Chapter 2
Nanomechanical Characterization of Lead Free Solder Joints
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Abstract The mechanical properties of a lead free solder are strongly influenced by its microstructure, which is controlled
by its thermal history including solidification rate and thermal aging after solidification. In our ongoing research, we are
exploring aging effects in lead free solder joints, and correlating the results to measured behavior from miniature bulk tensile
samples. As a part of these efforts, the mechanical properties and creep behavior of lead free solders are being characterized
by nano-mechanical testing of single SAC305 solder joints extracted from PBGA assemblies. Using nanoindentation
techniques, the stress—strain and creep behavior of the SAC solder materials have been explored at the joint scale.
Mechanical properties characterized included the elastic modulus, hardness, and yield stress. The test results show that
the mechanical properties (modulus, hardness) of single grain SAC305 joints were dependent on the crystal orientation.
Using a constant force at max indentation, the creep response of the solder joint materials has also been measured as a
function of the applied stress level. An approach has been developed to estimate tensile creep strain rates for low stress levels
using nanoindentation creep data measured at very high compressive stress levels.
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2.1 Introduction

The ongoing transition to lead free soldering has been motivated by environmental concerns, legislative mandates, and
market differentiation. Although no clear solution has been identified for all applications; Sn-Ag, Sn-Ag-Cu (SAC),
and other alloys involving elements such as Sn, Ag, Cu, Bi, In, and Zn have been identified as potential replacements for
standard 63Sn-37Pb eutectic solder. Several SAC alloys, such as 96.55n-3.0Ag-0.5Cu (SAC305), 95.5Sn-3.8Ag-0.7Cu
(SAC387), 95.5Sn-3.9Ag-0.6Cu (SAC396) and 95.5Sn-4.0Ag-0.5Cu (SAC405), have been the proposed by various user
groups and industry experts. For enhanced reliability of portable electronic devices during shock/drop loading (e.g. high
strain rates), SAC alloys with low silver content have been recommended including 98.55n-1.0Ag-0.5Cu (SAC105). The
main benefits of the various SAC alloy systems are their relatively low melting temperatures compared with the Sn-Ag
binary eutectic alloy, as well as their higher strength, superior resistance to creep and thermal fatigue and solderability when
compared to other lead free solders.

Solder joint fatigue is one of the predominant failure mechanisms in lead free electronic assemblies exposed to thermal
cycling. Thus, accurate mechanical properties and constitutive equations for solder materials are needed for use in
mechanical design, reliability assessment, and process optimization. Ma et al. [1] have reviewed the literature on the
mechanical behavior of lead free solders. The mechanical properties of a lead free solder are strongly influenced by its
microstructure, which is controlled by its thermal history including solidification rate and thermal aging after solidification.
Due to aging phenomena, the microstructure, mechanical response, and failure behavior of lead free solder joints in
electronic assemblies are constantly evolving when exposed to isothermal aging and/or thermal cycling environments.
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Such aging effects are greatly exacerbated at higher temperatures typical of thermal cycling qualification tests. However,
significant changes occur even with aging at room temperature.

In our prior papers on elevated temperature aging effects [2-9], we have demonstrated that the observed material
behavior variations of SACNOS (N =1, 2, 3, 4) lead free solders during isothermal aging at a variety of elevated
temperatures (e.g. 25 C, 50 C, 75 C, 100 C, and 125 C) were unexpectedly large and universally detrimental to reliability.
The measured stress—strain data demonstrated large reductions in stiffness, yield stress, ultimate strength, and strain to
failure (up to 50 %) during the first 6 months after reflow solidification. After approximately 10-20 days of aging, the lead
free solder joint material properties were observed to degrade at a slow but constant rate. In addition, even more dramatic
evolution was observed in the creep response of aged solders, where up to 10,000x increases in the secondary creep rates
were observed for aging up to 6 months. The aged solder materials were also found to enter the tertiary creep range
(imminent failure) at much lower strain levels than virgin solders (non-aged, tested immediately after reflow solidification).
In our most recent studies [7, 8], we have investigated the effects of aging on the parameters in the Anand viscoplastic
constitutive model and the fatigue life of lead free solders.

All of our prior work has been based on uniaxial testing of miniature bulk solder tensile specimens. These samples were
solidified in glass tubes under a controlled temperature profile in an effort to accurately match the microstructure of actual
solder joints. Complementary studies by other research groups have verified aging induced degradations of SAC mechanical
properties. In those investigations, mechanical testing was performed on a variety of sample geometries including lap shear
specimens, losipescu shear specimens, and custom solder ball array shear specimens.

There have been limited prior mechanical loading studies on aging effects in actual solder joints extracted from area array
assemblies (e.g. PBGA or flip chip) [10—-13]. This is due to the extremely small size of the individual joints, and the difficulty
in gripping them and applying controlled loadings (tension, compression, or shear). Pang et al. [10] have measured
microstructure changes, intermetallic layer growth, and shear strength degradation in custom SAC single ball joint lap
shear specimens subjected to elevated temperature aging. Darveaux [11] performed an extensive experimental study on the
stress—strain and creep behavior of solder using specially constructed double lap shear specimens with a 10 x 10 area array
solder balls. He found that aging for 1 day at 125 C caused significant effects on the stress—strain and creep behavior.
For example, aged specimens were found to creep much faster than non-aged specimens by a factor of up to 20 times for both
SAC305 and SAC405 solder alloys. Wiese, et al. [12] also studied the effects of aging on solder joint creep using custom
assemblies with four flip chip solder balls, and found highly accelerated creep rates after aging at 125 C. Finally, Dutta and
coworkers [13] used an impression creep technique with a cylindrical punch to study creep in PBGA solder balls that had
been subjected to thermal-mechanical cycling.

Nanoindentation techniques have been widely used to probe the mechanical properties and deformation behavior of
extremely small material samples [14]. Over the past decade, it has been applied by several investigators to characterize
lead free solder joints and intermetallic compounds (IMC) in lead free solder joints [15-29]. In early studies by Rhee et al.
[15, 16], Chromik et al. [17], and Deng and coworkers [18, 19], the elastic modulus E and hardness H of various regions in
Sn-Ag and SAC lead free solder joints were explored by nanoindentation. In particular, the properties for the Sn-rich phase
(B-tin) and the eutectic phase (containing f-tin and a mix of Sn-Ag and Sn-Cu intermetallics) were explored. Attempts
were also made to indent individual Sn-Ag and Sn-Cu intermetallic particles [17—19], and then to compare the properties of
the IMCs to those for the solder joint phases. Rhee et al. [15] also measured changes in the mechanical properties after the
joints were subjected to thermal-mechanical cycling.

Gao et al. [20, 21] have used nanoindentation to characterize the effects of loading rate on the modulus and hardness of
Sn-Ag lead free solders. They also performed creep experiments for two different microstructures (bulk cast and reflowed),
and examined the effects of elevated temperature aging on the hardness. Indentation experiments with a heated stage to
control the solder sample temperature have been performed by Sun et al. [22], Liu et al. [23], Gao et al. [24], and Han and
coworkers [25]. The alloys tested in these studies included SAC387, 80Au-20Sn, SAC305, and SAC357, respectively. In all
of these investigations, the temperature dependencies of the mechanical properties (E, H) of the solder matrix or individual
solder phases were characterized. In addition, the sensitivity of the creep response of lead free solder to temperature has
also been examined [23-25]. Han et al. [26] have studied the indentation size effect on the creep behavior of SAC357 lead
free solder.

The effect of thermal aging on the mechanical properties of intermetallic compounds at SAC solder joint interfaces have
been explored using nanoindentation by Xu and Pang [27, 28] and Song et al. [29]. Significant drops in both the modulus and
hardness were recorded for aged samples relative to non-aged samples. Xu and Pang [27] also characterized the mechanical
properties of the various phases and IMCs in a SAC387 solder joint. Venkatadri et al. [30] have studied the effects of aging
on lead free solder joints using a micro-hardness test to perform single idents on joints.

As discussed above, there is an extensive literature that documents the large changes in the microstructure and
mechanical behavior that occur in bulk lead free solder specimens during isothermal aging. There have also been some
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limited investigations on the effects of aging on mechanical properties and creep behavior of solder joint arrays. In addition,
nanoindentation has been utilized to study aging induced changes in the mechanical properties of intermetallic compound
layers in solder joints. However, there has been little work on aging effects on mechanical properties and creep behavior in
individual solder joints. Such knowledge is crucial for the optimizing the design, manufacturing, and reliability of
microelectronic packages. Characterization of individual joints is quite challenging because of their extremely small size,
and the difficulty in gripping them and applying controlled loadings.

In our ongoing research, we are exploring aging effects in lead free solder joints, and correlating the results to measured
behavior from miniature bulk tensile samples. As a part of these efforts, the mechanical properties and creep behavior of lead
free solders are being characterized by nano-mechanical testing of single SAC305 solder joints extracted from PBGA
assemblies. Using nanoindentation techniques, the stress—strain and creep behavior of the SAC solder materials have been
explored at the joint scale. Mechanical properties characterized included the elastic modulus, hardness, and yield stress. The
test results show that the mechanical properties (modulus, hardness) of single grain SAC305 joints were highly dependent on
the crystal orientation. Using a constant force at max indentation, the creep response of the solder joint materials has also
been measured as a function of the applied stress level. An approach has been developed to estimate tensile creep strain rates
for low stress levels using nanoindentation creep data measured at very high compressive stress levels.

2.2 Experimental Procedure

2.2.1 Solder Joint Samples

Lead free solder joints were extracted from PBGA assemblies (Amkor CABGA, 14 x 14 mm, 192 balls, 0.8 mm ball pitch,
0.46 mm ball diameter). The test boards were assembled as part of the iNEMI Characterization of Pb-Free Alloy Alternatives
Project [31], and a variety of samples with 14 different solder joint alloys are being studied. In this paper, we concentrate on
presenting results for SAC305 (96.5Sn-3.0Ag-0.5Cu) solder joints. These joints were extracted from test boards where the
original components had SAC305 solder balls, the bare test boards had ENIG surface finish, and where SAC305 solder paste
was used in the surface mount assembly process. The assembled PBGA components were cut out from the test boards and
then cross-sectioned into samples of four joints each. These samples were mounted in an epoxy molding compound suitable
for SEM microscopy, and then polished to a level appropriate for nanoindentation. Details of the sample preparation process
include mechanical grinding with several SiC papers (#320 to #400, #600, #800 and #1200), and then final polishing with
1 pm diamond paste followed by 0.05 pum colloidal silica suspensions. This resulted in mirror finish samples suitable for
nanoindentation tests and SEM microscopy.

2.2.2 Nanoindentation System and Test Procedures

The nanoindentation tests were conducted using an instrumented MTS Nanoindenter XP system with a Berkovich tip
indenter. The load versus indentation displacement normal to the cross-section surface was measured during each indenta-
tion experiment, and the elastic modulus could then be extracted using the approach proposed by Oliver and Pharr [32, 33] to
process the measured slope of the load—displacement curve in the unloading phase. In addition, the Continuous Stiffness
Measurement (CSM) technique [33, 34] was also used in all experiments to extract elastic modulus and hardness as a
function of the distance from the surface (indentation depth).

A typical cross-sectioned lead free solder ball sample after nanoindentation testing is shown in Fig. 2.1, and a close-up
view of an example permanent indentation mark is shown in Fig. 2.2. For each set of experimental test conditions, an array of
several indents spaced 30 pm apart were made (e.g. 2 x 3 array as shown in Fig. 2.1), and the individual indent test values
were averaged to obtain statistically relevant results and consistency of inspection. All tests were performed on single grain
(Sn crystal) solder balls, so that there were no orientation effects caused by an indentation array covering two or more
grain boundaries of grains with significantly different crystal orientation (different material properties).

A maximum load of 30 mN was selected for the tests so that the indentation marks were large enough to cover all the
phases of SAC305 solder material (see Fig. 2.2). Thus, the nanoindentation tests characterized the global mechanical
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Fig. 2.1 Solder ball after
nanoindentation testing

Fig. 2.2 Permanent
indentation after testing

properties of the solder joints, rather than the localized properties in the p-Sn phases (Sn-rich dendrites) or in the eutectic
phases between dendrites that contain Sn-Ag and Sn-Cu intermetallics. Indentation experiments were conducted at constant
indentation displacement rate of 10 nm/s, corresponding to an effective strain rate of 0.05 s~ '. Calibration of the load and
hardness measurements was performed on fused silica.

Indentation creep tests were performed holding the load constant at its maximum value of 30 mN for 500-1,000 s. After
this dwell, the sample was unloaded at the same 10 nm/s displacement rate used during loading. There was also a holding
period of 60 s after 90 % unloading to allow for thermal drift correction. In our work, the thermal drifts were kept smaller
than 0.05 nm/s, and the thermal drift effects were excluded from the resulting displacement data.
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2.3 Indentation Procedure for Lead Free Solder Joints

2.3.1 Measurement of Elastic Modulus and Hardness

A typical nanoindentation load versus displacement (P vs. h) curve for one of the SAC305 solder joint samples is shown in
Fig. 2.3. During indentation, continuous load—displacement data are recorded. The measured response consists of three
segments: (1) loading at constant deformation rate (10 nm/s) to the indentation force reaches its prescribed maximum value
of 30 mN; (2) dwell (creep) for 500 s at maximum load of 30 mN; and (3) unloading at the same constant deformation
rate (10 nm/s). The loading curve is a function of loading rate. The slope S = dP/dh of the unloading region at maximum
load is called the unloading stiffness, and can be used to calculate the elastic modulus E and hardness H at the point
of maximum indentation using the Oliver and Pharr method [32, 33]. In addition to S, the procedures to calculate E and H
(see below) require the values of Pp,.x, himax, v (Poisson’s ration of the indented material), and several geometrical parameters
and materials constants for the indentor tip.

In nanoindentation testing, the hardness (Meyer hardness) H is defined as maximum load divided by projected contact
area A of the indentation at maximum load:

H= Pinax 2.1

The hardness is thought of as a material flow resistance or resistance to plastic deformation. For many metals, the
hardness and yield stress can be related by the approximation

H
H~ 30y or oy =~ 3 2.2)
This empirical expression is often referred to as the Tabor relationship [35, 36].
For the Berkovich indentor tip used in the work, the projected contact area at maximum load is given by:
A =24.5h% + Ch, (23)

where h, is the vertical distance in which the contact is made, and C is a geometrical factor that is approximately 150 nm
[34]. The distance h. can be related to the measured indentation displacement using theory of elasticity based contact
mechanics:
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where hy,,.« is the measured maximum indentation displacement from the P vs. h curve, hy is the displacement of the surface
of the material at the perimeter of the indentor contact, and € ~ 0.75 is a geometrical constant for the Berkovich indentor
tip [33]. Combining Eqgs. 2.1, 2.2, 2.3 and 2.4, the hardness H and projected contact area A can be related to P,,,.x, hpnax, and S
measured from the nanoindentation P vs. h curve. Equation 2.2 can then be used to estimate the yield stress of the indented
material from the measured hardness.

Using the assumption that the contact area remains constant during withdrawal of the indentor tip and theory of elasticity
solutions for contact of a material with a rigid punch, it can be established that the unloading stiffness from the recorded
nanoindentation curve is given by:

S_dP_2B\/K 1 2BVA

o vz "M E - V&S

where  ~ 1 is a geometrical factor for the chosen indentor tip and E;, is the reduced modulus [32, 33]. The desired elastic
modulus E of the material being indented is related to the reduced modulus using

(2.5)

)
Eo_ 17V (2.6)

] -]

where v is the Poisson’s ratio of the indented material (usually assumed to be 0.3 if unknown), v; is the known Poisson’s ratio
of the indentor tip material, and E; is the known elastic modulus of the indentor tip material [14, 32, 33]. Combining Egs. 2.3,
2.4,2.5 and 2.6, the elastic modulus E can be related to P,.x, hmax, and S measured from the nanoindentation P vs. h curve.

In the Continuous Stiffness Measurement (CSM) method, the procedure above is modified by measuring the unloading
stiffness dP/dh continuously along the load—displacement nanoindentation curve (P vs h curve). This is accomplished by
superimposing a small harmonic oscillating force on top of the normal force vs. time curve obtained by application of the
constant indentation rate [32, 34]. The value of S in this case is:

dp 1
s—dP_ K @7

dh h[()?;) cosp — (Ky — mw?)

where, P is the peak value of the applied harmonic force with frequency o, h(w) is the magnitude of the indenter
displacement when the harmonic force is applied, p is the phase angle between the force and displacement, m is the mass
of indenter, Kj is the spring constant of leaf spring supporting indenter, and K is stiffness of the indenter [33, 34]. The values
of E and H can then be evaluated continuously as a function of the indentation depth h during the nanoindentation test by
using Egs. 2.1,2.2,2.3,2.4,2.5, and 2.6 and the values of dP/dh, P, h recorded at each point along the nanoindentation curve.

Typical CSM results for the hardness and elastic modulus as a function of indentation depth for a single indent in a
SAC305 solder joint are shown in Figs. 2.4 and 2.5, respectively.

The results were found to stabilize and be independent of depth after approximately 1,500 nm of indentation depth. Thus,
we have determined the E and H values in this work by finding the average the values of the CSM response curves for
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Fig. 2.5 Nanoindentation 2.0
hardness of SAC305 solder as
a function of indentation depth
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h > 1,500 nm. For the indentation test data in Figs. 2.4 and 2.5, the extracted values were E = 47.1 GPaand H = 0.26 GPa
for this solder joint. Thus, the compressive yield stress can be estimated by oy = H/3 = 86.7 MPa. Values for other
joints are tabulated in Fig. 2.6. The variations from joint to joint are due to the anisotropy of the -Sn matrix of the SAC
solder [37—-40]

2.3.2 Measurement of Creep Behavior

Nanoindentation creep testing was performed during the hold/dwell at the peak load of 30 mN as shown in Fig. 2.3. Dwell
times of 500—-1,000 s were considered in this work. The total displacements were measured continuously, and the creep
displacement data (change in displacement) during the constant load period were extracted. For example, Fig. 2.7 illustrates
the measured creep displacement vs. time response for an array of six indents performed a single solder joint under similar
conditions. The creep displacement data can be fit well with a variety of empirical models. In this work, we have chosen to
use a log hyperbolic tangent model [41]

h=C; ln(l + t) + C, tanh(Cgt) + Cyt + Cs 2.8)
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Fig. 2.8 Creep strain rate 0.010
versus time for SAC305 solder
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where C;, C,, C3, C4 and Cs are fitting constants. The red curve in Fig. 2.6 is the fit of Eq. 2.8 to the creep data from the six
individual indent curves.

The creep rate (creep deformation rate) is determined by taking the derivative of the creep displacement vs. time
response:

. dh

h=—- 2.9

Using the fitting curve in Eq. 2.8, the creep rate can be easily evaluated as a function of time. The concept of indentation
creep strain rate was developed by Mayo and Nix [42, 43], and is defined by dividing the creep deformation rate by the
instantaneous creep deformation at each time:

. 1dh
€= (2.10)

By again using the fitting curve in Eq. 2.8, the creep rate can be easily evaluated as a function of time. For the creep
deformation data in Fig. 2.7, the creep strain rate vs. time response is plotted in Fig. 2.8, and a nearly constant strain rate
value of 4.3 x 10> s~! was obtained for a long creep time of 900 s.

The nanoindentation creep response never actually achieves a constant strain rate due to the fact that the projected contact
area A of the indentation continues to grow during the creep deformation period (constant load region). For example,
evolution of the hardness H for the responses in Fig. 2.7 were calculated using the applied constant load of P,,x = 30 mN,
and the time evolving contact area calculated from the measured the creep deformations and Eqgs. 2.3 and 2.4. Figure 2.9
illustrates the hardness vs. time response for the six individual indents and the fitting curve from Fig. 2.7. Using the Tabor
relation in Eq. 2.2, the applied compressive creep stress vs. time can be estimated using ¢ = H/3, and Fig. 2.10 shows the
stress vs. time response for the individual six individual indents and the fitting curve from Fig. 2.7. It is seen from Figs. 2.9
and 2.10 that the creep stress becomes fairly constant (¢ = 54 MPa) after 900—1,000 s of constant load application. Thus, the
asymptotic strain rate extracted from Fig. 2.8 can be estimated to be steady state strain rate for this stress level.

The entire strain rate vs. applied stress response for the SAC305 solder can be estimated by extracting the creep rate from
the fitting curve in Fig. 2.8 and the applied stress from the fitting curve in Fig. 2.10 for each time, and then replotting the
results to eliminate time as shown in Fig. 2.11. With this approach, a single nanoindentation experiment can be used to
generate the complete creep strain rate vs. stress response of the material. The first point on the curve in Fig. 2.11
has the coordinates ¢ = 4.3 x 107> s~ ! and 6 = 54 MPa, and are the values obtained for the long dwell time of 900 s.
Since the nanoindentation tests are compressive in nature, the applied stress levels in Fig. 2.11 (¢ > 54 MPa) possible
via nanoindentation are well above those that are normally possible and of interest for lead free solders in tension or shear.
For example, the tensile stress levels typically used in tensile creep testing are in the range of 10-30 MPa [2-6]. The low
stress creep response can be extrapolated from the nanoindentation measured compressive creep response by
nonlinear regression fitting of the data in Fig. 2.11 using one of the popular creep models for lead free solders such as the
exponential model

¢ = C1e™° 2.11)
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Fig. 2.9 Hardness versus
time for SAC305 solder
during the nanoindentation
creep loading

Fig. 2.10 Stress versus time
for SAC305 solder during the
nanoindentation creep loading

Fig. 2.11 Creep strain rate
versus stress for SAC305
solder extracted from the
nanoindentation creep data
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¢ = Cy[sinh(C,0)] e /T (2.12)

where the C; (i = 1, 2, 3, 4) are fitting constants. These calculations have performed and the results are illustrated in the
log-log plots in Figs. 2.12 and 2.13. In each of these graphs, the red curve is the measured nanoindentation creep response
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Fig. 2.12 Creep strain rate 107
versus stress for SAC305
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from Fig. 2.10, while the blue and green curves are the regression fitting results using the exponential and Garofalo models,
respectively. Both creep models are able to fit the nanoindentation creep results equally well, and both give nearly the same
results when extrapolated to lower stress levels.

2.4 Summary and Conclusions

In the current paper, the mechanical properties and creep behavior of lead free solders have been characterized by
nano-mechanical testing of single SAC305 solder joints extracted from PBGA assemblies. Using nanoindentation
techniques, the stress—strain and creep behavior of the SAC solder materials have been explored at the joint scale.
Mechanical properties characterized included the elastic modulus, hardness, and yield stress. The test results show that
the mechanical properties (modulus, hardness) of single grain SAC305 joints were dependent on the crystal orientation.
Using a constant force at max indentation, the creep response of the solder joint materials has also been measured as a
function of the applied stress level. An approach has been developed to estimate tensile creep strain rates for low stress levels
using nanoindentation creep data measured at very high compressive stress levels.
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