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The reliability of Pb-free solder joints is controlled by their microstructural 
constituents. Therefore, knowledge of the solder microconstituents' mechani-
cal properties as a function of temperature is required. Sn-Ag-Cu lead-free 
solder alloy contains three phases: a Sn-rich phase, and the intermetallic 
compounds (IMCs) CueSn5 and Ag3Sn. Typically, the Sn-rich phase is sur-
rounded by a eutectic mixture of f>-Sn, Cu6Sn5, and Ag3Sn. In this paper, we 
report on the Young's modulus and hardness of the CueSn5 and Cu3Sn IMCs, 
the /i'-Sn phase, and the eutectic compound, as measured by nanoindentation 
at elevated temperatures. For both the f>-Sn phase and the eutectic compound, 
the hardness and Young's modulus exhibited strong temperature dependence. 
In the case of the intermetallics, this temperature dependence is observed for 
Cu6Sn5, but the mechanical properties of Cu3Sn are more stable up to 200°C. 

INTRODUCTION 
The elimination of lead from electronics due to its 

detrimental effects on the environment and health 
is pushing component manufacturers to use Pb-free 
alloys.1-8 Replacing Sn-Pb with Pb-free solders has 
resulted in widespread study of materials proper-
ties, processing technology, and reliability.9' 0 Dur-
ing service, interconnects will be exposed to 
relatively high temperatures, and the thermome-
chanical reliability of solder joints will be greatly 
affected by the mechanical properties of the indi-
vidual microconstituents in the solder alloy; For 
instance, in the case of Sn-Ag-Cu (SAC) lead-free 
solder alloys, the solder contains three phases: a 
Sn-rich f>-Sn phase, and the intermetallic com-
pounds (IMCs) Cu6Sn5 and Ag3Sn. The microstruc-
ture consists of Sn-rich dendrites surrounded by a 
eutectic mixture of /i'-Sn and Ag3Sn, with small 

amounts of CueSn5. Reflow of the solder material on 
Cu typically results in formation of Cu-Sn interme-
tallic layers at the solder-Cu interface, which can 
influence the properties of the solder joint. Therefore, 
new methods are required to assess the mechanical 
properties of these phases, not only at room temper-
ature but also at the high temperatures encountered 
in service.9'11 

Previous studies have mainly focused on the 
room-temperature mechanical response of the indi-
vidual phases. 1,2'9'12~14 In this paper we report on 
high-temperature nanoindentation measurements 
of Young's modulus and hardness of several micro-
constituents in a Sn-3.9Ag-0.7Cu solder, in order to 
study the temperature dependence of the individual 
phases. Knowledge of the mechanical properties of 
individual phases as a function of temperature will 
be invaluable for obtaining a better understanding 
of the temperature-dependent behavior of these 
materials. It will also be invaluable in developing 
accurate constitutive equations for modeling solder 
joint behavior. 



EXPERIMENTAL PROCEDURES 
Sn-3.9Ag-0.7Cu solder joints were prepared by 

melting Sn-3.9Ag-0.7Cu pellets (Indium Corp., 
Utica, NY, USA) between two polished oxygen-free 
high-conductivity Cu bars on a digital programma-
ble hot plate (Torrey Pines Scientific, San Marcos, 
CA, USA). Details of the reflow procedure can be 
obtained elsewhere.15 The processing conditions 
were controlled in order to obtain two types of joints: 
(a) one with a thinner intermetallic layer but coar-
ser solder microstructure, and (b) one with a rela-
tively thick intermetallic layer but finer solder 

microstructures, as shown in Fig. 1. Joints of type 
(a) were used to obtain the properties of the pure 
/j'-Sn phase. The size of the intermetallic layer 
formed at the solder-Cu interface in type (a) joints 
was not sufficiently thick to provide accurate results 
from indentation. However, joints of type (b) enabled 
characterization of the Cu-Sn intermetallic layers 
and the eutectic compound. Both types of joints were 
heated to 20°C above the melting point of Sn-3.9Ag-
0.7Cu, but were reflowed for different times: 40 s for 
joints of type (a) and 168 h for type (b). All samples 
were cut, and polished to a 0.05-/(m finish, with col-
loidal silica. 

CufiSn 

Fig. 1. Scanning electron microscopy (SEM) image of the Cu-SAC interface for (a) 40 s and (b) 168 h reflow time at 240°C. Detail of the 
microstructure of the SAC for (c) 40 s and (d) 168 h reflow time. 
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Fig. 2. Elastic modulus of each microconstituent as a function of 
temperature. 
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Fig. 3. Interface microstructure of SAC joint, showing Cu6Sn5 and 
Cu3Sn intermetallics. 



Table I. Elastic modulus of the different phases in the SAC solder joint 

Elastic 
Modulus (GPa) 

Cu 
Cu3Sn 
Cu6Sn5 
Eutectic phase 
Sn-rich phase 

RT 

121 ± 4 
138 ± 7 
117 ± 5 
57 ± 6 
52 ± 6 

60°C 

116 ± 6 
132 ± 8 
111 ± 6 
60 ± 5 
53 ± 3 

90°C 

112 ± 6 
132 ± 8 
117 ± 2 
63 ± 6 
55 ± 2 

120°C 

107 ± 6 
123 ± 6 
112 ± 2 
57 ± 7 
57 ± 5 

150°C 

103 ± 4 
126 ± 7 
118 ± 2 
60 ± 5 
55 ± 10 

Table II. Hardness of the different phases in the SAC solder joint 

Hardness (GPa) RT 60°C 90°C 120°C 150°C 

Cu 1.8 ± 0.1 1.7 ± 0.2 1.6 ± 0 . 1 1.54 ±0.06 1.4 ± 0.1 
Cu3Sn 6.7 ± 0.5 6.4 ± 0.5 6.4 ± 0.6 5.6 ± 0.4 5.2 ± 0.6 
Cu6Sn5 6.7 ± 0 . 4 6.6 ± 0.6 6.4 ± 0.2 5.1 ± 0.1 3.9 ± 0.3 
Eutectic phase 0.58 ± 0.01 0.37 ± 0.05 0.31 ± 0.05 0.22 ± 0.03 0.16 ± 0.02 
Sn-rich phase 0.31 ± 0.01 0.28 ± 0.01 0.26 ± 0.01 0.19 ± 0.01 0.15 ± 0.01 
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Fig. 5. Indentation load-displacement curves of Cu6Sn5 at different 
temperatures. 

Nanoindentation testing was carried out using a 
TI 950 Triboindenter™ (Hysitron, Inc., Minneapolis, 
MN). The indentation tip assembly consists of a 
Berkovich-geometry diamond tip brazed to a low 
thermal expansion coefficient Zerodur® shaft, 
attached directly to the load transducer behind a 
heat shield. Nanoindentation testing was carried 
out at room temperature, 60°C, 90°C, 120°C, and 
150°C. Ten different samples were used, one for 
each test temperature. Each sample was placed on 
the heater plate and subsequently heated to the 
target temperature. The indenter was then placed 
in contact with the sample using a small contact 
load (2 hN ) , and contact was maintained for at least 
30 min prior to the first indentation test, to allow 
for thermal stabilization of the system. Using this 
approach, typical drift rates of 0.1 nm s 1 were 

achieved. Two types of indentation tests were car-
ried out at room temperature: conventional loading-
unloading up to a maximum load of 5 mN, and 
multiple loading-unloading cycles to extract hard-
ness and modulus as a function of indentation 
depth. The indentations were carried out at a 
loading rate of 2.5 mN s 1 with a hold period of 
0.2 s at maximum load. This procedure helped to 
minimize creep effects on the measurement of the 
Young's modulus from the unloading stiffness. Upon 
unloading, drift was measured by introducing a 20 s 
hold segment at 10% of the maximum load. The drift 
rate was measured over the last 10 s of the hold 
segment. At least 10 indentations were performed 
at each temperature, and the samples were kept 
at the test temperature for at least 4 h. The load 
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Fig. 6. AFM surface morphology of indentation in Cu6Sn5 at RT and 120°C. 
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Fig. 7. Hardness of phases in SAC solder: Sn-rich phase and 
eutectic. 

-displacement curves were analyzed using the Oli-
ver and Pharr method.16 

To carry out a more detailed analysis, selected 
indentations were further characterized by atomic 
force microscopy (AFM) to study pile-up/sink-in 
effects using a Park XE-150 instrument (Park Sys-
tems, Suwon, Korea). Scanning electron microscopy 
(SEM, EVO® MA15; Carl Zeiss) provided micro-
structural details, such us the distribution of phases 
in the solder and the intermetallic interlayer 
thicknesses. Chemical analysis was performed by 
energy-dispersive spectroscopy (EDS) using an 
Oxford INCA 350 microanalysis system attached to 
the SEM. 

RESULTS AND DISCUSSION 
Figure 2 plots the elastic modulus of each phase 

in the solder joint with increasing temperature, 
assuming the following Poisson's ratios for each 

phase: 0.3 for Cu3Sn, 0.31 for Cu6Sn5, 0.34 for cop-
per, and 0.4 for the SAC solder (close to the Pois-
son's ratio for pure Sn)14. Results for the 
indentation modulus at room temperature are in 
good agreement with published studies on bulk 
alloys or solder joints.1'2 Figure 2 shows that the 
Young's moduli of the two intermetallics remain 
almost constant with temperature, while the elastic 
modulus of copper decreases around 15% at 150°C, 
in good agreement with literature data for Cu.17 In 
the case of the SAC solder, due to the size of the 
(i-Sn grains and the /?-Sn/Ag3Sn eutectic domains, 
only small 2-mN indents were performed to ensure 
that the indents were fully contained in a single 
phase/domain. In both cases, the elastic moduli 
were relatively insensitive to temperature, with an 
average elastic modulus at room temperature of 
52 GPa for the Sn-rich phase and 68 GPa for the 
eutectic. This can be explained by the higher mod-
ulus (—90 GPa) of the Ag3Sn particles embedded in 
the Sn matrix. The elastic modulus results are 
summarized in Table I, where the errors represent 
one standard deviation. 

Figure 3 shows the microstructure of the sample 
reflowed for 168 h. Large intermetallic layers of 
Cu6Sn5 and Cu3Sn were observed. Note that the 
indentations are much smaller than the interme-
tallic phase thickness, and reside completely within 
a layer. Figures 1 and 3 show that the initial mor-
phology of the intermetallic interlayers was very 
much dependent upon thermal aging. The Cu3Sn 
layer had a planar morphology and consisted of 
finer, columnar grain structure, compared with 
Cu6Sn5 that formed as large scallops due to a 
thermal grooving mechanism, as discussed in pre-
vious studies.2'1 

The hardness results are summarized in Table II. 
Figure 4 shows the hardness of the copper substrate 
and the two IMCs. The decrease in the hardness of 
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Fig. 9. Evolution of the microstructure during high-temperature (150°C) testing of the samples for (a) 40 s reflow time and (b) 168 h reflow time. 

Cu is consistent with the expected behavior for pure 
Cu. The two intermetallics show a distinct behavior, 
with constant hardness up to 90°C, after which the 
hardness starts to decrease, more strongly in the 
case of Cu6Sn5. The drop in hardness in Cu6Sn5 , and 
to a lesser extent in Cu3Sn, is accompanied by a 
change in the appearance of the load-displacement 
curves before and after 90°C, as shown in Fig. 5. 

The load-displacement curves below 90°C show 
multiple pop-ins, characteristic of shear band formation 
or microcracking.20 Above 90°C, the curves are smooth, 
with no evidence of cracking, and characteristic of a 
more ductile deformation behavior. The results suggest 
a brittle-to-ductile transition in the deformation 
behavior of the intermetallic phases (Fig. 5). AFM was 
used to quantify the surface profile of the indentations 
in each phase. The topography results in Cu6Sn5 show 
distinct features in the deformation pattern below and 
above 90°C. At room temperature, the pile-up around 
the indent contrasts with a more homogeneous flow 

around the indentations at 120°C. The pile-up at room 
temperature shows abrupt steps, but does not give rise 
to an increase in the contact area. This is indicative of 
the formation of shear bands and/or microcracks, which 
can explain the multiple pop-ins observed during load-
ing below 90°C (Fig. 6). These features are not observed 
at 120°C, which, together with the smoother loading 
behavior, reinforces the suggested brittle-to-ductile 
transition in the behavior of both Cu3Sn and CueSn5 
intermetallics. This brittle-to-ductile transition might 
be associated with the activation of dislocation flow, 
which explains the stronger temperature dependence 
observed in the hardness at temperatures above 90°C in 
Fig. 3. However, careful transmission electron micros-
copy (TEM) study of the area under the indents would 
be required to confirm this. 

In the case of the SAC solder, the difference in hard-
ness between the //-Sn-rich phase and the eutectic 
compound is ~100% at room temperature, but this dif-
ference tends to decrease with temperature, with the 



Fig. 10. Secondary electron (SE) and backscatter electron (BSE) images of indentation imprints on (a) /?-Sn and (b) the eutectic compound. 
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hardness being identical at 150°C (Fig. 7; Table II). The 
reported Ag3Sn hardness at room temperature is 
3.2 GPa, measured in bulk samples, which is consistent 
with the hardness difference between the f>-Sn-rich 
phase and the eutectic compound1 at room temperature. 

However, the evolution with temperature is more 
difficult to understand. The results suggest that 
above 90°C both jl-Sn and the eutectic compound 
display the same hardness, but we believe that this 
is due to the microstructural evolution of the solder 
material at the high temperature of the tests 
(homologous temperatures higher than 0.7). Indeed, 
Fig. 8 plots hardness maps for the two initial sam-
ples studied: (a) normal reflow and (b) 168 h reflow. 
The maps correlate well with the initial micro-
structure and the distribution of Ag3Sn and Cu6Sn5 
particles within the jl-Sn phase (Fig. 8). 

In this sense, sample (a) initially contained lar-
ger f>-Sn-rich particles where the hardness of this 
phase could be computed at room temperature, 
while the solder in sample (b) presented a more 
homogeneous microstructure, so that the hardness 
is representative of the eutectic compound. How-
ever, it was noticed that, for testing temperatures 
above 90°C, the microstructure in sample 
(a) tended to homogenize, so that the microstruc-
tures of both samples were identical at testing 
temperatures of 150°C (Fig. 9). Therefore, the 
results in Fig. 7 corresponding to the sample with 

the 40 s reflow time can only be attributed to fi-Sn 
up to 90°C, while for higher temperatures both 
samples provided the same results, corresponding 
to the eutectic compound. 

According to these results, it is clear from Fig. 7 that 
the temperature dependence of the hardness is much 
stronger for the eutectic compound than for the jl-Sn 
phase. This is expected based on the major contribu-
tion of interface sliding and coarsening of Ag3Sn in the 
case of the eutectic compound, as demonstrated in 
Fig. 10. Figure 10a shows a residual imprint in jl-Sn 
phase showing a homogeneous deformation pattern. 
However, Fig. 10b shows the corresponding residual 
imprint in the eutectic, showing the major contribu-
tion of interphase boundary sliding in this case 
(Fig. 9), which can explain the strong temperature 
dependence of the hardness results. 

CONCLUSIONS 
High-temperature nanoindentation has proven 

very useful to measure the Young's modulus and 
hardness values of the individual phases present in 
a Sn-3.9Ag-0.7Cu solder joint as a function of tem-
perature. In particular, the properties of the Cu6Sn5 
and Cu3Sn intermetallics, the jl-Sn phase, and the 
SAC eutectic compound have been measured in the 
temperature range between room temperature and 
150°C. The results at room temperature are in good 



agreement with previous results. No data have been 
reported so far at high temperatures, but our results 
suggest that the Cu6Sn5 and Cu3Sn intermetallics 
display a brittle-to-ductile transition at 90°C. In the 
case of fS-SvL, it is not possible to assess the proper-
ties of //-Sn dendrites at temperatures above 90°C, 
due to the homogenization of the microstructure at 
the testing temperature. The hardness of the 
eutectic Sn-3.9Ag-0.7Cu compound displays a very 
strong temperature dependence, presumably due to 
the role of interphase boundary sliding in the 
mechanical properties. Accurate and reliable 
determination of the hardness and Young's modulus 
values of these phases is of great importance for the 
study of the mechanical reliability of solder joints. 
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