
samples with a NiAu surface finish, the unaged
samples showed the highest maximum shear load
values that then decreased with increasing aging
time (Fig. 4c). The shear load-to-distance curve
shape in Fig. 4a also shows a change with

isothermal aging conditions. The shear curves for
unaged samples show an increased distance to the
peak shear load with a relatively rounded curved
peak region, but the shear load curves contained
sharp peaks with increasing isothermal aging
times. A similar trend is observed for the samples
with the Cu-OSP surface finish in Fig. 4b and d, but
with a slightly increased maximum shear load per
isothermal aging condition and decreased variation
in the maximum shear load per isothermal aging
time variation. The shear load curve in Fig. 4b also
shows a slow decrease in the shear load after the
peak shear load compared to that for the samples
with a NiAu surface finish in Fig. 4a, which indi-
cates that the solder bulk material remained intact
on the fracture surface longer than the samples
with a NiAu surface finish. The inset in Fig. 4b
shows a top-down SEM image of a solder joint with
the Cu-OSP surface finish that was sheared to
maximum shear load condition before the solder
joint separated from the fracture surface. The
exposed fracture surface revealed a brittle fracture
mode, which is discussed in detail in Fig. 8.

Figure 5 presents bright-field optical cross sec-
tions before and after the shear test in a �196�C
temperature environment. In the case of the sam-
ples with the NiAu surface finish, during ball
attachment reflow, Ni diffused from the substrate
side into the solder bulk region, forming (Cu,
Ni)6Sn5 at the solder-to-Ni interface, as shown in
Fig. 5a. In a previous publication, the composition
analysis showed that the average Ni concentration
at the interface was 19.4 at.% in (Cu, Ni)6Sn5.14 The
composition of (Cu, Ni)6Sn5 is similar to that of
Cu4Ni2Sn5, which is the most stable phase at the
solder-to-Ni interface.15 Although it is expected that

Fig. 2. Schematic of the liquid nitrogen shear test apparatus. (a) Apparatus with the LN2 holding container (Dage 4000Plus) and (b) close-up
view of the LN2 sample holder with the BGA sample for the test at �196�C.
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variations arise from any combination of an inho-
mogeneous distribution of Ni among (Cu, Ni)6Sn5 in
the intermetallic compound (IMC) layer,16 the
intermetallic phase at the Ni substrate to SAC105
solder is presented as (Cu, Ni)6Sn5 in this paper,
since no detailed analysis was performed to identify
the accurate Ni concentration. After aging at 150�C
for 500 h, the intermetallic layer increased in
thickness at the interface, as shown in Fig. 5c. For
the fracture location in the NiAu surface finish
samples, Fig. 5d–f reveals that the fracture
occurred at the interface between the Ni pad and
the (Cu, Ni)6Sn5 intermetallic layer as the main
crack propagation path for the shear samples tested
at �196�C. The optical cross-sectional images for
the unaged, 150�C/50 h, and 150�C/500 h aged

samples showed identical full fracture locations in
Fig. 5d, e and f, respectively. The associated SEM
fracture surface images for the samples with the
NiAu surface finish after shearing at �196�C are
shown in Fig. 6. As shown in Fig. 6a, the unaged
then �196�C sheared surface contained a small
localized region comprising a mixture of (Cu,
Ni)6Sn5 and residual Sn with a majority of the
fracture surface area revealing the Ni pad. High-
magnification SEM and energy-dispersive X-ray
spectroscopy (EDS) images from the white box
(region A) are shown in Fig. 7, which identified
the (Cu, Ni)6Sn5 and residual Sn mixed region
indicated in Fig. 6a along with the exposed Ni pad
surface region in Fig. 6e (region B). The associated
SEM image and EDS map in Fig. 7b indicate a

Fig. 3. Room-temperature shear test results. Shear load-to-distance curves for (a) samples with NiAu surface finish and (b) Cu-OSP surface
finish with 150�C isothermal aging time variation. (c) Maximum shear load per aging condition for samples with NiAu surface finish and (d) Cu-
OSP surface finish from Fig. 3(a) and (b). SEM image of the facture surface is in the inset of Fig. 3(a).
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region comprising a mixture of (Cu, Ni)6Sn5 and
residual Sn and a predominance of Ni, which is from
the area in Fig. 6a (region A). The increased max-
imum shear load values obtained at �196�C from
the unaged samples shown in Fig. 4a and c can be
explained by these existing localized (Cu, Ni)6Sn5

and residual Sn mixed regions, which potentially
decelerate the crack propagation rate during shear
testing at �196�C and result in an increased shear
load during full crack propagation. The 150�C/50 h
isothermally aged sample also showed a small
region of (Cu, Ni)6Sn5 indicated by the white arrow
in Fig. 6b, but with longer aging times of 150�C/
100 h and 150�C/500 h, the samples showed no
significant indication of (Cu, Ni)6Sn5 or residual Sn
at the fracture surface.

Compared to that for the solder joint samples with
the NiAu surface finish, the Cu-OSP surface finish
samples showed a crack propagation path in the
Cu6Sn5 layer with transgranular and intergranular
fracture modes. The optical cross sections in Fig. 5g,
h and i show the Cu-OSP–SAC105 interface before
shear testing with no aging, 150�C/50 h and 150�C/
500 h aging, respectively. Along with an increase in
the Cu6Sn5 thickness, an increase in the Cu3Sn
layer is also observed. In Fig. 5j, the full fracture
occurred near the root of the Cu6Sn5 intermetallic
layer and at the interface between the Cu pad and
the Cu6Sn5 layer. The associated fracture surfaces
in Fig. 8a and e revealed a mixture of Cu6Sn5

transgranular cracks and fractures between the Cu
pad and Cu6Sn5. There were also localized areas
that show that residual Sn remained attached to the

Fig. 4. Shear test results at liquid nitrogen temperature (�196�C). Shear load-to-distance curves for samples with (a) NiAu surface finish and (b)
Cu-OSP surface finish with 150�C isothermal aging time variation. Maximum shear load per aging condition from Fig. 4(a) and (b) for samples
with (c) NiAu surface finish and (d) Cu-OSP surface finish. SEM image of the fracture surface is in the inset in Fig. 4(a).
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top of the Cu6Sn5 intermetallic grains. As indicated
in Fig. 8e with the letter ‘‘T,’’ the unaged samples
shear tested at �196�C showed relatively large
areas identified as transgranular fractures, where
cracks propagated through each Cu6Sn5 intermetal-
lic grain. Compared to that for the unaged samples,
upon aging with a 150�C/50 h isothermal anneal,
the Cu3Sn layer began to stabilize, as shown in
Fig. 5h and k, and a more uniform Cu6Sn5 grain
distribution was observed in the fracture surface
after the �196�C shear test, as shown in Fig. 8b and
g. Several crack paths were observed, as indicated

in Fig. 5k: between the Cu3Sn and Cu6Sn5 (marked
with arrow A), transgranular fracture inside the
Cu6Sn5 (marked with arrow B) and fracture
between the top of the Cu6Sn5 grains and Sn bulk
solder interface (marked with arrow C). The asso-
ciated SEM fracture surface images are shown in
Fig. 8b and f. A decreased amount of residual Sn
was observed on the fracture surface with a mixture
of transgranular fracture and fracture between the
top of the Cu6Sn5 grains and the Sn interface. The
region indicated with a white arrow (D) shows that
the Cu pad surface was revealed with a Cu3Sn

Fig. 6. Scanning electron microscopy images of the fracture surface in the solder joint with the NiAu surface finish after shear testing in a�196�C
temperature environment with the isothermal aging condition. (a), (e) Shear test after no aging; (b), (f) shear test after 150�C/50 h aging; (c), (g)
shear test after 150�C/100 h aging; and (d), (h) shear test after 150�C/500 h aging. (e), (f), (g) and (h) High-magnification SEM images from the
midsection of each aging condition fracture surface. The arrows in (a) and (b) indicate the (Cu, Ni)6Sn5 and residual Sn mixed region.

Fig. 5. Optical bright-field cross-sectional images before and after the shear test in a �196�C temperature environment. Initial microstructure per
isothermal aging for samples with a (a)–(c) NiAu surface finish and a (g)–(i) Cu-OSP surface finish. Samples with (d)–(f) NiAu surface finish and
(j)–(l) Cu-OSP surface finish after the �196�C shear test. Arrows in (i) indicate the Cu6Sn5 grains with horizontal cracks inside.
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region at the edge of the open separation, which is
also indicated with an arrow (E). With continued
isothermal aging, the observed fracture propagation
paths were similar and revealed large Cu6Sn5 grain
sizes with increasing aging times, as shown in
Fig. 8g and h, sheared after aging at 150�C/100 h
and 150�C/500 h, respectively. Crack propagation
paths were observed at interfaces either between
the Cu6Sn5 and bulk Sn or transgranular fracture
inside Cu6Sn5. Compared to those for the unaged

and 150�C/50 h aged samples, the 150�C/100 h and
150�C/500 h aged samples also revealed vertical
intergranular fracture locations between the
Cu6Sn5 grains, as indicated by the white arrows
(I) in Fig. 8g and h. Even though the overall crack
propagation paths in Cu-OSP samples were similar
between the unaged and isothermally aged samples,
a small variation in the maximum shear load per
isothermal aging condition existed that can be
observed in the maximum shear load distribution

Fig. 7. High-magnification scanning electron microscopy images of the fracture surface after solder joint shear test in the �196�C temperature
environment for the sample with the NiAu surface finish from Fig. 6(a) and (e). (a) (Cu, Ni)6Sn5 and residual Sn mixture region from indicated
region A in Fig. 6(a), (b) SEM-EDS map with the scanned area indicated in Fig. 6(a) as region A, and (c) high-magnification SEM images from
region B in Fig. 6(e). Figure 7(a) and (c) have different magnifications and scales.

Fig. 8. Solder joint fracture for sample with Cu-OSP surface finish observed with surface scanning electron microscopy after the shear test in a
�196�C temperature environment per isothermal aging condition. (a), (e) Shear test after no aging, (b), (f) shear test after 150�C/50 h aging, (c),
(g) shear test after 150�C/100 h aging, and (d), (h) shear test after 150�C/500 h aging. (e), (f), (g) and (h) are high-magnification SEM images
from the midsection of each aging condition fracture surface. Regions indicated with ‘‘T’’ are transgranular crack locations through Cu6Sn5 grains,
and ‘‘I’’ indicates intergranular crack locations between Cu6Sn5 grains.
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plot shown in Fig. 4b. The increased maximum
shear load for the unaged samples can be explained
by the main crack path between the Cu pad and
Cu6Sn5 interface, which had an irregular propaga-
tion path and provided obstacles for a fast propaga-
tion rate. The 150�C/50 h and 150�C/100 h
isothermally aged samples had an identifiable
decrease in shear load compared to that for the
unaged samples due to the easy crack propagation
path, mainly at the interface between the top of the
Cu6Sn5 and bulk Sn, with a relatively smooth and
fast propagation path. However, at the same time,
vertical intergranular fracture paths began to form
with the 150�C/500 h aging condition that poten-
tially mitigated the fast crack propagation and
resulted in a slight increase in the maximum shear
load. Additional factors impacting the crack propa-
gation can be seen in Fig. 5i after 150�C/500 h
aging. Due to the two different lattice structures for
Cu6Sn5, namely, monoclinic and hexagonal,17,18 pre-
existing cracks were observed after aging even

before shear testing at �196�C, as shown in Fig. 5i
indicated by the white arrows. These pre-existing
cracks can potentially guide the crack propagation
path during cryogenic shearing, as shown at the
fracture surface in Fig. 8h, which can accelerate the
crack propagation rate. However, given the various
factors that can decelerate and accelerate the
propagation rate with an increased or decreased
maximum shear load, the main crack path during
shear testing at �196�C remained at the substrate-
to-solder intermetallic layer interface region.

A comparison of the SEM cross section and EBSD
results from partially sheared SAC105 Cu-OSP
samples at room temperature (Fig. 9a and b) versus
liquid nitrogen temperature (�196�C) (Fig. 9c and
d) is shown in Fig. 9. The partially sheared samples
were used to identify the location of the localized
maximum strain and stress region during shear.
Shear was applied per solder joint until the load
reached 70% of the maximum shear load. The
partial solder ball shear in Fig. 9 was applied with

Fig. 9. SEM and EBSD cross-sectional microstructure comparison of partially sheared SAC105 Cu-OSP samples at room temperature (a), (b)
and after shearing at �196�C (c), (d). (e)–(h) EBSD inverse pole figure (IPF) images as a function of the shear temperature, (j)–(l) EBSD strain
contour map, and (m)–(p) grain reference orientation deviation (GROD) map per solder joint (a)–(d). All sheared solder joints with isothermal
aging at 150�C/500 h.
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a shear height of 30 lm. Unlike the data presented
for a 10-lm shear height, these partially sheared
solder balls were used to compare the temperature
effect related to the microstructure evolution. Par-
tial shear test data were not included in the data
analysis and were only used for EBSD analysis. As
shown in Fig. 9a and b, the SEM cross-sectional
images show the plastically deformed region near
the shear tool contact to the solder joint during
room-temperature shearing. For both solder joints,
locally deformed grains were observed in the inverse
pole figure (IPF) maps shown in Fig. 9e and f at the
shear tool contact region and near the solder-to-
substrate interface, as indicated by the white
arrows. The associated EBSD strain contour maps
in Fig. 9i and j also revealed the plastic deformation
region near the solder-to-substrate interface region.
Along with the EBSD strain contour map, the grain
orientation reference deviation (GROD) map indi-
rectly presents the relative residual stress level
compared to the adjacent grains by comparing the
level of grain tilting per individual grain versus a
grain orientation reference.19 As shown in Fig. 9m
and n, an increased level of residual stress regions
are indicated in the GROD map along the solder-to-
substrate interface, which was not yet affected by
the shear tool-induced plastic deformation (indi-
cated with boxes A and B in Fig. 9i, m and j, n,
respectively). Compared to that for the room-tem-
perature shearing, the shear tool contact region for
partial shearing at �196�C shown in Fig. 9c and d
did not induce a high-intensity localized region of
plastic deformation and showed a limited accumu-
lation of plastic deformation, as indicated by the
EBSD strain and GROD map in Fig. 9k, l and o, p,
respectively. It can be seen that the solder sheared

in the liquid nitrogen environment was unable to
absorb the deformation and strain energy due to a
lack of ductility in the low-temperature environ-
ment. The plastic deformation was limited at
�196�C; in other words, an increase in the yield
strength not only resulted in an increased maxi-
mum shear load but also caused a shift in the crack
initiation and propagation path to the weakest link
in the layered and geometrically affected solder
joint configuration to the intermetallic compound
layer at the substrate-to-solder interface.

In the �196�C temperature environment, the
SAC105 solder is expected to have brittle fracture
behavior because the temperature is below its
ductile-to-brittle transition temperature. However,
instead of having a brittle fracture inside the Sn-
based solder joint, all of the full fracture propaga-
tion occurred at the substrate-to-solder intermetal-
lic compound interface. This phenomenon can be
explained using the diagram in Fig. 10, which is a
Yoffee diagram that defines the ductile-to-brittle
temperature transition.20–22 From room tempera-
ture toward a low-temperature environment, the
SAC105 bulk material shows an increase in yield
strength (ry), where ductile fracture and plastic
deformation occur. Of course, the yield strength can
be higher or lower at a given temperature, based on
the strain rate; however, in this study, all samples
were tested with a single shear speed (100 lm/sec),
so the strain rate in this pre-established condition
was constant. Competing with the yield strength is
the breaking stress (rB), which is the stress level at
which the Sn bulk material experiences crack
initiation and propagation toward full fracture,
which is not affected by the temperature and more
affected by the allowable crack propagation path. As

Fig. 10. A schematically described temperature-to-stress correlation Yoffee diagram, which defines the ductile-to-brittle transition temperature.

Kitamura, Matthews, Contreras, Routledge, and Lee732



described in the diagram, at a relatively high
temperature, as indicated by condition A in
Fig. 10, if the sample experienced an increased
applied stress, the yield strength is reached first,
and plastic deformation occurs, resulting in crack
propagation with a ductile fracture surface because
the crack initiation tip region can plastically deform
and a crack can propagate in ductile fracture modes.
However, if the temperature is below the cross point
of the yield strength and breaking stress, as indi-
cated as condition B in Fig. 10, the breaking stress
(rB, interface) is reached before the applied stress
reaches the yield strength (ry, Sn bulk) with increased
applied stress at that temperature, resulting in a
brittle fracture mode because the crack tip region
cannot plastically deform and maintain a sharp
crack tip radius.22 Thus, the cross point of the yield
strength and breaking stress at point T defines the
ductile-to-brittle transition temperature (DBTT).
Based on this explanation using the diagram in
Fig. 10, the phenomenon of the fracture location
shift in the solder joints for room-temperature and
cryogenic temperature shearing can be explained.

The maximum shear strength of SAC105
increased in a low-temperature environment and
then even more in the liquid nitrogen environment
at �196�C. However, before reaching the breaking
stress of the Sn-based SAC105 solder joint, which
can cause brittle fracture inside the solder joint, the
region near the substrate-to-solder interface with
high stress concentrations at the geometrical neck-
ing area of the solder joint experienced a sufficient
stress level for a breaking stress without allowing
any plastic deformation since that region did not
reach the yield strength. This stress condition,
which was induced by a relatively slow strain rate,
ultimately showed a fracture mode, usually
observed in high-strain-rate conditions like shock
conditions, which induced brittle failure modes.
Given that the shear speed in these shear tests
was relatively slow at 100 lm/s, the results present
the possibility that solder interconnects can
undergo full crack propagation similar to that of
shock-induced failures but at low strain rates.
These results also demonstrate and suggests a need
for a new testing approach that couples a low strain
rate and a low temperature that can reveal the
interconnect mechanical stability and behavior in a
cryogenic temperature environment.

CONCLUSION

A simple shear test method to evaluate the solder
joint stability of SAC105 solder joints at liquid
nitrogen temperature was performed to compare
samples with NiAu and Cu-OSP surface finishes.
The maximum shear strength of SAC105 solder
joints with a NiAu surface finish tested at �196�C
decreased with an increase in the aging time at
150�C, with the weak interface found to be the
interface between the Ni and (Cu, Ni)6Sn5.

Variability in the SAC105 Cu-OSP maximum shear
load data was found to be due to the mixed-mode
fracture path, which indicated the presence of a
weak Cu-OSP interface with transgranular and
intergranular fractures inside the Cu6Sn5 grains
with short aging times; however, the interface
shifted to the interface between the Cu6Sn5 and
solder, resulting in a faster crack propagation path.
EBSD analysis on partially sheared solder joints
showed that room-temperature shearing induced
localized deformation in the SAC105 bulk region at
the shear tool contact area, which can absorb the
strain energy by plastic deformation. Shearing at
�196�C showed restricted plastic deformation com-
pared to that for the room-temperature shearing
and resulted in the movement of the full fracture
location to the interface between the solder and
substrate at the intermetallic compound layers. An
increase in the shear strength was observed during
shearing at liquid nitrogen temperature compared
to that at room temperature due to the brittleness of
the solder and reaching the breaking stress ahead of
the yield stress. The results present the possibility
that solder interconnects can have full crack prop-
agation similar to that of shock-induced failures
even at low strain rates. This suggests that a
combination of a low strain rate and interconnect
mechanical stability in cryogenic temperature envi-
ronments is critical to understand, which ultimately
can help to achieve interconnect reliability in sub-
zero and cryogenic temperature environments.
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