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Abstract
This study examines the changes in strain rate dependence and the deformation behavior of near-eutectic Sn-Bi alloys as a 
function of Sb concentration using nanoindentation. Alloying near-eutectic Sn-Bi solder with Sb has been shown to increase 
the strain to failure under tensile and shear conditions in solder ball geometries, with Sb additions remaining in solid solution 
up to 0.5 wt.% Sb. In this study, the resulting hardness of the three Sb-containing Sn-Bi alloys (Bi-42Sn eutectic, Bi-42Sn-
0.5Sb, Bi-42Sn-1.0Sb) exhibits little solid solution hardening at room temperature, and the alloys all exhibited similar strain 
rate sensitivity behavior, independent of composition for this microstructure. Using nanoindentation and post-indentation 
microscopy to analyze the deformation behavior of these alloys, the out-of-plane deformation and slip behavior does change 
with composition. Solute Sb increases the strain hardening behavior at low strains while decreasing planar slip and out-of-
plane deformation. The observed changes in deformation modes in this nanoindentation study with the addition of Sb as a 
solid solution alloy (less slip planarity, more uniform deformation, and more strain hardening) could play a role in previously 
observed changes in tensile failure modes without the formation of SbSn intermetallic compounds.
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Introduction

Both the low melting point of eutectic Sn-Bi (139°C) 
and the high reliability of eutectic Sn-Bi during thermal 
cycling have resulted in its growing use in consumer 
electronics. In addition, low-temperature Sn-Bi solders 

(LTS) are being used to mitigate heating-induced war-
page during reflow and, thus, eliminate warpage-induced 
manufacturing defects by lowering the reflow tempera-
ture by as much as 70°C compared with Sn-3.0Ag-0.5Cu 
(SAC305). Despite showing high cycles to failure during 
thermal cycling compared with SAC305, eutectic Sn-Bi 
underperforms SAC305 in drop-shock testing. The high 
strain rate dependence of Sn-Bi is a well-recognized 
phenomenon, and improving the performance of Sn-Bi 

 * Hannah N. Fowler 
 fowlerh@purdue.edu

1 Purdue University, West Lafayette, IN, USA

http://orcid.org/0000-0002-1210-7492
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-023-10666-6&domain=pdf


7366 H. N. Fowler et al.

1 3

at higher strain rates is crucial to improving the overall 
reliability of Sn-Bi solder joints.1–4

In tensile tests on bulk alloys, small alloying additions 
of Cu, Ag, and Sb have been found to increase the strength 
of Sn-Bi LTS.5–9 Additions of Sb have shown the unique 
effect of improving both the ductility of eutectic Sn-Bi 
and the strength.5,8 This is unexpected since increases 
in strength are usually associated with decreases in duc-
tility. Sakuyama attributed the high ductility (+40%) 
and strength with Sb additions to the presence of SnSb 
intermetallic compound (IMC) particles along the Sn/Bi 
phase boundary, with the suggestion that Sb solid solution 
strengthens the Sn phase, and that SnSb IMC particles 
pin the phase boundary to both prevent the Bi phase from 
coarsening and provide precipitation hardening.5,8

Prior studies have used a combination of nanoinden-
tation and post-indentation microscopy to identify slip 
behavior and anomalies on indent surfaces.10–14 We use 
similar methods here to examine how deformation in 
Sn-Bi LTS is impacted by addition of solute Sb. This 
study examines whether:

1. the increase in ductility associated with Sb additions 
to Sn-Bi LTS observed in testing of bulk alloys can be 
related to nanoindentation behavior of solder joints with 
different Sb concentrations,

2. the increase in ductility is accompanied by a decrease 
in the strain rate sensitivity and how that varies with Sb 
concentration,

3. a change in deformation mechanism due to Sb additions 
can be observed through examination of the indents.

Experimental Design

Eutectic Sn-Bi solder (Bi-42Sn, by weight) and two custom 
Sb-containing solder alloys [Bi-42Sn-xSb (x = 0.5, 1)] from 
Scientific Alloys Corporation were obtained in the form of 
500-μm solder spheres. The Sb-containing alloy composi-
tions were confirmed by inductively coupled plasma mass 
spectrometry (ICP-MS) to fall within the expected range 
of the requested Bi-42Sn-xSb (x = 0.5, 1) with ±1.3 wt.% 
Sn, ±0.1 wt.% Sb.15 The solder spheres were hand-placed 
onto flux-coated, 730-µm-diameter Cu pads coated with 
an organic surface preservative (OSP) finish and reflowed 
(melted and solidified) in a DDM Novastar GF-12HC-HT 
three-zone tabletop reflow oven with a peak oven tempera-
ture of 180°C. The alloys remained above the liquidus tem-
perature (139°C) for 90 seconds, and the solder was cooled 
via natural cooling in air. At 180°C there is some solubility 
of Cu in molten Sn-Bi eutectic, estimated using ThermoC-
alc to be 0.03 wt.% Cu. Thus, all the solder samples have 
a small amount of Cu dissolution from the substrate, as 
also indicated by previous measurements of an increase in 
yield strength.16 Samples were prepared as sandwich joints, 
with printed circuit board/solder balls reflowed once, then 
refluxed, and a second circuit board attached using a sec-
ond reflow. The solder joints were then mounted in room-
temperature epoxy, cross sectioned, and polished to a 0.05-
μm diamond finish for nanoindentation and microstructural 
analysis.

All the Sn-Bi solder alloys have a eutectic lamellar struc-
ture in between β-Sn dendrites as shown in the representa-
tive microstructures in Fig. 1. The Sn dendrites have Bi pre-
cipitates throughout. The small amount of Cu dissolution 
into the solder results in a thin  Cu6Sn5 intermetallic (IMC) 
layer between the Cu substrate and the solder. This IMC 

Fig. 1  Representative backscatter SEM images of (a) Bi-42Sn, (b) 
Bi-42Sn-0.5Sb, and (c) Bi-42Sn-1Sb on an OSP/Cu substrate. Bi is 
the bright white phase, Sn is the gray phase, and the Cu substrate is 
the black edge on the top and bottom of the images. The arrows indi-

cate the dark gray  Cu6Sn5 IMC particles in the lower left corner of (a) 
and (b). These particles are distributed throughout the solder joint in 
all the tested alloys in addition to a  Cu6Sn5 IMC layer between the Cu 
substrate and the solder.
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layer was avoided during nanoindentation. There are also 
 Cu6Sn5 IMC particles throughout the solder, seen further 
away from the IMC layer. Small SnSb IMC particles ranging 
from 0.5 to 1 μm were observed throughout the Bi-42Sn-1Sb 
solder as reported in our previous paper.15

The cross-sectioned solder joints were indented with a 
Hysitron Triboindenter 950 at three different constant inden-
tation strain rates:  10−3/s,  10−2/s, and  10−1/s (0.001, 0.01, 
and 0.1  s−1), using the method described by Lucas et al.17 A 
Berkovich indenter tip was used to indent the samples at a 
constant strain rate to a maximum load of 5000 μN (5 mN). 
At the end of the loading segment, a constant load was held 
for 60 s, then the load was removed rapidly. Each indent 
impression was large enough to encompass multiple phases 
and provide bulk material properties. By indenting the cross 
section of the sample, we ensure sampling a region which is 
effectively semi-infinite in depth relative to the size of the 
indentation impression.

The Sn phase in eutectic Sn-Bi tends to have higher hard-
ness values during nanoindentation due to the Bi in solid 
solution in the Sn phase, while the Bi phase with low Sn 
solubility behaves similarly to pure Bi. This is likely the case 
in the Sb-containing system as well.18–20 Three tests were 
done at each strain rate for each alloy. After the samples 
were indented, each indent was imaged using scanning elec-
tron microscopy (SEM) to examine the surface for evidence 
of the local deformation.

Results and Discussion

Examining the load–depth behavior of indentations into soft, 
creeping solids allows a general understanding of the visco-
plastic behavior of these solder alloys. The representative 
load–depth curves in Fig. 2 show that applied strain rate 

impacts hardness more than compositional effects at a sin-
gle strain rate. See Supplementary 1 for all the load–depth 
curves. Load–depth curves made with the same tip which 
are “steeper” (shallower penetration depth for a given load) 
correspond to a higher hardness (load per projected contact 
area). Figure 2a shows a constant strain rate indentation at 
 10−2  s−1 for each alloy; in general, the depth of each inden-
tation at a given load is similar between these three alloys, 
suggesting hardness is not dramatically impacted by solute 
composition at these relatively low strain rates and dilute 
Sb concentrations. A representative sample of load–depth 
curves for the 1 wt.% Sb alloy, shown in Fig. 2b, demon-
strates that hardness increases as strain rate increases; this 
effect is consistent in all three alloys in this study. While 
there are some differences in the shapes of the load–depth 
curves from alloy to alloy (such as low load pop-in events, or 
slight changes in shape indicative of potential strain harden-
ing variations as the tip transitions from spherical to pyrami-
dal geometries), adding up to 1 wt.% Sb is not enough to pre-
vent the strain rate-dependent behavior previously observed 
in bulk tensile tests of eutectic Sn-Bi alloys.1–4

The nominal hardness results for each alloy at the three 
strain rates are shown in Fig. 3. Hardness was calculated 
from the maximum applied load and the contact area based 
on the depth of the indentation determined by the unloading 
slope in the classical Oliver–Pharr method.21 By using a con-
stant hold period, the hardness reported is not at the strain 
rate at which the loading was performed, and so calculation 
of a strain rate sensitivity is not appropriate in this case (see 
Fig. 2b, where the creep at maximum load is a larger fraction 
of the load–depth curve for higher strain rates). The hardness 
of the alloys increases with increasing strain rate and are 
statistically distinct (Fig. 3). There is limited literature on 
alloys comparable to the alloys in our study. In comparison, 
Sn-rich solders with Sb addition, such as the Sn-5Sb-1.5Bi 
alloy tested by Esfandyarpour and Mahmudi, show similar 

Fig. 2  (a) Representative load–depth curves for each alloy (Bi-42Sn, 
Bi-42Sn-0.5Sb, and Bi-42Sn-1.0Sb) at loading rates of  10−2   s−1. 
There is no significant variation between the load–depth curves at 
the same strain rate. (b) Typical load–depth curves for Bi-42Sn-1.0Sb 
at the three different strain rates  (10−3,  10−2,  10−1  s−1). As the strain 
rate increases, the maximum depth decreases, indicating a significant 
increase in hardness.

Fig. 3  Hardness values (GPa) for the three solder alloys (Bi-42Sn, 
Bi-42Sn-0.5Sb, and Bi-42Sn-1.0Sb) loaded at three different strain 
rates: 0.001, 0.01, and 0.1   s−1. The hardness of the alloys increased 
with increasing strain rate; the reported hardness is after a 60-s hold 
period, and so the actual strain rate at the measurement will be less 
than the loading condition.
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strain rate-dependent behavior in tensile tests in the form 
of increasing ultimate tensile strength (UTS) with increas-
ing strain rate.22,23 This trend of increasing hardness with 
increasing strain rate is also consistent with previous results 
for eutectic and near-eutectic Sn-Bi alloys.1–4,18,19 Our study 
agrees with the finding that the addition of Sb to Bi-42Sn did 
not significantly alter the strain rate dependence, in that the 
Sb-containing samples still followed the trend of increasing 
hardness with increasing strain rate. This could be attrib-
uted to the strain gradient plasticity theory, which explains 
the increase of geometrically necessary dislocations (GND) 
with strain rate.24,25 However, while strain rate dependency 
of Sn-Bi in Fig. 3 is unsurprising, the indents themselves 
show an interesting phenomenon that suggests Sb addition 
did impact the deformation behavior of Bi-42Sn, which will 
be discussed next with a discussion of the post-indentation 
impression morphology.

A representative impression of an indent from each 
alloy at each strain rate is shown in Fig. 4. The size of 
the figures was chosen to show the relative size of the 
plastic zone for each indent. First, as noted in the meth-
ods section, all indentations were sufficient to probe mul-
tiple grains and phases in the solder alloy, sampling on 
the order of a dozen grains within the plastic zone of the 
indentation that extends approximately twice the effec-
tive indentation impression radius. Secondly, the out-of-
plane deformation around the impression is highest in the 
Bi-42Sn sample, and relative out-of-plane deformation 
decreases with increasing Sb additions for all strain rate 
conditions. Out-of-plane deformation for a given indenter 
geometry increases with decreased strain hardening coef-
ficients, as seen for multi-phase metallic systems.14,26,27 
Finally, there is evidence of small cracks and offsets in the 

surface topography at the boundary in the post-indentation 
impressions of deformation near the grain boundaries in 
all the compositions, but qualitatively more intergranular 
deformation is present with increasing Sb content, as noted 
by the arrows in Fig. 4. The Berkovich geometry has a 
nominal effective strain of 8%, and thus the out-of-plane 
deformation suggests the macroscopic stress–strain behav-
ior of these alloys would exhibit increases in strain harden-
ing coefficients with increasing Sb solute content because 
indentations in alloys with increased Sb content exhibited 
lower amounts of out-of-plane deformation around the 
indentation.14 However, it is important to note that bulk 
tensile testing to determine stress–strain relationships for 
Bi-42Sn exhibits an onset of necking around 10%,1 and the 
vast majority of strain occurs post necking, at strains not 
probed directly with contact loading methods. The final 
and most interesting feature of the indentation impressions 
relates to plastic slip traces around the indentation.

Slip lines on the surface around the indentation impres-
sion can be seen in the Bi-42Sn sample for the fastest strain 
rate tested in this study (0.1  s−1), but these slip lines are not 
present in any Sb-containing samples at the same strain rate. 
The slip lines are only present in the Sn phase, and Bi pre-
cipitates can impede the motion of the slip lines, as seen in 
Fig. 4b. The presence of slip lines (which, to form, most likely 
requires cross-slip processes to occur in the region around the 
 indentation28) suggests that there is stress localization occur-
ring during deformation at the highest strain rate, but this 
localization is reduced when Sb is added. Therefore, Sb addi-
tions to Bi-42Sn lead to more uniform deformation within the 
Sn phase. Since no surface slip traces were observed in the 
0.5 wt.% Sb-containing samples in which no SnSb intermetal-
lics are present, this change in deformation mechanism must 

Fig. 4  (a) Representative secondary electron SEM images from each 
alloy at each strain rate (0.001, 0.01, and 0.1   s−1). Bi is the bright 
phase, and Sn is the dark phase. Slip lines can only be seen in the 
highlighted Bi-42Sn indent at 0.1  s−1. A higher magnification image 

of these slip lines is shown in (b). The image for Bi-42Sn-0.5Sb at 
0.1   s−1 shows one of the indents made within a Sn dendrite with Bi 
precipitates. See Supplementary 2 for representative indent locations 
relative to the overall joint.
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be due to the presence of Sb in solid solution within the Sn 
phase.

Others have previously postulated that Sb addition to Sn-Bi 
LTS increases the ductility of the alloy while maintaining alloy 
strength because the SnSb IMC particles pin the phase bound-
aries and prevent the Bi phase from coarsening.5,7–9 However, 
the transition from localized stresses leading to slip lines pre-
sent on the surface of the eutectic Sn-Bi sample to the more 
uniform deformation in the Sn-Bi-0.5Sb and Sn-Bi-1.0Sb LTS 
alloys is the result of Sb solid solution in the Sn phase since it 
occurs with and without SnSb IMC particles.5,15 In our previ-
ous studies, and in the current study, no SnSb IMC particles 
were found within the 0.5 wt.% Sb samples, and yet the slip 
lines surrounding indentation impressions have only been 
observed in the alloy with no Sb.15 In examining micrographs 
from the literature, no SnSb IMC particles were apparent in 
eutectic Sn-Bi-0.5Sb alloys in which the ductility of the alloy 
increased to 40% elongation in tensile tests compared with 
10% for Sn-Bi eutectic, while retaining the strength of the 
alloy. However, it appears the presence of SnSb particles in 
the Sn-Bi-0.5Sb alloy and their effects on mechanical behavior 
were inferred from the microstructure and mechanical behav-
ior of Sn-57.4 wt.% Bi-1 wt.% Sb in which SnSb particles were 
clearly visible.5

We do not mean to imply that nanoindentation and ten-
sile testing to fracture can be compared directly; however, 
our observations of changes in deformation in the Sn phase 
with Sb in solid solution suggest more general plasticity in the 
solid solution could be responsible for previous results show-
ing increased ductility in 0.5 wt.% Sb-containing systems. 
Several crystal plasticity models of deformation in Sn-based 
solder have noted the relative sensitivity of the overall defor-
mation to localized slip on particular slip systems; therefore, 
a lack of stress localization and more uniform deformation 
could explain how Sb addition to Sn-Bi LTS increases the 
overall ductility of the alloy.29–31 More homogeneous deforma-
tion at elevated strain rates would also explain why solute Sb 
improves the ductility of Sn-Bi LTS. As seen in Fig. 4, the Sb-
containing samples show less out-of-plane deformation that 
reaches further away from the indent, while the eutectic Sn-Bi 
microstructure shows a higher degree of out-of-plane defor-
mation close to the indent. A change in deformation behavior, 
with slip planarity decreasing with Sb additions as solid solu-
tion within the Sn phase, indicates differences in the relative 
ease of cross-slip (a necessary mechanism to form slip bands 
around the surface of the indentation).

Conclusions

The results from this nanoindentation study on Sn-Bi-Sb 
solder joints match the known trend of increasing hardness 
with increasing strain rate seen in bulk Sn-Bi LTS alloys. 

Solute Sb in Sn-Bi LTS increases the propensity for strain 
hardening at low (<10%) strains and decreases slip planar-
ity. Increased uniform deformation was observed within the 
Sn phase of the eutectic alloy with the addition of Sb. The 
observed changes in deformation modes in this study with 
adding Sb as a solid solution (less slip planarity, more uni-
form deformation, and more strain hardening) could play a 
role in prior observations of changes in tensile failure modes 
without the formation of SbSn IMCs. Changes in strain 
hardening and slip planarity could alter the tensile failure 
modes, but we emphasize that this indentation study is not 
sufficient to directly predict failure mechanisms in tension.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 023- 10666-6.
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